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Preface

The topic of this Thesis falls within the field of rotational seismology and seismometry.
Rotational seismology is an emerging new field attracting attention throughout the seis-
mological community. It deals with rotational ground motions from earthquakes or other
seismic sources. In recognizing this expanding discipline the International Working Group
on Rotational Seismology (IWGoRS) was inaugurated during the 2006 Fall Meeting of the
American Geophysical Union in San Francisco. The IWGoRS has been established to pro-
mote investigations of all aspects and implications of rotational motions in seismology and
to disseminate information on all matters pertaining to rotational motions through publi-
cations and by holding meetings and workshops. I became an active member of IWGoRS
in 2007 and it was my honor to organize the Second International Workshop on Rotational
Seismology and Engineering, hosted by the Faculty of Mathematics and Physics, Charles
University in Prague, on 10-13 October, 2010. The Workshop dealt with both seismological
and engineering applications of rotational seismology: theoretical investigations, direct and
indirect measurements in both the far field and the near field, and the implications of the
rotational motions for geophysics, strong-motion seismology, and earthquake engineering.

Realizing the growing interest in rotational seismology, the Seismological Society of
America decided to include the papers presented at the 1st IWGoRS conference in a special
issue of the Bulletin of the Seismological Society of America, one of the leading seismolog-
ical journals not only in the USA, but worldwide (Bulletin of the Seismological Society of
America, Vol. 99, No. 2B, 2009). Another special issue dedicated to rotational seismology
was hosted by the Journal of Seismology which published the contributions from the second
IWGoRS Workshop held in Prague (Journal of Seismology, Vol. 16, No. 4, 2012). I had
the opportunity to become one of the contributing authors (see Appendix B hereto) but
also one of the editors of that special issue. It was a new and inspiring experience for me,
giving me a deeper insight into the study of rotational seismic motions. I am pleased to
see that such publications help rotational seismology to become established as a recognized
discipline attracting a growing number of research teams throughout the world.

No exact science discipline is conceivable without measurements and real data processing,
seismology not excluding. Rotational seismometry has been boosted in the last decade with
the onset of the ring laser technology based on the Sagnac effect. These instruments,
measuring absolute rotation, are highly sensitive but they require a very costly installation,
operation and maintenance and cannot be used in routine field measurements. It is therefore
necessary to develop small portable flexible instruments applicable in the field in a fast
response to the current seismic situation. To address that need, I participated as a co-
inventor in the development of a unique mechanical seismic sensor system (see Appendix F)
which has been patented under No CZ 301217. The patent is owned by MFF UK (Faculty of
Mathematics and Physics, Charles University in Prague). The patented rotational sensors
and the measurements made by them form the core theme of this Thesis.

The said patent gave rise gradually to two functional prototypes of the sensor system.
I co-developed both prototypes in close cooperation with the Institute of Rock Structure
and Mechanics, the Academy of Sciences of the Czech Republic (AS CR), namely with
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my colleague Jiří Málek. The older prototype (described in Appendix G1) enabled us
to verify the correctness of the fundamental principle of the instrument. Given that the
sensor system according to the above patent consists of commercial geophones (in a special
arrangement) as the basic components and given that the main new benefit of the instrument
is the measurement of seismic rotations, we have named the new sensor system Rotaphone
and this new name has already become familiar in the scientific community interested in
measuring rotational components of seismic motion. Records made by the instrument have
been published in scientific articles enclosed as Appendices A and B.

The original prototype was later innovated and an entirely new six-degree-of-freedom
prototype (Appendix G2) of the Rotaphone was developed with a significant support pro-
vided by the Czech Science Foundation under project P210-10-0925 "Rotational components
of seismic waves for local shallow earthquakes and artificial sources". This project under
my leadership enabled thorough testing of both prototypes in the USGS Albuquerque Seis-
mological Laboratory, New Mexico, USA, a facility equipped with specialized technology
for testing rotational seismic sensors. These and other tests have proven full functionality
of both Rotaphone prototypes (see particularly Appendices B and C). I believe that the re-
sults of the above mentioned project allow me to declare that we now have fully functional
instruments providing reliable collocated records of both seismic translations and rotations
induced by natural and/or anthropogenic sources at distances from meters up to several
hundred kilometers.

The theme of the presented Habilitation Thesis is rather specialized: it is focused on
short-period records of seismic rotations (and translations) caused by weaker earthquakes
and/or quarry blasts at local distances. Our Rotaphones are optimized for such records,
which gives them a competitive advantage compared to most other rotational sensors.
Project P210-10-0925 has enabled us to install Rotaphones and to carry out short-term
as well as several-months-long measurements in various locations with different seismotec-
tonic characteristics. Such locations included the post-volcanic West Bohemia/Vogtland
region, an active opening rift in the Gulf of Corinth, the Provadia region in Bulgaria, and,
finally, the volcanic complex of Eyafjalla and Katla in South Iceland. Some of the results
of those measurements are presented in the introductory part hereto and in Appendices
A,B, D and E. The measurements have explicitly proven the existence of measurable ro-
tational seismic motions induced by local shallow microearthquakes. The resulting data
are analyzed and interpreted with regard to the relationship between the rotational and
the translational components especially in the last two articles submitted to the Journal of
Seismology (Appendix E).

The Thesis represents a compact summary of our work over the last five years, addressing
topics from inventing and developing new seismic instruments, their testing both in the lab-
oratory and in the field, pilot measurements of rotational motions excited by anthropogenic
and natural sources, up to a few several-months-long measuring campaigns in various seis-
mically interesting regions, which have produced a large amount of unique rotational data.
Such data are gradually processed and some of the results have already been published in
important scientific journals and are enclosed in Appendices A – E. The quality of the data
measured by our Rotaphones gives us the opportunity to attempt at their seismological in-
terpretation so as to obtain new information on the seismic source and the structure through
which seismic waves propagate. That is a challenge for a future research in this field.

Rotational seismology is a beautiful and attractive science which explores a new observ-
able quantity, the curl of the seismic wave-field. It is not too exaggerated if I say that
at present the science is going through a very exciting and adventurous phase similar to
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that which the traditional seismology, based on translational motions measured by tradi-
tional seismographs, underwent in the late 19th century and early 20th century. Here I mean
a transition phase from the era of fascination by the new possibility to measure something
as imperceptible as seismic rotation, when a rotational record as such was a “discovery”
by itself for being so new, into the era of systematic research based on in-depth analysis,
interpretation and inversion of the data obtained. I believe that rotational seismology has
the potential to give seismologists and engineering seismologists alternative methods and
supplementary procedures using the new observable (mostly in connection with traditional
translation) as well as new discoveries of substantial importance.

Johana Brokešová

This thesis contains copyrighted material. The copyright holders are:

c© American Institute of Physics
c© Springer Science+Business Media B.V.
c© Seismological Society of America
c© Úřad průmyslového vlastnictví

iii



Short-period seismic rotations and translations recorded by Rotaphone

iv



1 Introduction

Observational seismology is based mainly on measuring translational ground motions by
traditional seismometers. By translational motions we mean three Cartesian components
of ground displacement or other quantities derived by performing time derivative (ground
velocity, ground acceleration) as they are measured by conventional inertial seismographs
consisting of a mass attached to a fixed frame. Another kind of seismic instruments, known
for decades, are strainmeters used to measure the deformation of the Earth by detecting
changes in the distance between two points. However, there is a third type of seismic
motion, seismic rotation (e.g., Aki and Richards, 1980) decomposable into three rotational
components, which should be measured together with translations and strains to obtain
a complete description of the seismic wavefield in a close vicinity of an observation point.
Nevertheless, seismic rotations were mostly omitted in seismological practice in the past
decades because of a widespread belief that they are insignificant. The reason was mainly
a lack of instruments sensitive enough to detect seismic rotations. Numerical simulations
using synthetic data also indicated that seismic rotations are small in magnitude. Those
results were, however, obtained employing perhaps too oversimplified models. Moreover,
only linear elasticity was taken into account. In the meantime, continuum mechanics has
progressed from the traditional theory to alternative concepts like the theory of Cosserat or
micropolar medium in which local rotations of continuum particles are inherently involved
(Pujol, 2009).

In parallel to advances in theory, rotational seismometry made progress from early at-
tempts to use commercial micro-electromechanical rotational velocity sensors, originally
developed for use in aerospace, through the onset of ring laser technology, kick-starting the
era of continual recording of rotational data, to the newest trend of applying small portable
inertial rotational sensors suitable for use in the field. A large amount of rotational data
has already been collected. The data implicate that seismic rotational motions may not
always be insignificant, especially in a near-source region of a strong earthquake. They even
have the potential to cause co-seismic damage on man-made structures. Thus rotational
seismology becomes relevant to engineering seismology.

Rotational seismology has been established as a new seismological discipline attracting
more and more attention throughout the seismological community. Strong rotational mo-
tions represent only a lesser part of the topics involved. An overwhelming majority of seismic
rotational data are records of motions really very weak in amplitude. Nowadays, even such
small rotational motions, induced by teleseisms, with rates (angular velocities) reaching the
order of magnitude of 10−12 rad/s (!) are currently measured by ring-laser gyroscopes. De-
spite of such diminutive values, seismic rotation represents a new observable which is worth
studying, measuring, analyzing and interpreting in all scales of epicentral distances. In com-
bination with translational data coming from a collocated measurement, seismic rotational
components have shown to be capable of providing knowledge of the subsurface structure,
in terms of phase velocity of seismic waves, as well as propagation direction, i.e., the true
backazimuth from which the waves came (e.g., Igel et al., 2007). Note that this kind of
information on seismic wavefield could normally be obtained only by utilizing data from
spatially distributed stations like, e.g., seismic arrays. Employing rotational measurement,
such information can be retrieved from a single-station measurement provided the station
is equipped with both translational and rotational sensors (collocated strain measurement
would bring an additional advantage in completing the ground motion description).
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Rotational seismology has important links to into other fields of physics. For example,
precise seismic rotation measurements are of interest for the community engaged in detec-
tion of gravitational waves from astrophysical sources. In the large-scale projects LIGO
(Laser Interferometer Gravitational-Wave Observatory operating in the USA) or VIRGO
(French-Italian gravitational waves observatory) the quality of the observations depends on
decoupling the observing system from the ground motions, which is possible only if all the
ground motion components are known (Schreiber et al., 2009; Lantz et al, 2009).

Measurements of seismic rotational components are important even in cases when only
translational components are, in fact, of our interest. As seismic measurements are carried
out in the Earth’s gravity field, seismometers measuring horizontal translational compo-
nents are sensitive to tilts (rotations around horizontal axes) as well. Thus, translational
components as recorded by these seismometers are contaminated with horizontal-axes rota-
tions. To obtain ‘pure’ translations the records should be corrected for this contamination
utilizing an independent measurement of tilts in the same frequency range.

Rotational seismology is becoming a branch with a wide span of topics. Nevertheless,
the subject of the presented Thesis is quite focused. The main issue here is recording and
interpretation of short-period rotational motions induced by nearby sources, mostly natural
(earthquakes) but in some cases also anthropogenic (e.g., blasts). The collocated rotational
and translational measurements are performed by the seismic sensor Rotaphone which we
have recently developed and present here. Its testing, both laboratory and in-field is briefly
described. The newest version of the instrument is capable of recording rotational rates of
the order of magnitude from 10−1 to 10−7 (in case of a very low noise even 10−8) rad/s.
This relatively high sensitivity (compared to other small inertial single point rotational
sensors) is achieved by our unique and sophisticated in-situ calibration technique, also briefly
explained in the Thesis. Rotaphone is portable, easy to deploy almost anywhere in a fast
response to the current seismic situation. Several hundreds of records in epicentral regions
of relatively weak shallow earthquakes have already been acquired with this instrument
during short-term measuring campaigns in various seismotectonic regions. The list includes
the West Bohemia/Vogtland region with post-volcanic seismicity manifested by a recurrent
earthquake swarm activity, an active opening rift with a complex seismogenic fault system
in the Gulf of Corinth, the Provadia region in Bulgaria with seismicity induced by salt-
works in the vicinity of the Mirovo Salt Dome and, finally, the volcanic complex of Eyafjalla
and Katla in South Iceland, a region characterized by present-day volcanic activity and the
related seismicity marking the lava movement. Some of the results of those measurements
are presented in the introductory part hereto and in Appendices A, B, D and E. The
data are analyzed with the aim to explore in depth the relationships between the relevant
translational and rotational components. Such relationships are reported by many authors
for distant earthquakes at low frequencies but for short-period records at local distances
they have not been systematically studied yet. Understanding these relationships may lead
to the possibility to retrieve subsurface structure parameters or rupture process constraints
from collocated measurements of seismic rotations and translations.

2 Definition of terms

Seismic rotation is closely related to the curl of the seismic wavefield. Different authors
define it in a little different way, in most definitions a factor of 1/2 multiplying the curl is
used.
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Assume we have a seismometer at a point x and we know seismic displacement u(x) at
that point. Given we know u at any point, the seismic wavefield would be completely and
uniquely described. This is not, however, the case because we measure seismic displacement
only at the isolated points x at which seismographs are deployed. To expand the wavefield
at least in a small vicinity around such points, we can apply Taylor’s series up to the first
order. In Cartesian coordinates it reads

ui(x + δx) ≈ ui(x) +
∂ui(x)

∂xj
δxj. (2.1)

Displacement derivatives represent a second-order tensor resolvable into its symmetric (εij)
and anti-symmetric (ωij) parts

ui,j =
1

2
(ui,j + uj,i) +

1

2
(ui,j − uj,i) = εij + ωij = εij − ωji, (2.2)

where comma is used to separate component indices from differentiation indices. The sym-
metric part is the infinitesimal strain tensor while the anti-symmetric part represents the
infinitesimal rotation tensor. As for any second-order anti-symmetric tensor, for ωij we can
write ωij = −ωji, which implies that all the diagonal elements are identically equal to zero
and the tensor can be described by just three independent components

ωji =




0 w3 −w2

−w3 0 w1

w2 −w1 0


 . (2.3)

Thus, the tensor can be associated with a vector w = (w1, w2, w3) = 1
2
∇×u, i.e., the vector

with components

w1 = ω32 =
1

2
(u3,2 − u2,3) =

1

2
(∇× u)1 (2.4)

w2 = ω31 =
1

2
(u1,3 − u3,1) =

1

2
(∇× u)2 (2.5)

w3 = ω12 =
1

2
(u2,1 − u1,2) =

1

2
(∇× u)3. (2.6)

These components represent an infinitesimal rigid-body rotation angles (around the corre-
sponding coordinate axes) of the neighborhood of the point x as generated by the disturbance
passing through that point. It is, therefore, natural to define seismic rotation vector as the
vector w and seismic rotation components as the components w1, w2 and w3 given by (2.4)
– (2.6).

Note that the anti-symmetric infinitesimal rotation tensor does not enter into the energy
balance for a given volume V surrounded by a surface S, used to derive Hook’s law in
the classical continuum mechanics. In isotropic media, Hook’s law relates the stress (τij)
and strain tensors (εij) by the formula τij = λεkkδij + 2µεij, where λ and µ are the Lamé
parameters.

Seismic measurements are mostly conducted at the Earth’s surface, at which the w1

and w2 simplify due to free-surface boundary conditions. Assume a right-handed Cartesian
system x, y, z connected with the surface so that the surface corresponds to the horizontal
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xy plane (z=0). Boundary conditions at the free surface require all the stress along z to
vanish, i.e.,

τxz = µ(uz,x + ux,z) = 0

τyz = µ(uz,y + uy,z) = 0
(2.7)

τzz = λ(ux,x + uy,y) + (λ+ 2µ)uz,z = 0 (2.8)

The conditions (2.7) directly influence rotational motion at the surface as they yield

uz,x = −ux,z, uz,y = −uy,z (2.9)

and, consequently,
wx = uz,y = −uy,z, wy = −uz,x = ux,z. (2.10)

The third rotational component wz remains in its general form. Note that the terms con-
taining derivatives with respect to z are not usually taken into account as it is difficult to
determine these ground-motion derivatives from surface data.

As most of the traditional seismic sensors measure ground velocity rather than displace-
ment and most of the rotational sensors measure rotation rate (angular velocity) rather than
rotation angle, let us define seismic rotation rate Ω related to the curl of ground velocity
(Ω = ẇ, dot notation for time derivative is used). At the Earth’s surface the rotation rate
components read

Ωx =
∂vz
∂y

Ωy = −∂vz
∂x

Ωz =
1

2

(
∂vx
∂y
− ∂vy
∂x

)
.

(2.11)

Hereinafter, we understand the seismic rotational components as Ωx, Ωy and Ωz given by
(2.11). The Ωz component (rotation rate around z-axis) is sometimes called the torsion rate,
while the other two components (rotation rates around horizontal axes) are traditionally
called tilt rates.

Note that seismic rotational components are, due to S waves, non-zero even in a homoge-
neous, isotropic, unbounded medium. Inhomogeneity and anisotropy of seismic structures
generate more complex wavefield patterns and hence more significant seismic rotations.
Moreover, a complex seismic source can contribute considerably to the rotation field namely
in a near-source zone.

3 How to measure seismic rotation

The development of rotational seismology is conditioned by reliable measurements of seismic
rotations. At present, there are three main approaches to the measurement, all of them
having their specific pros and cons.

The first method relies on the application of laser gyroscopes (Sec. 3.1), the so-called
ring-lasers (Schreiber et al., 2003, 2004, 2009). This technology boosted remarkable progress
in rotational seismology especially in the first decade of this century. Presently, it enables
the highest-sensitivity measurement out of all the methods (up to 10−12 rad/s) but only at
very low frequencies (up to 1 Hz). It is, therefore, suitable for recording rotational motions
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due to large earthquakes at large (mostly teleseismic) distances. On the other hand, the
ring-laser technology is the most expensive and complicated to acquire, install, operate and
maintain. The ring-lasers are impossible to use for field measurements.

The second approach does not use any specially designed instrument. The approach
utilizes small-aperture seismic arrays equipped with standard seismographs which operate
independently. These arrays allow the approximation of spatial ground motion derivatives
from which the rotational motions are derived. We then speak about the array-derived
rotations (ADR). The distance between the seismographs usually ranges from a few meters
to a few hundred meters. The small distance is necessary to fulfill the uniform-rotation
assumption as required in the linear elasticity theory. The seismograph separation distance
should be much smaller than the wavelength, which also limits the maximum frequency up
to which rotation can be determined in this way. The sensitivity of these measurements
depends on the sensitivity of the seismographs applied. The approach requires accurate
waveforms of high signal-to-noise ratio. In determining the rotational rate, the sensitivity
can reach 10−8 rad/s in certain cases (Suryanto et al., 2006), but many practical difficulties
complicate the current application of this methodology (see Sec. 3.2).

The third method consists in using small inertial angular sensors (Lee et al., 2009; Lee,
2009). The first attempts in this field were based on the application of gyroscopes devel-
oped originally for aviation. These sensors were not optimized for seismic measurements
and did not reach the required sensitivity and frequency range. Therefore, there is a need
for a portable sensor with sufficient accuracy and sensitivity. Nowadays, special mechanical,
electrochemical or fiber-optical rotational sensors of various types, suitable for seismic mea-
surements, are being developed by several academic groups (e.g., Jaroszewicz et al., 2012;
Jedlička et al., 2012; Knejzlík et al., 2012) and by commercial companies (e.g., Eentec,
Northrop Grumman Litef, and ATA Sensors). Our mechanical sensor system Rotaphone
(see Section 4 and Appendices A – G), patented by the Faculty of Mathematics and Physics,
Charles University, and developed in cooperation with the Institute of Rock Structure and
Mechanics, AS CR, also falls into this category of small, portable inertial sensors. It pro-
vides not only seismic rotational components themselves but also translational ones, both
types of motion being measured by a single device with one instrument characteristics. It
can be used anywhere in a fast response to the current seismic situation.

3.1 Basic principle of ring-laser measurements

Ring laser gyroscopes are devices based on the Sagnac effect, an interferometric phenomenon
encountered in rotating systems (in 2013 we celebrated one-hundred-year anniversary of the
discovery of this effect). These gyroscopes are designed to detect the Sagnac beat frequency
of two counter-propagating laser beams through which they are able to detect absolute
rotation rate of magnitude from 10−4 down to 10−12 rad/s (Schreiber et al., 2009). Despite
of the name ’ring laser’ the laser beams propagate along a rectangular (mostly square) or
triangular perimeter thanks to the special mirror arrangement, see Fig. 1.

The principle of operation is as follows. The excitation unit generates two coherent laser
beams of exactly the same wavelength and emits them in opposite directions (clockwise and
counter-clockwise). The beams travel at the speed of light within resonant cavity, filled
with a helium/neon gas mixture, and being reflected by the mirrors they create a closed
loop of light. As the device is a resonant cavity, both beams form a standing wave pattern
with a whole number of wavelengths around the closed loop. If the whole assembly did
not rotate, the standing-wave wavelengths of the two beams would be exactly the same.
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Figure 1: A scheme of a square-shaped ring laser gyroscope.

Assume that the apparatus undergoes counter-clockwise rotation (see Fig. 1). Since light
travels at the same speed in both directions it will take longer for the counter-clockwise
beam to reach its starting position compared to the clockwise beam because the starting
position has moved since the beam departed. As a result, the wavelengths of the two beams
must stretch or shrink in response to the given rotation. An external observer detecting the
interference of the two beams outside the closed loop would see typical interference fringes
in the space domain, or a beat pattern due to frequency difference between the two beams
in the frequency domain. This beat frequency (also called Sagnac frequency) is proportional
to the rotation rate (e.g., Stedman, 1997)

δf =
4A

λP
n ·Ωtotal =

4A

λP
Ω′total, (3.12)

where A is the enclosed area, P the perimeter (the length of the closed light path), λ is the
wavelength of the light excited in the exciting unit, and n is the unit normal to the area
A. Ωtotal is the overall rotation rate sensed by the system, Ω′total denotes the magnitude of
the total rotation rate around the axis parallel to n. The total rotation rate includes the
rotation of the Earth including its variations (precession and nutation cycles, etc.) with
the ground (seismic) rotation rate superimposed, Ω′total = Ω′Earth + Ω′seism. Ring lasers
utilize a very expensive and sophisticated technology to minimize variations in λ, or A
and P (installation in vaults with stationary physical conditions, monolithic construction
in a solid piece of extremely low-expansion material Zerodur, etc.). Then, variations in the
Sagnac frequency δf are mainly due to variations in Ωtotal. Subtracting the Ω′Earth with its
long-period variations from the ring-laser signal it is possible to get Ω′seism time series, i.e.,
the record of seismic rotation rate around the axis perpendicular to the plane of the ring
laser. Note that as the ring lasers exploit the Sagnac effect, they are entirely insensitive to
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translational motions.
Ring laser gyroscopes have been applied as rotational sensors in seismology since 1990s

(Stedman, 1997; McLeod et al., 1997; Pancha et al., 2000). Because of their high cost not
many installations can be found worldwide. Several pioneering prototypes, including the
UG-2 Ultra large ring (21 ×40 m, the largest ring laser in the world), have been installed in
the Cashmere Cavern Laboratory, Christchurch, New Zealand. Another large ring laser (4 ×
4 m), the so called G-ring, is located at Wetzel, southern Germany, and has been operating
since 2001. A little smaller ring laser gyroscope (1.5 × 1.5 m), PR-1, was installed at Piñon
Flat Seismological Observatory, California, USA, in 2005. Recently, in 2010, the G-Pisa ring
laser, 1.35 × 1.35 m, was installed at the site of the Virgo gravitational wave interferometer,
Pisa, Italy. Most of the ring lasers, except for two prototypes in Christchurch and the G-Pisa
gyroscope, are horizontal and so they can measure only z-axis rotation rate.

3.2 Basic principle of the ADR method

In the ADR method, rotational components and spatial gradients in general are derived from
differential motions obtained by subtracting the records from close stations in a seismic array.
When the receivers in the array are laid out in right angles, local spatial gradients along the
two perpendicular directions can be easily approximated by taking finite differences between
records from neighboring receivers in the given directions. This approach was applied, e.g.,
by Huang (2003). The only condition for obtaining sufficiently accurate approximations of
the spatial gradients (rotational components) in this way is a sufficiently small separation
distance between the receivers with respect to the wavelength of the studied wavefield.
Various authors may prescribe the criteria controlling the separation distance in a slightly
different way (according to the required accuracy in specific applications). In general, such
criteria are similar to those adopted to control grid spacing in the finite-difference method
for wavefield modeling. For example, a widely accepted criterion for second-order finite-
difference schemes requires the grid spacing not exceeding ∼ 1/10 of the shortest wavelength
in the wavefield. Of course, as the arrays are usually spread on the Earth’s surface, the
wavelength here is understood as the apparent wavelength along the surface. In the presence
of noise (i.e., in real measurements) such a criterion should be thoroughly examined, see
below.

This approach can be generalized for general array lay-outs (Fig. 2). The problem
is linear under the assumption of uniform spatial gradients of the first order across the
array. Assuming uniform first order gradients we, in fact, assume that higher-order gradients
vanish. Then we can, in principle, determine the first-order gradients from equation (2.1).
This approach was applied by Spudich et al. (1995). Let us explain it employing the same
notation as in that paper. Assume a reference receiver in the array, characterized by the
predisturbance position vector r0 (note that it corresponds to x in (2.1)). Let ri, i = 1, ...N
be the predisturbance position vectors of the remainingN receivers in the array. Fig. 2 shows
the reference receiver and one such receiver at a position ri selected among the others. Let us
denote displacement at the reference receiver by u0, i.e., u0 = u(r0). Similarly, ui = u(ri)
is displacement at the i-th receiver. In the figure, Ri denotes the position vector between
the reference and the i-th receiver. This vector is an analog of δx in equation (2.1). In
accordance with (2.1), the differential motion di = ui − u0 between the reference and the
i-th receiver (which is close to the reference one) satisfies the equation

di = GRi, (3.13)
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where G is a 3 × 3 displacement gradient matrix with the elements Gij = ui,j which are
to be determined as they constitute curl of u, the quantity of our primary concern. Note
that for these elements no upper index is necessary thanks to the uniform spatial gradients
assumption.

For an array on the Earth’s surface (the most common case in seismological practice)
the problem of spatial gradient determination is simplified. Similarly as in Sec. 1, assume
that the surface coincides with the plane x, y in a right-handed Cartesian coordinate system
x, y, z with z being the vertical. All the vectors r0, ri, and Ri (i = 1, ...N) lie in this
plane, i.e., their vertical components vanish. Moreover, the conditions (2.7) and (2.8) yield
constraints for certain elements of the matrix G so that only six of them are independent.
Written out into components, Eq. (3.13) then becomes




dix

diy

diz


 =




ux,x ux,y −uz,x
uy,x uy,y −uy,x
uz,x uz,y −

λ

λ+ 2µ
(ux,x + uy,y)







Ri
x

Ri
y

0


 (3.14)

As Ri
z = 0, it is not possible to determine the third column of G without knowing the

structure in terms of the Lamé coefficients λ and µ. Fortunately, to determine the curl of u
we need only uz,y, uz,x, ux,y and uy,x (see equations (2.4) – (2.6)), not the whole matrix G.
Equation (3.14) can be rewritten considering the 2 × 3 left submatrix of G.

In Sec. 1, we specified the rotational components Ωx, Ωy and Ωz as the components of
1/2∇× v at the surface (v = u̇, dot over u indicates time derivative). To obtain them we

Figure 2: A scheme of an array with a general lay-out with definitions of the vectors used in the
ADR method.
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need to determine the corresponding velocity gradients. They satisfy the equation




vix − v0
x

viy − v0
y

viz − v0
z


 =




vx,x vx,y

vy,x vy,y

vz,x vz,y





 Ri

x

Ri
y


 (3.15)

The left-hand side of the equation is obtained by subtracting the corresponding records (if
there are accelerographs in the array instead of velocigraphs, the data should be time inte-
grated first). For the i-th receiver, the equation represents a system of three linear equations
for six unknowns, the elements of the matrix on the right-hand side, of which only the en-
circled derivatives are actually needed to obtain rotational components in (2.11). Therefore
we have to write down the above equation for at least two receivers, with the position vec-
tors rk and rl, which means that minimum three stations equipped with three-component
translational sensors, should be used (together with the reference receiver r0) in the ADR
method in order to approximate the complete rotation rate vector. In practice, however,
considering as many stations as possible is commendable as it is the way to compensate for
inconsistencies in the array measurement (variations in instrument characteristics, in soil
conditions underneath the individual receivers, etc.)

As said above, the equation (3.15) is applicable only if the spatial gradients do not vary
across the array. This is the principal assumption of the ADR method. The requirement
of the uniform gradient distribution naturally leads to limits for the array size. Spudich
et al. (1995) did not set any quantitative criterion, saying just that "the array ...(should
span)... only a small fraction of a wavelength in the period range of interest". Spudich
and Fletcher (2008) suggested that the horizontal extent of the array, parallel to the phase
propagation direction, should not exceed one quarter of the apparent wavelength measured
along the Earth’s surface. Note that for the wavefield from proximal sources the assumption
of uniform spatial gradients is often difficult to satisfy even if the wavelength complies
with the criterion by Spudich and Fletcher. Therefore, at a small source-array distance
the fulfillment of the gradient uniformity assumption should be of a higher priority than
any formal criteria set on the wavelength which we, moreover, can usually only estimate.
According to our experience with quarry-blast experiments (see Sec. 4.3), the uniformity
of the gradients should be checked before the application of the ADR method whenever
possible.

Looking beyond the above mentioned problems with possibly inconsistent measurement
by the individual sensors in the array and non-uniform gradients across the array, there
are at least two other crucial issues to be discussed regarding the ADR method. The first
concerns the separation distance between the individual receivers. On one hand, the smaller
it is the better approximation of spatial derivatives can be achieved by finite differencing.
On the other hand, as mentioned by Cochard et al. (2006), the smaller the distance is, the
more similar the records are and, consequently, the smaller differential motion we obtain
from the given receivers. In the presence of noise, both external and instrumental, the
signal-to-noise ratio for the differential motion from stations too close to each other may
become so indisposed towards the spatial gradient determination that it may degrade the
ADR technique at all. Suryanto et al. (2006) studied the effect of noise both on synthetics
and on real data and suggested that this problem can partly be overcome by including more
stations in the ADR approach so that the uncorrelated random noise may cancel out.
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Figure 3: The Eentec R-1 rotational sensor in an experimental setting together with the Lennartz
LE-3D translational sensor and the Rotaphone sensor system.

Another problem arises from the fact that the measured horizontal components in (3.15)
may not be ’pure’ translations because of contamination with tilts as it is mentioned in
Introduction and explained in Sec. 7. While at higher frequencies this contamination is
negligible, at low frequencies, which the ADR approach is limited to, it may be significant.
It may lead to incorrect results when these contaminated horizontal translations are used
to derive the rotational components.

To summarize, the ADR technique, despite being conceptually very simple and not de-
manding from the computational point of view, suffers from serious problems accompanying
it. It should be used with greatest care after verifying basic assumptions, optimizing the
frequency range and/or separation distance, checking the noise level, taking into account
the uncertainty in seismometer calibration, site effects, possible contamination with tilts,
etc.

3.3 Small inertial sensors available in the market

As far as I know, the only small portable seismic rotational sensors produced on a commercial
basis are the R-1 and R-2 by Eentec, the sensitivity of the former is reported to be 10−7 rad/s,
and ARS-14 by Applied Technology Associates with sensitivity of 10−6 rad/s reported by the
contriver. From these, only the R-1 rotational sensor has been rigorously and independently
tested in the United States and Taiwan (Nigbor et al., 2009; Lin et al., 2009). It is a tri-
axial rotational velocity sensor based on electrochemical technology. Its dimensions are
12 × 12 × 9 cm and it weighs 0.9 kg. The sensor is capable of recording small earthquakes
at distances up to several tens of kilometers.

The R-1 sensor is shown in Fig. 3 in an experimental setting (see Sec. 4.3) together with
the Lennartz LE-3D 1 Hz seismometer. On the left, a part of our Rotaphone sensor system
(see Sec. 4) can be seen. It is apparent from the figure that the R-1 sensor uses an unusual
left-handed coordinate system for the direction of positive rotation.
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Specifications given by the manufacturer are:
sensitivity 50 V/rad/s
bandwidth 0.05 – 20 Hz
hard clip level 0.05 rad/s
resolution 1.2 ×10−7 rad/s
dynamic range 108 dB
self-noise (RMS) < 10−6 rad/s
operating temperature range -15 – +55 ◦C
temperature scale factor < 0.03%/◦C (deviation from 20◦C )
The manufacturer-provided pole-zero model of the frequency response for ordinary fre-

quency f (in Hz) is

T (f) =
Af 2

(f − ip1)(f − ip2)(f − ip3)(f − ip4)(f − ip5)
(3.16)

with p1 = 0.02 Hz, p2 = 0.04 Hz, p3 = 234 Hz, p4 = 65 Hz, and p5 = 90 Hz (see Fig. 4).
Amplitude gain is A = 6727500V/(rad/sec)× Hz3.

Figure 4: The Eentec R-1 frequency response downloaded from the manufacturer’s website
(http://www.eentec.com/, last accessed on Mar 20, 2014).

Extensive tests carried out by Lin et al. (2009) and Nigbor et al. (2009) led to a conclu-
sion, that the R-1 sensor meets the specifications given by the manufacturer only generally.
Measured sensitivity values deviated from their nominal factory specifications by as much as
30% (Lin et al., 2009). Nigbor et al. (2009) confirmed the hard-clip level (maximum voltage
output regardless of input), but they found that there is a soft-clip level represented by the
amplitude at which the output begins to be distorted or nonlinear. The tests performed
revealed an average soft-clip level of about 75% of full scale at 1 Hz. Nigbor et al. (2009)
also observed that the R-1 sensors require several minutes to stabilize from a hard clip,
such as when the sensor is moved or tilted. This behavior may also limit the applicability
of the R-1 sensors in near-source regions where strong ground motion could be expected.
At low frequencies, the measured self-noise was at least by one order of magnitude higher
than that specified by Eentec. The frequency response shape also deviated a little from
the declared response, both in magnitude and phase. The judgment derived from these
tests is that the R-1 sensor is able to provide reasonable rotational data but sensor-specific
calibration should be considered to increase confidence. Moreover, it was found by Joachim
Wassermann (personal communication, 2013) that the R-1 rotational sensor is very sensitive
to temperature.
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3.4 Examples of seismic rotation rate peak values (measured or calculated)

To get an idea of rotation rate peak amplitudes induced by various seismic events, selected
results compiled from the literature are summarized in Tab. 1. Recorded data are supple-
mented with results of numerical simulations. The list includes two explosions and several
earthquakes recorded (modeled) at different epicentral distances, varying from local (few
kilometers) to teleseismic (several thousands of kilometers). Measured data were obtained
using various methods. In a near-source zone usually an inertial angular sensor or the ADR
method was used. For distant earthquakes the ADR or ring laser technology was applied.
The particular method applied predetermines the quantity directly measured, e.g., the use
of an array of accelerographs yields primarily rotation acceleration from which the rotation
rate, presented in Tab. 1, should be derived by integration. Rotation rate measured directly
is likely to be more accurate than the rate derived from acceleration. The table contains
only such rotation rate values which, if not directly measured, have been derived by the
authors themselves.

In the table, scalar seismic moment is chosen to quantify the earthquake size. Some
of the authors cited in Table 1 specify the moment magnitude Mw instead of the scalar
seismic moment M0. To recalculate Mw to M0 we use the empirical relation by Hanks and
Kanamori (1979)

log10M0 = 1.5Mw + 9.1, (3.17)

where M0 is expressed in Nm. According to this relation, for example Mw 6 corresponds to
M0 = 1.26× 1018 Nm, Mw 7 to M0 = 3.98× 1019 Nm, etc.

The peak values listed in Tab. 1 are not directly comparable without information on
the prevailing frequency which is not, however, available for some of the events. It is only
obvious that the records from local events are of much higher frequency content than those
at large distances for which the prevailing frequency is well below 1 Hz.

It is very questionable to compare directly rotation rates induced by explosions and
those induced by tectonic events. Besides a completely different source mechanism, the
main reason is that the scalar seismic moment assigned to the explosions in Tab. 1 is only a
very rough estimate and may not be a good characteristics of the real size of an explosion.
It is usually not clear what amount of energy released by an explosion is radiated in the
form of seismic waves.

Comparing measured rotation rates due to local earthquakes with values predicted by
calculations indicates that, in a near-source region, the observed rotational rates are mostly
considerably larger than those predicted by theory (e.g., Bouchon and Aki, 1982), sometimes
even by one order of magnitude or more (Lee et al., 2009b). For example, Bouchon and
Aki (1982) applied the discrete wavenumber method to predict rotation rate of 1.2 ×10−3

rad/s at a distance of 1 km from the 30-km-long vertical strike-slip fault producing an
earthquake of magnitude Mw 6.5 (the corresponding seismic moment M0 is 8 ×1018 Nm),
see Tab. 1. The depth range of the fault was from 1.5 km below the surface to a depth of
10 km. In contrast to this prediction, during the earthquake swarm of March 1997 near Cape
Kawana in Japan, Takeo (1998) observed higher rotational rates for weaker earthquakes with
foci at a depth of 5 km and epicentral distance of 3.3 km, i.e., larger than the epicentral
distance considered in the prediction made by Bouchon and Aki (1982). He recorded z-axis
rotation rate of 3.3 ×10−3 rad/s induced by an event of magnitude 5.7, i.e., with seismic
moment by one order of magnitude lower than that of the simulation model employed
by Bouchon and Aki (see Tab. 1). For a weaker event with magnitude of 5.2 (seismic
moment by two orders smaller in magnitude) he even obtained the z-axis rotation rate of
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Paper Ω̇z Ω̇hor ∆ M0 Method DM

[rad/s] [rad/s] [km] [Nm]

Lin et al., 2009 0.96 ×10−6 2.7 ×10−6 0.25 ≈ 1.6× 1015∗ ADR Ω̈

Bouchon&Aki, 1982 1.2 ×10−3 – 1 8 ×1018 CAL Ωz

Nigbor, 1994 2.4 ×10−2 3.8 ×10−2 1 ≈ 5.4× 1016∗∗ POINT Ω̇

Takeo, 1998 3.3 ×10−3 5.9 ×10−3 3.3 1.2 ×1017 POINT Ω̇

Takeo, 1998 8.1 ×10−3 2.6 ×10−2 3.3 2.7 ×1016 POINT Ω̇

Takeo&Ito, 1997 2 ×10−3 – 5 1 ×1018 CAL Ωz

Huang, 2003 3.8 ×10−4 3.3 ×10−4 6 3 ×1020 ADR Ω̈

Stupazzini et al., 2009 9 ×10−4 1.6 ×10−3 7.5 1.3 ×1018 CAL Ω̈

Spudich&Fletcher, 2008 2.2 ×10−4 9.5 ×10−5 8.8 1.8 ×1018 ADR Ω̈

Castelani&Boffi, 1989 – 1 ×10−4 18 6.4 ×1018 ADR Ω̇hor

Bouchon&Aki, 1982 5.4 ×10−4 – 35 8 ×1018 CAL Ωz

Lee et al., 2009a 7 ×10−4 3 ×10−4 51 5.6 ×1016 POINT Ω̇

Igel et al., 2007 4.0 ×10−8 – 371 4 ×1016 RL Ω̇z

Suryanto et al., 2006 1.2 ×10−8 – 2055 3.2 ×1018 ADR,RL Ω̇z

van Driel et al., 2012 1.1 ×10−8 – 2058 1.5 ×1018 ADR,RL Ω̇z

Pancha et al., 2000 7.5 ×10−9 – 3447 7.1 ×1019 RL Ω̇z

Pancha et al., 2000 – 1 ×10−8 4737 2.5 ×1019 RL Ω̇hor

Igel et al., 2005 3.5 ×10−8 – 8830 1.7 ×1021 RL Ω̇z

Belfi et al., 2012 – 5 ×10−8 9696 3.8 ×1022 RL Ω̇hor

*) explosive source: M0 roughly estimated as equivalent of 3 t of explosives
**) explosive source: M0 roughly estimated as equivalent of 1 kt of explosives

Table 1: Examples of peak amplitudes of z-axis (Ωz) and horizontal axis (Ωhor) rotation rate
measured/modeled by various authors. Abbreviations: DM - directly measured quantity,
ADR - array derived rotation, RL - ring laser, CAL - calculation (numerical simulation),
POINT - a single point rotational seismic sensor. M0 denotes scalar seismic moment and ∆
epicentral distance.
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8.1 ×10−3 rad/s. The near-source region can be relatively large for strong earthquakes.
Lee et al. (2009a) reported z-axis rotation rate of 7×10−4 rad/s, induced by an earthquake
of Mw 5.1 at a distance of 51 km while Bouchon and Aki (1982) calculated a lower z-axis
rotation rate, 5.4×10−4 rad/s, for a smaller epicentral distance (35 km), comparable depth
but seismic moment by 2 orders of magnitude higher! Note that synthetic data provided a
smaller rotation rate despite of the fact that the station was situated in the forward rupture
propagation direction, which is the condition for the strongest ground motions with respect
to other station azimuths. Observations confirming that rotation rates in near-source regions
may be significantly larger than those expected according to some predictions increase in
number. Results obtained by our team (see Sec. 5) are also in agreement with this finding.
The causes of this phenomenon are the subject of scientific debate. Possible explanations
include site-effects, different geological conditions in general, heterogeneity of slip velocity
on the fault (Takeo, 1998), some near-field effects, influence of topography, fault zones of
finite thickness radiating torque waves (Knopoff and Chen, 2009) or effects connected with
nonlinear elastic models like the Cosserat (micropolar) medium (Pujol, 2009). According
to our observations, there may be also another, much simpler, explanation. The relative
importance of rotational ground motions with respect to translational ones grows, in general,
with frequency (see Sec. 6). At a small source-receiver distance, the real records may be of
a considerably higher frequency content than those considered when calculating synthetics,
especially by using the computer-time demanding discrete wavenumber method (e.g., in the
paper from 1982, Bouchon and Aki considered frequencies only up to 2.5 Hz), which may
be the cause of the above mentioned semblant discrepancy.

4 Mechanical seismic sensor system Rotaphone

Rotaphone is a mechanical sensor system (or shortly sensor) capable of collocated measure-
ment of both seismic translations and rotations with the same device, i.e., influenced by
the same instrument characteristics (transfer function in the frequency domain or impulse
response in the time domain). It is based on measuring differential motions between paired
sensors mounted on a rigid frame anchored to the ground. In this way, the spatial derivatives
in (2.11) are approximated by the space finite differences. The name ’Rotaphone’ is derived
from ’ROTAtion’, as the instrument is innovative especially in observing seismic rotation
rate components, and ’geoPHONE’1 as its basic component. Moreover, the suffix ’phone’
indicates ’sensing’, in this case sensing of (seismic) rotation (rates), and this is a pertinent
characteristics of what the instrument really does. The name Rotaphone has already be-
come familiar in the scientific community interested in measuring rotational components of
seismic motion.

We started to develop the specialized sensor Rotaphone in 2008. This endeavor culmi-
nated with patenting the new technology (patent CZ 301217 B6, Appendix F) and finalizing
the first 3DOF (three-degree-of-freedom) prototype, the sensor designed to measure 3 com-
ponents of ground motions: two horizontal ground velocity components and the z-axis
rotation rate. The instrument consisted of six vertical geophones LF-24 (Sensor Nederland,
B.V.) mounted on a massive metal disc. The instrument was successfully used to detect
rotational and translational seismic components induced by shallow weak earthquakes in
the West Bohemia/Vogtland region (station Květná) as reported by Brokešová and Málek

1Geophone is a short-period seismometer, sensitive to unidirectional ground velocity, designed to acquire
seismic exploration data.
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Figure 5: Two prototypes of the mechanical sensor system Rotaphone: a disk-shaped 3DOF
prototype and a cubic-shaped 6DOF prototype (DOF is the abbreviation for degree-of-freedom).

(2010), Appendix A. An upgraded version of this instrument is shown in Fig. 5, bottom
right, and in the paper by Brokešová et al. (2012b, Appendix B, Fig. 1). For detailed
specification see Appendix G1.

In 2010, we started to develop a 6DOF (six-degree-of-freedom) prototype, see Fig. 5, top
left. That prototype contained eight horizontal and one vertical geophones SM-6 (Sensor
Nederland, B.V.) mounted onto a cubic-shaped metal frame. It is shown as ’Prototype I’ in
Appendix G2. It has been subjected to specialized testing at the USGS Albuquerque Seismo-
logical Laboratory, New Mexico, USA. Some results of those tests are reported in the paper
by Brokešová et al. (2012a, Appendix C). In 2011, it was applied in several short-term or
few-months-lasting pilot measuring campaigns taking place in the West Bohemia/Vogtland
region (April – June 2011, the Nový Kostel station, September 2011 – January 2012, the
Luby station, and December 2011 – January 2012, the Lazy station), Provadia region in
East Bulgaria (June – September 2011, the Provadia station), and the Hronov-Poříčí fault
zone, East Bohemia (July – August 2011, the Ostaš station). Some data from this period
(rotation rate peak values) are included in Tab. 3, Sec. 5.

In 2012, the 6DOF Prototype I was upgraded by adding three vertical geophones of the
same type to the remaining three vertical pillarets of the cubic frame, which required also
adding another three-channel A/D converter. This upgraded 6DOF prototype is referred
to as ’Prototype II’ in Appendix G2 where its parameters are specified in detail. It has
replaced the older Prototype I. We applied it in several quarry-blast experiments (Tab. 2,
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Figure 6: Sign conventions
for translational and rotational
components measured by the
6DOF Rotaphone. The x-axis
usually points to the North.

Sec. 5, and Brokešová and Málek, 2013, Appendix D) and another series of few-months-long
measurements in different regions, namely the Gulf of Corinth (February – May 2012, the
Sergoula and Loutraki stations), the West Bohemia/Vogtland region (November 2012 – June
2013, the Nový Kostel station, the instrument damaged by floods), the Hronov-Poříčí fault
zone (April – June 2013, the Ostaš station) and Katla region, South Iceland (October 2013 –
present, the Eystri-Skógar station). Only a relatively small portion of the data acquired has
already been processed, interpreted and published (Brokešová and Málek, 2013, Appendix
D, Brokešová and Málek, 2014b, Appendix E). Some of the preliminary results are presented
in Sec. 5 (namely Tab. 3). The data processing is still in progress.

4.1 Description and basic principle

Rotaphone, a mechanical seismic sensor system according to patent CZ 301217 B6 (Ap-
pendix F), consists of highly sensitive geophones connected to a conjoint datalogger. The
geophones are mounted in parallel pairs to a rigid (metal) ground-based frame. The in-
strument is designed to measure short-period translational ground motion (velocity) and, in
addition, differential motion between the paired geophones. The records of those differential
motions are used to obtain rotational components. Specifically, for rotational components
we need to subtract the records from the geophones of a given pair, while for translational
components we have to sum them (take the average). Fig. 6 shows the coordinate sys-
tem and axes orientation we use for individual components. In contrast to the R-1 sensor
by Eeentec (Sec. 3.3), rotation rates are positive counter-clockwise in accordance with the
right-handed ’rule of thumb’. Note that this orientation agrees with the suggestion made
by Evans (2009).

A brief history of the instrument development is mentioned in the previous section. Here
let us summarize certain general features which apply to all the prototypes:

• Small dimensions (portability) and small distance of the paired geophones. In all the
prototypes, the geophones in a pair are separated by a distance of 30 cm. The distance
is much smaller (at least by two orders of magnitude) than the wavelength typically
considered, but still large enough to allow differential sensing. Sufficiently sensitive
sensors, e.g., high-gain geophones, are used to meet this requirement.

• Collocated translational and rotational measurement provided by one single instrument.
As rotational components come from translation differences, the same normalized
instrument characteristics (e.g., transfer function) is valid for both rotational and
translational records. This is a great advantage when studying rotation-to-translation
relationships (e.g., waveform matching, see Sec. 6.)
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• Rigid connection between individual geophones. As it has already been said, the geo-
phone pairs are mounted on a rigid frame. The frame, being set to motion by the
ground motion, moves as a rigid body and the geophones measure this rigid-body mo-
tion. Thanks to the rigidity, all the strain components in (2.2) vanish. Consequently,
all the rotational rate components are simplified due to corresponding constraints
applied to the given spatial gradients. Namely,

Ωx =
∂vz
∂y

= −∂vy
∂z

, Ωy =
∂vx
∂z

= −∂vz
∂x

, and Ωz =
∂vy
∂x

= −∂vx
∂y

, (4.18)

where x, y, z are Cartesian coordinates not necessarily connected with the Earth’s
surface. The simplification is not due to the presence of the surface, but, primarily,
due to the rigidity of the frame. Note that the rigid connection between the sensors
is, besides the extremely small separation distance, the most pronounced distinction
from the ADR method, also based on detecting differential motions.

• In-situ calibration of individual geophones is an essential part of each measurement.
This sophisticated calibration technique, explained in Sec. 4.2, is necessary to achieve
the required accuracy and sensitivity (see below). It is made possible due to the fact,
that each of the rotational components is measured by at least two geophone pairs,
which provides constraints to correct for geophones’ individual transfer functions.

• Obtained rotational components are insensitive to translational motions. The rota-
tional components are obtained by differencing the records from the paired geophones
proximal to each other. Therefore, the translational components are subtracted from
the rotational records provided that the translations remain unchanged over the sep-
aration distance between the geophones, i.e., the separation distance represents only
a small fraction of the wavelength.

The different prototypes have their own specific features dependent on the specific com-
ponents included, their specific arrangement, etc. The basic components of the 3DOF
prototype are the LF-24 geophones while the 6DOF prototype includes the geophones SM-6
(both produced by Sensors Nederland, B.V.). Fig. 7 shows the transfer functions of both
prototypes as they have been calculated from the poles and zeros provided by the manu-
facturer. Both geophones have one single zero and two poles, in angular frequencies the
poles are -19.792 ± i 20.192 rad/s for SM-6 while LF-24 has a double pole at -6.283 rad/s.
The transfer functions in Fig. 7 can be regarded as the transfer functions of the reference
geophone in the system and hence, thanks to the in-situ calibration (see Sec. 4.2), as the
transfer functions of the whole instrument.

The 3DOF and 6DOF prototypes differ in the frequency range. The 3DOF prototype
operates in the range of 1 – 100 Hz, while the 6DOF prototype in the range of 2 – 60 Hz (see
the shadow zones in Fig. 7). The upper limit is given by the frame’s natural frequency (first
resonance mode frequency) because only up to this frequency the frame moves as a rigid
body, which is a requisite feature of our approach. The lower limit is due to the behavior of
the given geophones at low frequencies: it is the frequency below which the geophone output
starts to be distorted compared to the geophone input. We have set the lower limits for
both prototypes as a result of testing at the USGS Albuquerque Seismological Laboratory
in New Mexico, USA (see Sec. 4.3 and Appendix C).

The two prototypes differ also in LSB (least significant bit) values. The SM-6 geophones
in the 6DOF prototype have sensitivity of 28.8 Vs/m (see Appendix G2). The signal is
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Figure 7: Transfer functions of the LF-24 (a) and SM-6 (b) geophones calculated from poles and
zeros provided by the manufacturer. The frequency ranges considered for the Rotaphones consisting
of the corresponding geophones are shown in gray.

processed by a Tedia Ltd. digitizer with a range of ±2.5 V, so the maximum range of
detectable ground velocity is 86.8 mm/s. The digitizer resolves 28 bits so the LSB is 0.647
nm/s in detecting translational components. This LSB corresponds to 2.16 nrad/s in detect-
ing the rotation rate. Similarly, the LSB values for the 3DOF prototype have been deduced.
They are 3.33 nm/s for ground velocity and 13.32 nrad/s for rotation rate. The LSB values
represent the noise-free least detectable ground motions. In real measurements, noise is
always present and the least detectable motions are considerably higher. The least rotation
rates really recorded by the 3DOF prototype are of the order of magnitude of 10−7 rad/s.
With the 6DOF we can reach even the order of magnitude of 10−8 rad/s in a low-noise
environment (see Tab. 3, records from the station ESK in South Iceland).

Summarized, Rotaphones are short-period seismic instruments providing both transla-
tional and rotational records. Detectable amplitudes go down to the order of magnitude
of 10−7 rad/s (for a very low-noise level even 10−8 rad/s) and 10−8 m/s. The maximum
measurable amplitude, given by the geophone’s hard-clip level, is of the order of magnitude
of 10−1 in detecting both the translational (m/s) and rotational (rad/s) motions. Thus,
these instruments can be used to measure amplitudes in a relatively wide range involving
both very weak and strong (except for extremely strong) ground motions. Appendices G1
and G2 provide detailed parameter specifications for both 3DOF and 6DOF prototypes.
An important feature of our method is the in-situ calibration performed simultaneously
with each measurement (as an integral part of data processing). This approach ensures
that the instrument characteristics are not influenced by aging of the sensors or changing
physical conditions (regarding temperature, we have verified good functionality in the range
from -20◦C to +40◦C). Both prototypes provide pure rotations, i.e., not contaminated by
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Figure 8: Two geophone pairs, mounted
to a rigid frame (light or dark gray for the
3DOF or 6DOF prototype, respectively),
used for calibration. The reference geophone
encircled in red.

translations. The horizontal translational data from the 6DOF prototype are automati-
cally corrected for the contamination by tilts. The 3DOF prototype does not allow for
this correction. However, as explained in Sec. 7, at high frequencies at which the 3DOF
prototype operates, the effect of contamination by tilts is insignificant (except for specific
anthropogenic sources with a high rotation-to-translation ratio).

4.2 In-situ calibration

The main problem in measuring rotational components by differencing records from proximal
parallel geophones is that the geophones are not entirely identical in their characteristics
and therefore they are not able to produce identical output for the same input. This results
in a relative error which, although possibly small in itself, can affect substantially the small
differential motion. The only way out is to calibrate the individual geophones as precisely
as possible. It is usually not sufficient to calibrate the geophones once in a lab because their
characteristics depend on the current physical conditions (temperature, pressure, magnetic
field variations, etc.) and aging of the geophones. Hence, it is necessary to calibrate them
on an ongoing basis, simultaneously with each measurement (in situ). The Rotaphones
enable such calibration as they have more than one geophone pair for each rotation rate
component, e.g., the 6DOF prototype provides four pairs for each of them. Ideally, thanks
to the rigidity of the frame, the same rotational rate component should be obtained from
all the relevant pairs. This multivaluedness yields constraints enabling the calibration.

The basic idea underlying our calibration technique was briefly described by Brokešová
and Málek (2010, 2012b, Appendices A and B). It is easier to explain it in the frequency
domain. For the sake of simplicity, let us consider two pairs only per each rotational compo-
nent (generalization for more pairs is straightforward), see Fig. 8. The pairs consist of two
geophones: 1-3 and 2-4. The parallel geophones in a pair are separated by a distance ∆.
Let us denote the true velocity sensed by the i-th geophone (i = 1, 2, 3, 4) by vi and its
Fourier spectrum by V i (i = 1, 2, 3, 4). Note that if the geophones are oriented along axes of
the Cartesian system considered they are sensitive only to the relevant velocity component.
Thanks to the rigidity, both pairs are subjected to the same rotation rate (approximated by
the corresponding finite difference) and thus, despite of the fact that the geophones 1 and
3 are sensing a perpendicular velocity component compared to the geophones 2 and 4, we
get the condition

V 1 − V 3

∆
=
V 2 − V 4

∆
. (4.19)
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The geophones produce outputs (records) si having their spectra Si related to the true
motion spectra via the complex transfer function T i of the given geophone, Si = V iT i. In
terms of the recorded spectra the above condition reads

S1

T 1
− S3

T 3
=
S2

T 2
− S4

T 4
, (4.20)

from which it follows that

S1 =
T 1

T 2
S2 +

T 1

T 3
S3 − T 1

T 4
S4, (4.21)

where the transfer function ratios are the unknowns to be found. With the help of them
we can correct the records S2, S3 and S4 as if the corresponding geophones had the same
transfer function T 1 characterizing the reference geophone 1.

Eq. (4.21) is valid for any frequency contained in the measured data. It represents a
system of equations the number of which is controlled by the sampling interval and the ef-
fective spectral width. The number is, typically, thousands. The transfer function ratios can
be suitably parametrized using a much lower number of parameters, typically tens. Hence,
(4.21) represents a sufficiently overdetermined inverse problem of finding these parameters.

In laboratory measurements we have found that the transfer function ratios are relatively
smooth functions with values close to unity (Brokešová et al., 2012a and 2012b, Appendices
B and C), which offers several ways to parametrize them. When using traditional poles
and zeros, the inverse problem is non-linear. We can apply, for example, the isometric
method by Málek et al. (2007) which is optimal for slightly non-linear problems. Another
way of parametrizing the transfer function ratios is taking their values at several discrete
frequencies between which they can be subsequently interpolated. For this parametrization
the problem is linear but the interpolated ratios are only a rough approximation of the
full-valued ones. A smart way of parametrizing by discretization is suggested by Brokešová
and Málek (2014b, Appendix E). The seismograms in the time domain can be segmented
so that the number of samples in each segment is considerably smaller than in the whole
record. The spectra of the segments are then sampled with a greater sampling interval and
the number of samples is the number of parameters. From each segment we obtain similar
spectral values, which will give us a sufficient number of equations for the inverse problem
to be overdetermined. Specifically, for each frequency a system of n equations with three
unknowns should be solved, where n is the number of the segments.

Alternatively, the calibration can be performed in the time domain (see Brokešová and
Málek, 2014b, Appendix E). Equation (4.21) has its time-domain analogy in the equation

s1 = s2 ∗ p2 + s3 ∗ p3 − s4 ∗ p4, pi = h1 ⊗ hi (i = 2, 3, 4), (4.22)

where ’⊗’ stands for deconvolution and hi is the impulse response of the i-th geophone. It is
a causal function much shorter than the geophone’s seismic record, naturally parametrized
by its time samples. The discrete version of (4.22) is a linear system of equations for these
parameters, which can be solved, for details see Appendix E. An advantage of this approach
is, besides linearity, a better control over causality of the calibrated records.

The result of the in-situ calibration are the records from individual geophones corrected
in such a way as if they corresponded to the same transfer function (or impulse response),
that of the reference geophone of the sensor system. After the calibration, the records
from all parallel geophones are averaged to obtain the resulting translational record. From
the 6DOF prototype, with geophones aligned in three perpendicular directions, we obtain
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Figure 9: Experimental setting with the cubic-shaped Rotaphone on the rotational shaking table:
(a) vertical-axis shaking used to measure torsion, (b) horizontal-axis shaking used to measure tilt.
White numbers denote the individual geophones. (after Brokešová et al., 2012a, Appendix C).

three perpendicular translational components while from the 3DOF prototype only two
independent horizontal translations. The calibration ensures that the differential motions
recorded by all the pairs relevant for the given rotational component are the same. This
rotational component can be then obtained by subtracting the records from any of such
geophone pairs. The 6DOF prototype provides three rotational components while the 3DOF
only one (z-axis rotation rate). All the translational and rotational components relate to
the center of the Rotaphone.

Hereinafter, if not explicitly stated otherwise, the Rotaphone data presented involve the
in-situ calibration.

4.3 Laboratory and in-field testing

During the development of the Rotaphone, all the prototypes were repeatedly tested in
laboratory conditions. In 2009 - 2010 the tests were carried on in the laboratories of the
Faculty of Mechanical Engineering, Czech Technical University in Prague, and of the In-
stitute of Geophysics, AS CR. At that stage the tests were focused on basic functionality
of the instruments. In spring 2011, both 3DOF and 6DOF prototypes underwent thorough
testing at the USGS Albuquerque Seismological Laboratory (ASL), New Mexico, USA. ASL
is oriented especially on testing various seismic sensors, the rotational not excluding. It is
equipped with a high-precision computer-controlled rotational shaking table (ARMS-260-
ES16780, Aerotech Inc.) which can shake along the vertical axis (Fig. 9a) or the horizontal
axis (Fig. 9b), and further with a horizontal shake table of Russian provenance designed to
produce precise translational motions (Nigbor et al., 2009). A fiber optic gyroscope (FOG;
µFORS-1 143962-1000, Northrop Grumman LITEF Ltd.) attached to the table was used
as the reference sensor.

The rotational shaking table produced mostly a series of succeeding sine waves of different
amplitudes and frequencies (changing in steps from 0.25 to 70 Hz). The duration of the
sine waves was 10 s, enough for the shaking table to reach steady state response. Fig. 10
shows an example of such a sequence as recorded by eight horizontal geophones of the
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Figure 10: Horizontal channels of the 6DOF prototype (Prototype I) in response to a harmonic
table shaking sequence at nominal amplitude of 5.23 mrad/s and frequencies ranging in steps from
2 to 64 Hz. The frequencies are indicated by orange numbers inside the figure. Raw data are
shown.

6DOF prototype (Prototype I, see the beginning of Sec. 4). The sinusoidal character of
the waves is indistinguishable in the figure because the time scale is too large for such high
frequencies. The lower two traces of each component correspond to the geophones mounted
on the upper base of the cubic frame. All the traces in the figure are raw data (without
instrumental correction, calibration and any filtering) recorded as a response to the table
shaking at nominal (computer input) amplitude 5.23 mrad/s. The real shaking amplitude is
influenced by the rotational-shaking-table fundamental vibration mode at about 20 Hz. The
amplification due to this vibration, clearly seen in Fig. 10, did not represent a problem for us
as we were focused mainly on measuring the ratios of geophones’ transfer functions rather
than the transfer functions themselves. For the frequencies above 32.0 Hz, inter-channel
inconsistencies in amplitude as a consequence of the cubic frame resonance phenomena are
clearly seen. They are manifested by different amplitude levels for different channels.

The testing at ASL was aimed especially at calibration, linearity, and cross-axis errors.
It also allowed us to state more precisely the frequency bandwidths of both types of the
Rotaphone. Some of the results from this testing have been published by Brokešová et
al. (2012a, Appendix C) and Brokešová et al. (2012b, Appendix B). Note that the tests
were focused on testing the Rotaphones as a whole, not the individual geophones which are
produced on a commercial basis and their specifications are provided by the manufacturer.

The tested prototypes correctly measured the rotation rate produced by the ASL rota-
tional shaking table, but the tests were restricted to a minimum amplitude of 10−4 rad/s,
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Figure 11: The comparative experiment – basic instrument lay-out.

four to five orders of magnitude higher than the theoretical sensitivity limit of our Rota-
phones and a few orders of magnitude higher than the rotations caused by small (ML ≤ 1)
local earthquakes (e.g., in the West Bohemia seismoactive area) for which the Rotaphone is
designed as well. To verify Rotaphone data for such weak events, we designed a compara-
tive in-field experiment (inspired by the paper by Kendall et al., 2012). The experiment ran
from June to August, 2012. It consisted in comparing Rotaphone records with those from
the Eentec R-1 rotational sensor and the ADR data. Quarry blasts at several quarries in
Prague vicinity played the role of seismic sources. Details concerning those blasts and the
measured peak rotation rates are summarized in Tab. 2. The results of those experiments,
presented at the annual meeting of the Seismological Society of America (April 2012, San
Diego, California), will be published next year. Some results obtained for one of those blasts
(Klecany quarry, July 25, 2012 08:35:00 UTC) are shown below.

Fig. 11 shows the basic instrument lay-out in the experiment. We used twelve short-
period Lennartz LE-3D velocigraphs (loaned from the Institute of Geophysics, AS CR)
arranged in a rectangular-grid scheme (3 × 4) with the separation distance of 2 m. The
longer side of the array is oriented in the West-East direction and the shorter one in the
North-South direction. In the middle of the grid, there were two central points, in the figure
marked as 1 and 2, equipped with single point seismometers: the 6DOF Rotaphones and
the R-1 sensors (kindly provided by Dr. Chin-Jen Lin from the Institute of Earth Sciences,
Academia Sinica, Taipei, Taiwan). The experiment was designed to compare rotational
records at the central points 1 and 2. Therefore, the instruments at the central grid points
were posed as close to each other as possible (Fig. 3).

During some preliminary laboratory experiments with the R-1 sensors we found that
the given sensors could have problems at low frequencies (mutual inconsistencies when the
sensors were placed next to each other, 11 cm apart). Therefore we decided to filter out the
low-frequency part from the records. As the upper frequency limit for the R-1 sensors is
declared as 20 Hz, we compared the records from the three methods (Rotaphone, R-1, and
ADR) only in the frequency window 6 – 20 Hz. Note that even at the highest frequency
of 20 Hz, the Spudich-Fletcher’s criterion for the array size in the ADR method is amply
satisfied for a conservative estimate of typical S-wave velocity at a basalt-quarry site (1 –
2 km/s).
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Figure 12: The comparative experiment, Klecany, 25.07.2012 08:35:00 UTC: array raw data (LE-
3D), E-component. The arrangement of the seismograms corresponds to the array arrangement in
Fig. 11.

The following five figures concern the ADR method itself. They illustrate some of the
problems with ADR we encountered, with a focus on the E-component chosen as an exam-
ple. Fig. 12 shows an example of the raw data recorded within the array (E-component,
backazimuth 320◦ from the North). It is clearly seen that some of the data show instrumental
disturbances which we interpret as the instrument response to a step in input acceleration or
velocity (e.g, Zahradník and Plešinger, 2010). Although they are seemingly low-frequency
disturbances, they contaminate the records over all frequencies as it is demonstrated in
Fig. 13 comparing unfiltered amplitude spectra at the two central grid points with the spec-
trum from the rightmost station in the middle row (next to the right from point 2). While
the two spectra at the central points (green and blue curves) are very close to each other
up to ∼ 16 Hz and deviate only slightly towards higher frequencies (within the considered
frequency window), the spectrum of the third station (that suffering from the instrumen-
tal disturbance) deviates from the other two much more in the whole interval 6 – 20 Hz.
Therefore, stations with these problems were excluded from the processing.

Fig. 14 shows the E-component array data filtered from 6 to 20 Hz, instrumentally
corrected (considering also small variations between the individual instruments measured
in laboratory prior to the in-field experiment), and corrected for possible inconsistencies
in station azimuths (small differences of the order of magnitude of degrees were corrected
correlating the very beginning of the horizontal-component data from station to station
at low frequencies). The records used in further processing are shown in black while the
excluded data in gray.

In Fig. 15, the translational components measured by the LE-3D sensors at the two
central points are compared with those measured there by the Rotaphones. Both types
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Figure 13: The comparative experiment, Klecany, 25.07.2012 08:35:00 UTC: array raw data (LE-
3D), E-component amplitude spectra at the grid points 1 (green) and 2 (blue) and at the rightmost
point in the middle row (orange).

of data are band-pass filtered by the same causal Butterworth filter between 2 and 20 Hz
and instrumentally corrected using the instrument response provided by the corresponding
manufacturer (i.e., Lennartz Electronic GmbH and Sensor Nederland B.V.). These char-
acteristics may slightly differ from the actual responses of the given instruments involved

2 2.5 3 3.5

-1

-0.5

0

0.5

1

VE
LO

C
IT

Y
(m

m
/s

)

2 2.5 3 3.5

-1

-0.5

0

0.5

1

VE
LO

C
IT

Y
(m

m
/s

)

2 2.5 3 3.5
TIME (s)

-1

-0.5

0

0.5

1

VE
LO

C
IT

Y
(m

m
/s

)

2 2.5 3 3.5

2 2.5 3 3.5

2 2.5 3 3.5
TIME (s)

2 2.5 3 3.5

2 2.5 3 3.5

2 2.5 3 3.5
TIME (s)

2 2.5 3 3.5

2 2.5 3 3.5

2 2.5 3 3.5
TIME (s)

Figure 14: The comparative experiment, Klecany, 25.07.2012 08:35:00 UTC: array data (LE-3D),
E-component, instrumentally corrected and band-pass filtered from 6 to 20 Hz. The arrangement of
the seismograms corresponds to the array arrangement in Fig. 11. The data excluded from further
processing shown in gray.
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Figure 15: The comparative experiment, Klecany, 25.07.2012 08:35:00 UTC: comparison of the
LE-3D (dotted orange) and Rotaphone (solid black) translational components at the central grid
points 1 (a) and 2 (b). The sampling frequency was 250 Hz.

in the comparison, which may be the cause of slight differences in amplitudes between the
LE-3D and Rotaphone records.

The next two figures, 16 and 17, present the spatial gradients (approximated by finite
differences), necessary to derive rotation rates, across the array. The stations used are
indicated by the black dots and those excluded by the gray dots. In Fig. 16, ∆vx/∆y is
shown in blue and ∆vy/∆x in green. Neither blue nor green curves are similar to any other
such curves recorded as differential motions between any other two neighboring stations.
It means that the corresponding gradients are not uniform across the array and we cannot
expect to obtain a satisfactory approximation of the torsion rate by the ADR method. In
Fig. 17 the spatial gradients, used to derive tilt rates, are shown: ∆vz/∆x in blue and
∆vz/∆y in green. We see that they are much more similar to each other, especially ∆vz/∆y
(green curves), i.e., the best ADR estimate (but still far from being accurate) can be expected
for Ωx.
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Figure 16: The comparative experiment, Klecany, 25.07.2012 08:35:00 UTC: band-pass filtered
(6 – 20 Hz) finite differences, ∆vx/∆y (blue), ∆vy/∆x (green), x-axis pointing to the East, y-axis
pointing to the North. The large dots mark the individual stations in the array (see Fig. 11). The
differential seismograms are drawn between the dots corresponding to the stations used to derive
them. The data excluded from further processing shown in gray.

In Fig. 18 there are the rotational components at the two central grid points as obtained
from the ADR method (orange) and recorded by the R-1 sensors (light blue) and Rotaphones
(purple). Concerning the Rotaphone data they show a significant similarity comparing the
two central points (2 m apart from each other) although the measurements at the two
points were totally independent and different Rotaphone instruments were involved. On the
other hand, studying details in the seismograms, certain differences between the two central
points can be seen, which indicates that in the given frequency window (up to 20 Hz)
the spatial gradients may somewhat change even over such a small distance. This issue
may be elucidated employing the other two methods. First, let us compare the ADR and
Rotaphone results. Except for the torsion rate (Fig. 18, top traces) the overall agreement
is relatively good taking into account that the records contain frequencies up to 20 Hz.
In determining the torsion rate the ADR method obviously fails as it was explained when
discussing Fig. 16. On the contrary, for the y-axis (N-axis) rotation rate (the middle traces
in the figure) the match is very good. Remind that according to our conclusions concerning
∆vz/∆y, drawn from Fig. 17, the ADR is expected to work relatively well in this case.
The ADR vs. Rotaphone data agreement is somewhat worse for the E-axis tilt but still
not being so bad, especially at times around the maximum amplitude and after. Fig. 18,
bottom, shows that the largest differences between the ADR and Rotaphone results are
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Figure 17: The comparative experiment, Klecany, 25.07.2012 08:35:00 UTC: band-pass filtered
(6 – 20 Hz) finite differences, ∆vz/∆x (blue), ∆vz/∆y (green), x-axis pointing to the East, y-axis
pointing to the North. The large dots mark the individual stations in the array (see Fig. 11).
The rightmost station at the top indicated by gray for missing z-component data. The differential
seismograms are drawn between the dots corresponding to the stations used to derive them.

in those segments of the seismograms where the Rotaphone records at the points 1 and 2
differ the most from each other. This could be explained in two ways: either the Rotaphone
data are not correct in these parts of the seismograms, or the rotation rates really changed
from point 1 to point 2, which the ADR method cannot ’see’ as it averages the results over
the array. A surprisingly good agreement between the Rotaphone E-axis rotation rate and
that provided by the R-1 sensors at point 2 supports the second hypothesis. Regarding the
R-1 records in Fig. 18, their amplitudes are normalized to the maximum value from the
other two methods (whose amplitudes are real). The reason is that we had found amplitude
deviations from the specifications provided by the manufacturer during our laboratory tests
preceding the quarry-blast experiment. Similar findings are reported also by other authors
(Lin et al., 2009), see also Sec. 3.3. Comparing the waveforms, the R-1 records match well
the records from the other two methods in the N-axis component, especially at point 2.
The R-1 z-component does not seem to be reliable taking into account the totally different
records at the two central points (in contrast to the other two methods). Regarding the
E-component at point 1, the R-1 waveform matches the other two waveforms only roughly,
certain discrepancies are clearly seen. To summarize, the R-1 z-component seems to be
wrong at both of the central points. At point 2, the R-1 tilt waveforms agree very well with
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Figure 18: The comparative experiment, Klecany, 25.07.2012 08:35:00 UTC: comparison of the
ADR (dotted orange), R1 (dotted light blue) and Rotaphone (solid purple) rotational components
at the central grid points 1 (a) and 2 (b). The sampling frequency was 250 Hz.

those obtained by Rotaphone and even by ADR where it is applicable (the N-component).
At point 1 the match is considerably worse. There is one possible explanation for this
relative disagreement. As observed by Nigbor et al. (2009) and confirmed by Lin (personal
communication, 2013), the R-1 sensors require several-minute ’calm-down’ time until they
get to a stabilized state after sensing a large motion (see also Sec. 3.3.). The blast used
here as an example followed only five minutes after another blast at approximately the
same distance, see Tab. 2. Maybe the time delay between the blasts was not long enough
especially for the R-1 sensor situated at point 1 to get ready for further measurement.

In 2013 we performed another type of in-field testing in which we employed a functional
prototype of our generator of S waves and rotational ground motions, developed according
to patent CZ 301218. The generator contains a fixed part (anchored to the ground), a
revolving part and a braking mechanism for immediate braking of the rotational part, in
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Figure 19: Scheme of successive 90◦ turns of the 6DOF Rotaphone prototype during the experiment
with the generator (see text for details). The numbers mark the individual geophones in the bottom
base. One side base of the cube is highlighted by light blue color for clarity.

which rotational seismic motions are generated by immediately stopping the revolving part,
whereby energy is transmitted into the rock massive. The basic principle is described also
in the patent CZ 301217 enclosed here as Appendix F. Details concerning the generator
are out of scope of this Thesis. To understand the key-stone of the following experiment
it is sufficient to say that the generator produces repeatedly identical source pulses. The
main aim of the experiment was to test the in-situ calibration technique in field as the
calibration is responsible the most for the accuracy of the measured rotational components.
Until 2013 the calibration itself was tested only on synthetic data (Brokešová et al., 2012b,
Appendix B) or in the laboratory (Brokešová et al., 2012a, Appendix C; Brokešová et al.,
2012b, Appendix B).

Figure 20: Comparison of the calibrated z-axis rotation rate from one source pulse (purple) with
the non-calibrated rotation rate summed over all of the four Rotaphone turnings and stacked over
all the source impulses in each sequence (black).
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The experiment was carried out in the following way. The generator, situated on the
surface 6 m away from the 6DOF Rotaphone, produced four sequences with four identical
source pulses in each sequence. Multivaluedness of the data in each sequence enabled us to
suppress noise via stacking. During the time between each two succeeding sequences, the
6DOF Rotaphone was turned around the vertical axis by exactly 90◦, see Fig. 19 a – d.
Thus, when summing (averaging) rotational data for all of the four sequences, even without
the calibration we should obtain a correct result because the influence of differences between
the individual geophones’ transfer functions cancel out in the sum. The repeatability and
identity of the source pulses is, of course, the necessary condition for this procedure. Fig. 20
shows in purple the z-axis rotation rate as obtained for the first source pulse in the whole
series. The result was obtained applying our in-situ calibration to the band-pass filtered data
(2 – 27 Hz) with prevailing frequency of 12.5 Hz. For a single-pulse record, noise could not be
suppressed and it is clearly seen in the data. The black curve is the z-axis rotation rate from
only one geophone pair in the bottom base (pair 1-3, see Fig. 19) resulting from summing the
non-calibrated data from all of the four sequences in which the given pair counterchanged
all the possible positions in the bottom base due to rotating the whole instrument. Noise
is significantly suppressed by the stacking. Disregarding the noise, both curves match very
well except for slight differences in the tail of the records. Our explanation is that after
many repeated pulses the anchoring of the generator in the ground gets somewhat loosened
and as a result the pulses transmitted into the soil at the end of the sequence series are
not identical with those starting the series. As a consequence of this phenomenon the most
pronounced differences of the recorded signals could be expected at their tails where the
vibrations gradually fade.

5 Short-period Rotaphone records of events induced by natural
and/or anthropogenic sources

From 2008 up to now we have applied our Rotaphones to record many tens of seismic
events both induced by natural sources (earthquakes) and anthropogenic sources (blasts,
the generator).

5.1 Records of quarry blasts

Tab. 2 summarizes some of the results obtained for quarry blasts. Most of them served the
purpose of testing. The records in the first four rows of the table were band-pass filtered
from 6 to 20 Hz.

The band-pass filtered seismograms for the blast in the second row of the table were
shown in the previous section. The 6DOF records from the blast at Hvížďalka quarry on
January 23, 2012 (13:30 UTC) are presented and discussed in the paper by Brokešová and
Málek (2013, Appendix D). The observation site, equipped with two pieces of the 6DOF
Rotaphone (Prototype II) separated by a distance of 40 cm (see Fig. 21), was situated
360 m from the blast site. Note that in the paper cited above, results from only one of
the Rotaphones are shown. The records from the two neighboring Rotaphones were very
similar to each other as it is demonstrated in the z-axis rotation rates in Fig. 22. Except
for high frequencies for which slight differences are easily understandable, the two records
match each other very well, which can be regarded as another, indirect, confirmation of
good functionality of the Rotaphones.
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Date and time Quarry Ω̇z Ω̇hor ∆ fM Expl. Prot. App.

(UTC) [mrad/s] [mrad/s] [km] [Hz] weight [t]

25.07.2012 08:30:00 Klecany 11.2 11.3 0.237 20 1.000 6DOF –

25.07.2012 08:35:00 Klecany 1.8 10.5 0.238 10(20) 1.400 6DOF –

22.08.2012 09:07:08 Čeňkov 7.5 15.1 0.238 20 5.085 6DOF –

19.07.2012 13:30:00 Hvížďalka 0.7 1.6 0.509 19 2.970 6DOF –

23.01.2012 13:30:00 Hvížďalka 0.5 4.0 0.368 12(23) 3.044 6DOF D

03.06.2010 10:43:59 Vintířov 0.0009 – 15 24 N.A. ∗ 3DOF B

*) The equivalent local magnitude estimate ML ≈ 2.5

Table 2: Examples of the z-axis (Ωz) and horizontal axis (Ωhor) rotation rate peak ampli-
tudes from quarry blasts measured by Rotaphone. ∆ denotes epicentral distance and fM
is the prevailing frequency of Ωz (the second most important spectral peak in parenthe-
sis). Abbreviations: Prot. for Prototype (6DOF here always means prototype II), App. for
Appendix.

Figure 21: Two 6DOF Rotaphones, 40
cm apart, recording the quarry blast at
Hvížďalka quarry on January 23, 2012
(13:30:00 UTC), see Tab. 2.

5.2 Records of weak earthquakes

Since 2008 we have organized a number of short-term as well as several-months-lasting
measuring campaigns in various regions with totally different seismotectonic characteristics.
The list involves regions in the Czech Republic (West Bohemia/Vogtland, the vicinity of
Prague, the Hronov-Poříčí fault zone) and abroad (the Provadia region in Bulgaria, the
Gulf of Corinth, Greece, and the volcanic complex of Eyafjalla and Katla in South Iceland).
Selected results, ordered by epicentral distance, are listed in Tab. 3 as examples.

Below I present two of the events from Tab. 3 in detail as examples (some of the
other events are discussed in Appendices A, B, D and E). The first example is the shallow
earthquake of December 15, 2011, 13:57:18 UTC (ML 2.3) recorded at the Luby station,
West Bohemia. Fig. 23 shows the earthquake location and the position of the station.

Fig. 24 shows the 6DOF record of that earthquake. In the figure, the horizontal com-
ponents correspond to the radial and transverse directions with respect to the geometrical
azimuth. The Luby station is at the epicentral distance of 2.6 km (the location provided by
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Figure 22: Comparison of z-axis rotation rate records of the Hvížďalka quarry blast on January
23, 2012 (13:30:00 UTC), obtained from the two Rotaphones (40 cm from each other). The record
shown here in purple is presented in the paper by Brokešová and Málek (2013, Appendix D).

Figure 23: Map of the West Bohemia region (inset) cut out of the larger context map of the Czech
Republic. The inset map shows the location of the event (star) and the Luby station, LBC, (black
square).

33



Short-period seismic rotations and translations recorded by Rotaphone

Date and time Station Ω̇z Ω̇hor ∆ Depth fM ML Prot. App.

(UTC) [µrad/s] [µrad/s] [km] [km] [Hz]

12.01.2012 08:54:18 NKC 9.2 23 0.67 9.2 37 2.0 6DOF I E

09.05.2010 13:44:37 NKC 1.9 – 1.4 7.6 30 0.3 3DOF B

21.02.2012 16:20:26 SER 3.5 9.0 1.8 11.8 21(7) 1.6 6DOF II –

15.12.2011 13:57:18 LBC 12 54 2.6 8.0 33 2.3 6DOF I –

15.10.2008 16:00:04 KVC 150 – 4.4 8.6 20 2.2 3DOF A

25.04.2012 10:34:12 SER 400 700 5.0 11.0 11(20) 4.3 6DOF II D

25.04.2012 10:45:22 SER 23 22 5.8 11.1 5(7) 2.4 6DOF II E

22.02.2012 20:10:03 SER 4.0 8.1 9.2 8.5 13 1.9 6DOF II –

21.02.2012 20:15:45 SER 7.1 8.0 9.5 8.0 19(5) 1.9 6DOF II –

17.05.2010 18:42:57 NKC 1.6 – 11.1 10.5 24 0.9 3DOF B

11.05.2010 15:11:18 NKC 0.5 – 11.1 10.5 24 0.5 3DOF B

11.05.2010 13:41:54 NKC 0.3 – 11.1 10.5 24 0.3 3DOF B

17.10.2013 15:44:53 ESK 0.06 0.1 14.8 0.1 5 1.8 6DOF II –

22.03.2014 17:05:02 ESK 3.6 1.9 14.9 4.8 7.5 2.3 6DOF II E

11.07.2011 07:22:47 PROV 0.2 0.6 18.9 2.0 3 1.6 6DOF I –

21.03.2012 05:50:47 SER 15 50 37.2 18.0 4 3.8 6DOF II –

22.02.2012 02:23:13 SER 19 39 112.0 15.0 3.5 3.8 6DOF II –

13.10.2013 07:32:16 ESK 2.7 2.4 163.2 4.9 2 4.7 6DOF II –

18.03.2011 16:33:53 PRU 0.2 3.2 197.0 0.0∗ 5 3.2 6DOF I –

30.08.2010 16:33:53 NKC 0.4 – 290.0 0.0∗ 4.5 3.7 3DOF –

*) Rockbursts in the Lubin copper mine, Poland; depth is set to zero.

Table 3: Examples of the z-axis (Ωz) and horizontal axis (Ωhor) rotation rate peak amplitudes
from micro-earthquakes measured by the Rotaphones indicated in the column Prot. Prot.
is the abbreviation for Prototype, App. for Appendix. ∆ denotes epicentral distance, ML

is local magnitude, and fM is the prevailing frequency of Ωz (the second most important
spectral peak in parenthesis). Station abbreviations: NKC = Nový Kostel (WEBNET
network, West Bohemia), LBC = Luby (WEBNET network, West Bohemia), KVC =Květná
(WEBNET network, West Bohemia), PRU = Průhonice (Czech Regional Seismic Network,
Central Bohemia), PROV = Provadia (Provadia local seismic network, East Bulgaria), SER
= Sergoula (PSLNET, Gulf of Corinth, Greece), ESK = Eystri-Skógar (SIL network, South
Iceland).
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Figure 24: 6DOF record of the microearthquake of December 15, 2011 (13:57:18 UTC), obtained
at the Luby station. (A) ground velocity, (B) rotation rate.

the Institute of Geophysics, AS CR). The depth is 8.0 km.
Let us discuss this record in more detail as it is a typical representative of the records

induced by the microearthquakes at small epicentral distances in the West Bohemia region.
In the figure, on the left, we see three components (vertical, radial and transverse) of the
ground velocity. Their magnitudes are up to 2 ×10−4 m/s. The corresponding rotation rate
components are on the right. The z-axis rotation rate (torsion) is the weakest of them all,
it reaches 1.2 ×10−5 rad/s. The tilt rate around the transverse axis (i.e., tilting takes its
course in the radial direction) is the strongest one, the peak value is of 5.4 ×10−5 rad/s.

The vertical velocity component is dominated by the direct P wave which incidents at
a small angle with respect to the normal in a structure with a strong subsurface gradient
(reported in the region by Málek et al., 2005) at a relatively short epicentral distance (2.6 km)
with respect to the depth (8 km). A weak P-wave signal is seen also in the radial ground
velocity component. As expected, the weakest P wave occurs in the transverse component
(the signal immediately after the P-wave onset). The fact that it is not exactly zero is
likely to be due to a small location error which can, in such a small epicentral distance,
cause a small error in the backazimuth. Structural heterogeneity can be another cause of
the non-zero direct P wave in the transverse velocity component. Shortly (∼ 40 ms) after
the P-wave onset, scattered/converted waves are clearly seen in this component. These
waves are responsible for the rotational signal in the beginning of the torsion rate record
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which comes with the same time delay after the P-wave onset. The P wave itself is not
accompanied by a visible torsion rate as the torsion rate is derived from horizontal velocity
components in which the direct P wave is weak. The situation is different with the two tilts.
They are derived from the vertical velocity component with a very strong P wave. The P-
wave induced tilts come at the same time as the P wave in the translational ground velocity
components. Note that a P-wavefield is rotation-free only in a homogeneous unbounded
isotropic medium, however, in reality, inhomogeneities and other structural features (mainly
the Earth’s surface) cause that the P wave is no more linearly polarized along the radius
vector direction and, as a consequence, a non-vanishing rotation is associated with such P
wave. When the P wave itself is strong its rotational (tilt rate) signal may be clearly visible
as it is in Fig. 24.

Let us compare this figure with the 6DOF record due to another small microearthquake,
observed at the NKC station, shown in Appendix E (Brokešová and Málek, 2014b, Fig. 4). In
that record, the P-wave tilt rate is practically invisible for two reasons. First, the epicentral
distance is much shorter with respect to depth and the P wave incidents almost vertically
(which is confirmed also by the almost vanishing P wave in the radial velocity component).
As a consequence, the influence of the free surface is small. Second, in that record the P
wave itself is relatively weak also in the vertical component, probably due to the radiation
pattern.

Another interesting feature in Fig. 24 is the S-to-P converted wave with the onset visible
in the vertical velocity component at t = 2.58 s. This wave leaves the source as an S wave
and it is converted to P at a structural interface at a depth between the source depth and
the Earth’s surface. Similarly as the direct P wave, this P wave is also followed (after about
40 ms) by a wavegroup of scattered/converted S waves clearly seen in the torsion rate. This
wavegroup can be recognized also in the tilt rate components.

The main S-wavegroup is associated with a dominant rotational signal. The S-wave onset
can be read on the transverse velocity component. It can be identified also in the radial tilt
rate component. In many cases the rotational records may even help to determine the exact
S-wave onset time when it is not clear in translational components (examples can be found
in Brokešová and Málek, 2014b, Appendix E). A notable feature, common to rotational
records of many local microearthquakes we have observed up to now, is that rotational
peaks do not occur at the same times as the peaks of the translational components from
which the rotation rates are derived (see also Brokešová and Málek, 2013, Appendix D).

In the rotational rate components in Fig. 24, there are certain distinct wavegroups in
the tail of the records after the main S-wavegroup. The most pronounced one is seen
coming on at t ∼ 3.25 s in the transverse tilt rate component. Looking closer at the
torsion rate component, it can be identified there too. Another such wavegroup appears in
the two components at t ∼ 3.44 s. Such wavegroups are hardly seen in the translational
components. We interpret them as S-wave reflections either from interfaces at a relatively
small depth below the source or multiple S-wave reflections from a subsurface interface.
We observe similar wavegroups also in rotational records of other local West-Bohemian
microearthquakes (Brokešová and Málek, 2010, Appendix A; Brokešová and Málek, 2014b,
Appendix E).

A typical feature of the local West-Bohemian microearthquakes is that rotational rate
components are of a visibly higher frequency content compared to translational velocity
components. The frequency-domain representation in Fig. 25 shows the prevailing frequen-
cies in detail. A similar spectral behavior is observed also in the record at the Nový Kostel
station in the paper by Brokešová and Málek (2014b, Appendix E). The higher frequency
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Figure 25: Amplitude spectra of the 6DOF record of the microearthquake of December 15, 2011
(13:57:18 UTC), obtained at the Luby station. (A) ground velocity, (B) rotation rate.

content of the rotational components is often observed for distant earthquakes but at local
distances it is not a rule. According to our observations, the West Bohemia region is rather
anomalous in this respect. The referenced paper contains also local earthquake records from
different regions, for which the prevailing frequencies of both the translational and rotational
components are comparable.

Another such example is provided by the induced event of July 11, 2011 (07:22:47 UTC)
recorded at the Provadia station, see Tab. 3. For the map see Fig. 26. Figs. 27 and
28 provide the 6DOF Rotaphone record both in the time-domain and in the frequency-
domain representation. The record is too complicated to be discussed here in detail. The
reason for such complexity is a heterogeneous subsurface structure through which the waves,
being radiated from a very shallow source, propagate along the whole wave path. Distinct
topographic effects are likely to be also present in the seismograms because the waves had
to go under a deep valley in which the city of Provadia is situated. A remarkable feature
is the presence of strong low frequency surface waves clearly seen after the main S-wave
group in most of the components. The signal-to-noise ratio in the rotational components is
much higher than that in the translational components and it is also much worse than in
the previous example of the record at the Luby station. This is not a surprise considering
that the rotational components of the Provadia record are by two orders of magnitude
weaker (∼ 10−7 rad/s) than those of the Luby record. The prevailing frequencies of all the
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Figure 26: Map of the Provadia region (inset) cut out of the larger context map of Bulgaria. The
inset map shows the location of the event (star) and the Provadia station, PROV, (black square).

Figure 27: 6DOF record of the microearthquake of July 11, 2011 (07:22:47 UTC), obtained at the
Provadia station. (A) ground velocity, (B) rotation rate.
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six components are slightly above 3 Hz. They can be assigned to the surface waves. The
second most important spectral peak, ∼ 4.5 Hz, is also present in all of the components.
The rotational components do not have any distinct spectral peaks at higher frequencies
compared to the translations.

The higher frequency content of the rotational components compared to the transla-
tional ones in most of the West-Bohemian records could be explained by the much higher
frequencies prevailing in the translational records themselves (compared to the records at
similar distances in other regions) and in the rotation-to-translation relations discussed in
the next section. According to those relations, the prevailing frequency is one of the key
factors controlling whether the rotational component waveform at local distances matches
to a greater degree the ground velocity or the ground acceleration.

Figure 28: Amplitude spectra of the 6DOF record of the microearthquake of July 11, 2011 (07:22:47
UTC), obtained at the Provadia station. (A) ground velocity, (B) rotation rate.

6 Rotation to translation relations

A collocated observation of seismic rotation and translation enables us to analyze the pos-
sible relationships between the individual rotation and translation components. It has been
shown (Cochard et al., 2006) that the z-axis rotation waveforms are very similar to those of
transverse acceleration. There are also observations that the transverse-axis rotation rate
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Figure 29: Assumption of a plane wave propagating along the Earth’s surface z=0. The wave
propagates in the ξ-axis direction. η-axis points in the transverse direction (after Brokešová and
Málek, 2010, Appendix A).

matches in its waveform with vertical acceleration (Pancha et al., 2000). Such relation-
ships can be easily derived under an assumption of a plane wave traveling along the Earth’s
surface at a constant speed. Assume a plane S wave v(ξ, t) = VF (t − ξ/c) propagating
along the surface with phase velocity c in the direction of the ξ-axis (radial), see Fig. 29.
Here v denotes ground velocity, V is the constant plane wave amplitude, F is a suitable
analytic signal. A simple calculation for such a plane wave shows that the ratio of z-axis
rotation rate amplitude to transverse acceleration amplitude is inversely proportional to the
phase velocity. The same holds for the ratio of η-axis (transverse) rotation rate to vertical
acceleration amplitude. Indeed,
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∂η
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c
az, (6.24)

where a = v̇ is acceleration (a dot above a letter indicates a time derivative). Note that the
ξ-axis (radial) rotation rate is zero for the given plane wave. Most of the papers studying
these relationships deal with the equation (6.23) rather than (6.24). The reason is two-fold.
First, the studies are based mostly on ring laser data and ring lasers are usually installed
in a horizontal plane measuring only the z-axis rotation rate. Second, aη suffers much less
from undesirable contamination with P waves than az.

The same relationship as (6.24) can be derived also for surface waves. Ferreira and
Igel (2009) applied normal mode theory to demonstrate that the above relation of the
z-axis rotation rate to transverse acceleration holds also for fundamental mode seismic
surface waves in smooth, laterally heterogeneous Earth models. A number of recent studies
document waveform matching of the z-axis rotation rate to transverse acceleration in the
surface wave parts of the collocated records (Igel et al., 2005, 2007).

Another quantity retrievable from matching rotational and translational data is the
real backazimuth, i.e., the real propagation direction. Igel et al. (2007) determined the
backazimuth by maximizing the correlation coefficient for Ωz and aη for the varying η-axis
direction. Kurrle et al. (2010) examined the possibility of estimating Love wave dispersion
curves from amplitude ratios between transverse acceleration and z-axis rotation rate using
subsequent narrow band-pass filters with a growing central frequency. They have shown that
it is, in principle, possible to obtain dispersion curves in this way if the full waveforms are
taken into account and seismograms have a high signal-to-noise ratio. With an increasing
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number of papers dealing with the possibility to retrieve phase velocity by matching the
corresponding components of the collocated rotation and translation records, a question
arose on the depth-resolution of this method, i.e., down to what depth the velocity can be
recovered in this way. In the papers by Fichtner and Igel (2009) or Bernauer et al. (2012)
it has been shown on sensitivity kernels in synthetic models that the resolvable subsurface
volume is highly localized below the receiver position and the sensitivity of these techniques
is restricted to shallow depths not exceeding about one wavelength of the studied wavefield.

Let us illustrate the above rotation-to-translation relations on the Jan Mayen Island
earthquake ofMw 6.8 of August 30, 2012, 13:43:23 UTC as recorded in a small array installed
in the vicinity of the underground gas storage Příbram-Háje, the Czech Republic. The array
consists of 7 broadband stations with flat frequency response between 0.03 to 30 Hz (sensors
Guralp CMG-40T). The area of the network is approximately 14 km2 (for details about the
array see Málek et al., 2003; Benetatos et al., 2013). The array is located about 2740 km
from the epicenter of the Jan Mayen Island earthquake. The epicentral distance is long
enough for the plane wave assumption to be reasonably applicable. Seismic rotation rate
components have been calculated by the ADR technique. The prevailing frequency of the
rotational rate components is 0.08 Hz, while that of the translational components about
0.06 Hz. Fig. 30, top, shows the waveform matching according to (6.24) and at the bottom
according to (6.23). Amplitude ratios according to these equations lead to phase velocity
of the main surface wave group of 3.46 km/s, which agrees well with the value 3.47 km/s
determined from the time delays within the array (Málek, personal communication, 2012).
For the S-wave group, the velocity derived from the equations (6.23) and (6.24) is 5.87 km/s
while the velocity estimated from the time delays across the array is 5.74 km/s. Note that
in the case of body waves we deal with an apparent phase velocity along the surface.

At this point I would like to emphasize the fact that we have used the ADR technique to
obtain rotation rates because we lacked a suitable point rotation sensor capable of providing
reliable records of such a small rotational motion at such low frequencies. At present, the
only rotational sensors that meet these requirements are ring lasers. As we do not have
such equipment available, we used the ADR method only as an alternative approach to get
rotation rates. If we had a sufficiently sensitive point rotational sensor operating in a very
low-frequency band we could retrieve the phase velocity using a single-station that includes
both the translational and rotational sensors.

It is no wonder that such a powerful tool, as matching the waveforms of relevant ro-
tational and translational components seems to be, attracts particular attention in the
literature. Unfortunately, in the form of the equations (6.24) or (6.23) it is not applicable to
short-period data in a near-source region which this study is focused on. The reason is that
the plane wave assumption is not justified in such cases. In the paper by Brokešová and
Málek (2014a, Appendix E) we assumed a point source radiating a spherical wave, which is
a more adequate assumption for the relatively small epicentral distances we usually measure
in, and we derived alternative equations relating the individual rotation rate components to
the translational ones.

As rotational motions assigned to P waves are not so significant as those connected with
S waves, let us in the following, for the sake of simplicity, restrict ourselves to S waves only
and assume a spherical S wave with phase velocity β

v(ξ, η, z, t) =
V

r
F

(
t− r

β

)
, (6.25)

where r =
√
ξ2 + η2 + z2 represents the distance from the source, F stands for an analytical
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Figure 30: Waveform matching of rotation rate (purple) and ground velocity acceleration
(blue) components for the Jan Mayen Island earthquake records from the Příbram-Háje
array: (a) matching of Ωz and aη components, (b) matching of Ωη and az components. The
time axis origin is 200 s prior to the P-wave onset (not shown), S-wave onset is read at
t = 493 s. The vertical axes are scaled to fit surface wave peak amplitudes.
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signal. Vectorial amplitude V can be interpreted as initial amplitude on a focal sphere
with a unit radius. It is influenced by directional radiation from the source, i.e., by the
source radiation pattern, and therefore it contributes to spatial derivatives of v. At the
Earth’s surface (where our measurements are mostly carried out) the amplitude is, moreover,
modified by the presence of the surface, which we indicate by replacing V with V̄ (for details
see Appendix E). Assume that the epicentral distance is close enough to fall within the so-
called shear-wave window, i.e., the region where the coefficients of conversion at the surface
are real and, consequently, vξ and vη have the same waveform shape. Then in the z, ξ, η
coordinate system we come to equations
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where,

C11 =
1

V̄z

∂V̄z
∂η

, C21 =

(
∆

r2
− 1

V̄z

∂V̄z
∂ξ

)
, C22 =

∆

rβ
, (6.27)
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with Cξ = vξ/vη.
At local distances (up to several km), at lower frequencies (up to a few Hz) and at

locations with rapid amplitude changes due to the radiation pattern (e.g., in the vicinity
of nodal planes in the case of a double-couple source), none of the terms in (6.26) can
be, in general, neglected. The importance of the individual terms is discussed in detail by
Brokešová and Málek (2014a, Appendix E). In that paper it is also demonstrated on syn-
thetic examples that under certain conditions the above equations, although being derived
for a homogeneous halfspace, can be applied to analyze data corresponding to 1D models
with homogeneous horizontal layers.

Recalling Fig. 25, the rotation rate spectra of the event recorded at the Luby station
correspond well to these equations in a qualitative way. Indeed, the frequency content of
the radial rotation rate component seems to correspond to that of vz rather than to those
of the remaining two rotational components which apparently contain higher frequencies.
Their higher-frequency character could be explained as a contribution from the acceleration
terms in (6.26).

To retrieve information on structure (subsurface β) or, possibly, the source radiation
pattern through space derivatives of the amplitude, we first have to find the coefficients
Cij in the above equations. As the coefficients do not depend on time, it is not a problem
to make the system sufficiently overdetermined to find a reliable solution. We can write
the equations for as many succeeding time steps in seismograms as we need. Note that in
practice the length of a time window which can be considered is usually very short as it is
limited by the requirement to deal with one single S wave (for which the equations have
been derived) not being masked with other phases in the seismograms. The complexity of
the S-wave group in real seismograms seems to be one of the important limiting factors
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in methods based on matching the waveforms of rotational and translational components
at local epicentral distances. Fig. 31 shows an example of how short the time window for
observing good correlation between individual components according to the above equations
can be when dealing with real data. Other examples can be found in Brokešová and Málek
(2014b, Appendix E). For the event in Fig. 31, the horizontal axes were rotated by -22◦
with respect to the geometrical backazimuth in order to maximize the correlation between
the two components in the given window. Such change in backazimuth can be attributed
in part to a location error up to ∼ 700 m (which may be realistic) or to the fact that the S
wave propagates along a 3D path and its true backazimuth differs from the geometrical one.
In any case, matching the corresponding waveforms may help, in certain cases, to determine
the true S-wave backazimuth corresponding to the real propagation direction. Note that, in
contrast to P waves, for S waves it is usually difficult to obtain the true backazimuth in a
standard way (e.g., from particle motions) because the direct S wave is masked by a number
of other phases.

The slight apparent phase shift between the two components shown in Fig. 31 is due to
the fact that not only the acceleration term but also the velocity term contributes to the
right-hand side of the last equation in (6.26). When we superpose both of the terms instead
of taking acceleration alone, the small phase shift is eliminated.

The waveform matching according to (6.26) yielded the coefficient C32 = 6.52 × 10−4

s/m, which leads to the estimate of β ∼ 307 m/s. This value is fully consistent with the
values resulting from other records in the same area (see, e.g., Appendix E). Taking into
account the prevailing frequency of Ωz, 33 Hz (see Tab. 3), we could estimate the prevailing
wavelength as ∼ 10 m. Thanks to the fact that the sensitivity of the methods matching the
Ωz and aη waveforms is highly localized below the receiver to depths not exceeding about
one wavelength, we can consider our β estimate as a value representative for shallow depths
down to 10 m. Comparing this value with the standard VS30 values (S-wave velocity down
to 30 m), used to evaluate site conditions (Wills et al., 2000), ranging from 180 to 1500 m/s
according to the soil type, our estimate of β does not deviate from this range. However, to
evaluate reliably the site conditions underneath the given station in this way, a systematic
research based on statistical processing of a large amount of data would be necessary.

Preliminary studies like the papers in Appendix E encourage us to explore the above
relationships further and to investigate the possibility of determining local structure or
source characteristics from them. This will require us to focus the analysis on different
seismotectonic regions and in each region to process statistically large amounts of data.
These are the challenges for future work.

So far, we have studied at least certain ratios quantitatively relating rotational and
translational motions and we believe that these ratios as such, even without being interpreted
further (inverted for structure or source characteristics), can be useful to discern various
types of seismic events (deep or shallow earthquakes, blasts, volcanic events, etc.) provided
a representative amount of data is collected for the given types.

In order to relate rotation rate magnitude to translation velocity magnitude, i.e., to quan-
tify how important rotation is relative to translation for a given seismic event in its 6DOF
record, we have introduced the so called rotation-to-translation ratio, RTR (Brokešová et al.,
2012, Appendix B; Brokešová and Málek, 2013, Appendix D; Brokešová and Málek, 2014a,
2014b, Appendix E). It is defined as the ratio of the rotation rate peak amplitude to the
translational velocity peak amplitude in the corresponding coordinate plane. For example,
the z-axis rotation rate is related to the horizontal translation components as both kinds of
motion take place in a horizontal plane. A similar principle applies to the other two rotation
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Figure 31: Waveform matching of z-axis rotation rate (purple) and transverse ground velocity
acceleration (blue) components for the event recorded by the 6DOF Rotaphone at the Luby station,
December 15, 2011 (13:57:18 UTC). Horizontal coordinates are rotated by -22◦ with respect to the
geometrical backazimuth.

rate components in the vertical planes. Thus, from each 6DOF record we have three RTR
ratios (measured in rad/m)

RTRz = |Ωz|/
√
v2
ξ + v2

η, RTRξ = |Ωξ|/
√
v2
η + v2

z , RTRη = |Ωη|/
√
v2
ξ + v2

z , (6.29)

where z, ξ and η refer to the vertical, radial and transverse component, respectively. In
practice, we usually determine the RTRs for the S-wave group in the seismogram, i.e, in
a broad time window starting with the S-wave onset. The RTRs depend strongly on fre-
quency. Therefore, it is useful to provide RTR values corresponding to narrow frequency
bands, centered around the frequency of interest, obtained by multiple filtering (the method
of filtration is described by Kolínský and Brokešová, 2007). According to our observa-
tions, RTRs are further influenced by hypocentral distance, source type, radiation pattern,
structure along the wavepath, local structure in the source region and site effects. As it
is shown on synthetic examples in Appendix E, the RTRs linearly grow with frequency in
homogeneous medium. In reality, their frequency dependence is much more complex.

Fig. 32 shows, as an example, the RTR frequency diagram for the small earthquake
(ML 2.3) from December 15, 2011, 13:57:18 UTC, recorded at the Luby station, discussed
in the previous section. The complexity in the RTR frequency diagrams is namely a con-
sequence of the fact that, within the S-wave group, many phases are present and different
phases may be responsible for the peak amplitude at different prevailing frequencies. Despite
of the complexity of the S-wave group, in this case the RTRs in general tend to increase as
the frequency grows (except for very low frequencies). The largest RTR value for this event,
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Figure 32: Luby ML 2.3 event (15.12.2011 13:57:18 UTC): Rotation rate amplitude spectra (pur-
ple) and RTR (solid diamonds).
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Figure 33: Provadia ML 1.6 event (11.07.2011 07:22:47 UTC): Rotation rate amplitude spectra
(purple) and RTR (solid diamonds).
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1.15 rad/m, is reached by the RTRη in the vicinity of the η-axis rotation rate prevailing
frequency. The RTR increase can be rather pronounced, by at least one order of magnitude,
as it is documented by the diagrams in Fig. 32. This fact may help to understand one of
the possible reasons why the rotational components recorded in a near-source zone are often
larger in magnitude than one might expect on the basis of certain numerical simulations
(see Sec. 3.4). The near-source region records can contain much higher frequencies than it
was considered in the simulations.

A completely different RTR behavior is seen in Fig. 33. This figure shows the RTR
frequency diagram for a small shallow earthquake (ML 1.6) from July 11, 2011, 07:22:47
UTC as recorded by the Rotaphone at the Provadia station (East Bulgaria), about 20 km
from the epicenter (the rotation rate peak amplitudes for this event are in Table 3). As
shown in Sec. 5, the 6DOF record of this earthquake is extremely complex because of a
complex subsurface structure through which the waves propagate from the source at the
depth of 2 km to the receiver. This complexity results in complex RTR diagrams. An
interesting feature are the low-frequency surface waves which dominate the η-axis record.
In Fig. 33, a distinct maximum of RTRη around f = 3 Hz, where RTRη reaches 0.5 rad/m,
is due to these waves. After passing this maximum, the RTRη decreases over the whole
range of frequencies relevant for the given 6DOF record. The remaining two RTRs are of
the order of magnitude of 10−2 rad/m, which means that the corresponding rotation rates
are by two orders of magnitude weaker in magnitude than the translational components in
the given coordinate plane. Other examples of the RTR frequency diagrams can be seen in
Appendices B, D and E. In local to regional epicentral distances, the RTRs we have observed
up to now are usually of the order of magnitude of 10−2 – 10−1 rad/m (except for artificial
sources). For the distant Jan Mayen Island earthquake discussed above, the RTR is of the
order of magnitude of 10−4 rad/m.

Another useful quantity is the rotation-to-acceleration-ratio (RAR) as an alternative to
the RTR. We define RAR as the ratio of the rotation rate amplitude to the acceleration
amplitude at the time tv=0 at which the ground velocity first passes through zero after the
S-wave arrival. As

|Ωhor(tvz=0)|
|az(tvz=0)|

=

√
Ωx(tvz=0)2 + Ωy(tvz=0)2

|az(tvz=0)|
=
|Ωη(tvz=0)|
|az(tvz=0)|

=
∆

rβ
(6.30)

and
|Ωz(tvy=0)|
|ay(tvy=0)|

=
1

2

∆

rβ
, (6.31)

we can define the horizontal RAR as

RARhor =
|Ωhor(tvz=0)|
|az(tvz=0)|

=
∆

rβ
(6.32)

while the vertical RAR as
RARz =

2|Ωz(tvy=0|)
|ay(tvy=0)|

=
∆

rβ
. (6.33)

They both have the same value, inversely proportional to β. In contrast to RTR, RAR
is independent on frequency in homogeneous models for which our equations have been
derived. In real data analysis, RAR is much more complex. Fig. 34a shows an example
of RARz for the Luby station event from December 15, 2011, 13:57:18 UTC. The RARz is
the least dependent on frequency only in the range from ∼ 10 to 22 Hz. In Fig. 34b, we
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see why it is so. The figure shows amplitude spectra of the z-axis rotation rate (purple)
and the transverse acceleration (blue). They are similar in shape only in the given range.
At high frequencies, the two quantities do not correlate probably because of a prominent
influence of lateral inhomogeneities, which contradicts our assumption of a homogeneous
halfspace for which the equations (6.26) have been derived. That means that the equations
are not satisfied and RARz is no more inversely proportional to β in a high frequency range.
At low frequencies, the situation is different. The equations may be reasonably satisfied
there. According to the equations, the z-axis rotation rate is not only proportional to the
transverse acceleration, but also to the velocity term. Therefore, the low-frequency RARz is
also not inversely proportional to β because of a significant contribution of vξ in the balance
of the last equation in (6.26). Note that in reality we often encounter the situation where
the two horizontal velocity components are not mutually coherent (they differ in shape) and,
consequently, they do not vanish at the same times. Thus, at the times tvy=0 at which we
specify the RARz, the other horizontal velocity (vx) contributes to the balance. Its values
at the null points of vη are shown for the individual narrow band filters in Fig. 34a in green.

The RTR and RAR offer an interesting insight into the nature of rotation to translation
relations and certainly will be investigated further in the future.

7 The problem of seismic translational components
being contaminated by rotations

Some of the seismic rotational sensors are, in principle, insensitive to translational motions.
This holds, for example, for the ring laser gyroscopes. The Rotaphones also belong to this
group. Indeed, deriving rotations from differential motions between two proximal parallel
geophones ensures that the translations measured by these geophones cancel out. This is,
of course, true only if the two geophones measure the same translation. One condition
necessary to meet this requirement is that the wavelengths of the measured translational
wavefield are much greater than the distance separating the two geophones. In Rotaphones
with the separation distance of 30 cm, which is at least by two orders of magnitude less
than the minimum wavelength, such condition is reasonably satisfied. Another condition is
the congruence of the geophones sensing the translation in terms of their transfer functions.
This is secured by the in-situ calibration. As a result, rotational components provided by
Rotaphones are entirely independent of translations.

It is impossible to construct seismic translational sensors insensitive to rotations. All
the pendulum seismographs, including geophones, suffer from susceptibility to rotations.
Grazier (2005) or Lin et al. (2010) discuss this problem and present equations describing
this effect. It is the most prominent in horizontal translational components which are, in
general, contaminated by parasitic signals induced by tilts because the tilts occur within
the Earth’s gravity field. It is the easiest to explain this effect on horizontal acceleration
recorded by a tilted accelerograph, see Fig. 35. In the figure, g denotes the gravitational
acceleration (g = |g| ∼ 9.81 m/s2). An untilted accelerograph, oriented parallel to the
x1-axis of a Cartesian coordinate system, would provide the x1-component acceleration a1

corresponding to the true motion in the given direction. When tilted around the x2-axis at
a very small angle w2 (in the notation of Sec. 1), its output a′1 would be

a′1(t) = a1(t)− g sin(w2) ≈ a1(t)− gw2. (7.34)

Note that this equation is fully consistent with the equations presented by Graizer (2005)
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Figure 34: Luby ML 2.3 event (15.12.2011 13:57:18 UTC): RARz (solid diamonds) and the values
of the narrow-band filtered vξ at the first null of vη after the S-wave onset (green) (a). z-axis
rotation rate (purple) and transverse acceleration (blue) amplitude spectra (b).

and Lin et al. (2010) when they simplified their general pendulum-motion equations by
neglecting cross-axis sensitivity terms.

In our case, we measure components of ground velocity v instead of the acceleration
components. We also do not measure rotational angles but rotational rates Ωi, see Sec. 1.
Then Eq. (7.34) should be adapted by considering a double integral of the tilt correction
term over time. The v1 record, corrected for the parasitic tilt signal, is then related to the
actual (contaminated) velocity record v′1 via

v1(t) ≈ v′1(t) + g

∫∫
Ω2dt. (7.35)
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Figure 35: Scheme of a hori-
zontal accelerograph, parallel to
the x1-axis, when tilted around
the x2-axis. The bold arrows
represent important vectors
involved, see the text for details.

An analogous equation can be written for the other horizontal component, v2.
The 6DOF Rotaphone provides tilts which are, as said above, insensitive to translations.

They are used to remove the parasitic tilt signals from the horizontal ground velocity data.
The horizontal velocity components provided by our 6DOF Rotaphone are automatically
corrected for the contamination by tilts during the basic data processing before the data
get ready for further use.

Let us discuss how significant such corrections for tilts really are in the case of our
Rotaphone measurements. It follows from (7.35) that the importance of the correction
terms decreases with growing frequency content of the corrected records. In the frequency
domain, denoting spectra by the hat above the letter standing for the given quantity, Eq.
(7.35) takes the form

v̂1(f) ≈ v̂′1(f)− CΩ̂2(f), C =
g

(2πf)2
, (7.36)

where f denotes the ordinary frequency (measured in Hz). For our lower frequency limit of
2 Hz, the coefficient C ≈ 0.06 rad/m. With growing frequency it rapidly decays as shown
in Fig. 36. The relative importance of the correction terms (with respect to peak horizontal
component values) is controlled by the corresponding RTR. For earthquake source we have
observed RTRs less than unity by one or two orders of magnitude, which suppress the
significance of the correction terms even further. In Fig. 36, the relative importance in
percents (orange numbers) is indicated for the three events discussed in Sec. 5 and 6.

To conclude, we have found that due to the 6DOF Rotaphone allowing us to correct the
horizontal velocity components for tilts, the correcting terms are mostly negligible due to
relatively high frequency contents and small RTR values. This finding implies that for the
3DOF records, where the horizontal velocities remain uncorrected, the error introduced in
this way can be assumed insignificant.

8 Conclusions

We have invented a new type of short-period seismic instrument – a mechanical sensor system
Rotaphone providing both ground velocity and seismic rotation rate components (Sec. 4).
Its main principle lies in measuring differential motions between proximal sensors in order
to approximate spatial gradients. Despite this principle being very simple, its technical
realization requires up-to-date technology (sensitive geophones with high gain, advanced
28-bit A/D converters, etc.) able to detect differential motions over a very short distance
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Figure 36: Relative importance of the tilt correction term on the radial ground velocity component
in percents (orange numbers) for the events discussed in Sec. 5 and 6. PROV denotes the event
on 11.07.2011 at 07:22:47 UTC, recorded at the Provadia station, LBC the one on 15.12.2011 at
13:57:18 UTC, recorded at the Luby station, and QBH the Hvížďalka quarry blast on 23.01.2012
13:30:00. Dashed lines indicate the η-axis rotation rate peak frequencies of the events. The C
coefficient decay is shown in black solid.

(e.g., few tens of cm). A necessary condition for accurate rotation rate measurements is the
sophisticated in-situ calibration technique explained in Sec. 4.2, which is an integral part of
each measurement.

The sensor system Rotaphone has been developed into several types of functional pro-
totypes. Their technical specifications are presented in Appendix G. These prototypes have
been thoroughly tested both in laboratory conditions and in the field (Sec. 4.3). The tests
confirmed good functionality of all the prototypes. The results of tests, in combination
with results of various in-field measurements mostly designed for testing purposes, have
approved that the Rotaphones are fully functional instruments providing reliable collocated
short-period records of both seismic translations and rotations induced by natural and/or
anthropogenic sources at distances from meters up to several hundred kilometers. The
Rotaphone rotational records are insensitive to translations which are canceled out when
differencing the records of proximal sensors. The translational components provided by
Rotaphones are rotation-free because they are corrected for contamination by the (inde-
pendently measured) rotational components. Nevertheless, our experience has shown that
this correction is usually negligible in the frequency range in which the Rotaphones work
(Sec. 7).

Since 2010 we have organized several pilot measurements and few-months-lasting measur-
ing campaigns aimed at detecting rotational components induced by local microearthquakes
in various seismotectonic regions (Sec. 5). A longer-term measurement is currently in
progress in South Iceland (Eyafjalla and Katla volcanic complex). We have collected many
tens of collocated rotational and translational records but only a part of the results has
been already processed in detail and published (Appendices A – E). The remnant data are
awaiting a systematic analysis in the near future.

The obtained results indicate that the rotation rates observed in near-source regions are
mostly considerably larger than those predicted by some of the older numerical simulations
(e.g., Bouchon and Aki, 1982), sometimes even by one or two orders of magnitude (Sec. 5).

52



Short-period seismic rotations and translations recorded by Rotaphone

Relatively larger amplitudes are reported also by other authors who have made rotational
measurements in a near-source region (see Sec. 3.4). There are many hypotheses explaining
this phenomenon, including near-field effects, non-linear elasticity, torque waves, site effects,
influence of topography, etc. Our measurements incline us to believe that the main reasons
are lateral subsurface inhomogeneities in combination with the fact that the records at small
epicentral distances are usually of a higher-frequency content.

This problem can be also better understood when looking at rotation to translation
relations. Many authors processing records of distant earthquakes have noticed a striking
similarity between the z-axis rotation rate and transverse acceleration waveforms. This
waveform matching is supported by theory under the assumption of a plane wave traveling
at a constant speed along the Earth’s surface. This assumption leads to a simple formula
relating the mentioned rotational and translational components, in which the rotation rate
to acceleration ratio is inversely proportional to the phase velocity along the surface. This
suggests the possibility to retrieve this quantity from collocated rotational and translational
measurements. However, at local distances, the plane wave assumptions and the formulas
derived from it are inapplicable. We have therefore derived rotation to translation relations
under a more adequate assumption of a point source radiating a spherical wave (Sec. 6).
According to our equations, at local distances, both ground velocities and ground acceler-
ations influence the rotation rates and none of these terms can be neglected. The terms
proportional to velocity may reveal certain source parameter constraints while those pro-
portional to acceleration bear information about the subsurface structure (S-wave velocity
and, possibly, its gradient at shallow depths).

Collocated rotational and translational data measured by the Rotaphone at local dis-
tances suggest that, in many cases, rotation-to-translation relations really seem to be in
agreement with the above mentioned equations. Thanks to the fact that the methods based
on the waveform matching of relevant components according to these equations are sensitive
only to structure parameters in an immediate vicinity of the receiver and they can ’see’ the
subsurface structure only at a shallow depth beneath the station, the simple equations can
be applied (in combination with proper data processing) even if the real structure is more
complicated than that for which the equations have been derived. The first attempts to
retrieve information on subsurface S-wave velocity from near-source Rotaphone measure-
ments are described in the latest paper by Brokešová and Málek (2014b, Appendix E). We
have found that in certain regions (South Iceland, West Bohemia) this approach seems to
be very promising. In some other regions (the Gulf of Corinth) it is accompanied by serious
problems.

Our measurements made up to now have brought various interesting results discussed
here and in the attached papers. More than that, they have enabled us to elucidate further
the nature of the rotational components (in relation to translations) induced by shallow
microearthquakes at local epicentral distances and concretize the directions for future re-
search.

9 Future perspectives

Rotaphones have proved to be useful seismological equipment designed for short-period ro-
tational and translational measurements, which finds more and more practical applications.
Their development will continue towards new-generation prototypes with the rigid frame
shape optimized to certain resonance phenomena. The geophones used in the present pro-
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totypes may be replaced in the future by another type of sensors, capable of providing
non-distorted records below our present-day low-frequency limit of 2 Hz. A limit of 1 Hz
seems to be realistic considering the small dimensions of the whole instrument. The foreseen
innovated Rotaphone version would thus be capable of measurements in a frequency range
broadened both towards low and high frequencies.

A systematic study of subsurface structures in various seismotectonic regions will con-
tinue. The data already recorded (but not processed yet) during the last short-term mea-
suring campaigns will be supplemented with the data newly acquired in selected areas of
interest. Statistical approaches will be employed to process relatively large amounts of data
already collected and expected to be collected soon. Special attention will be focused on
various volcanic areas. We plan to complement the on-going measurements in Iceland by
projects aimed at rotational measurements in the vicinity of the Rinjani volcano, Lombok
Island, Indonesia and the Long Valley Caldera region in California, USA.

From the theoretical point of view, we see several challenges to our future research. The
first task is to derive rotation-to-translation relations for a structure characterized by a
constant vertical gradient of shear wave velocity. The analytical solution for a point source
in such a structure is known, the wavefronts are spherical, similarly as in a homogeneous
space, but the model would resemble much more certain important features encountered in
real structures. Second, we would like to investigate the rotation-to-translation relations
at local distances into greater depth with respect to the possibility of retrieving not only
the subsurface structural parameters but also certain source parameters. We hope that it
should be possible at least to discriminate between the fault plane and the other nodal plane
(if not to determine the complete source mechanism) utilizing the collocated rotational and
translational measurements. Third, at local distances, there is a need to develop a higher-
order ADR technique which would not suffer from non-uniformity of the spatial ground
motion gradients.

A very promising method would be combining the ADR and Rotaphone data. At many
stations, small-aperture arrays (seismic antennas) are already available (Nový Kostel and
Lazy in West Bohemia, Ostaš in Hronov-Poříčí fault zone, Dobrá Voda in Slovakia, Prova-
dia in Bulgaria) so we plan to focus our future measurements on these stations. Temporary
small-aperture arrays of the short-period BR32 instruments (developed recently in the In-
stitute of Rock Structure and Mechanics, AS CR, and produced by Tedia Plzeň, Ltd.) can
be deployed in response to the actual seismicity in various regions of interest.

The presented thesis is concentrated on the ability of our Rotaphones to record seismic
rotations (and translations) induced by local shallow microearthquakes and on the possibil-
ities of utilizing the data acquired. No less important are issues concerning the generation
of seismic rotational motions by anthropogenic sources. We have already contributed to
this field by inventing a generator of SH waves and rotations mentioned only very briefly
in Sec. 4.3. A fully functional prototype is at our disposal. Together with a Rotaphone, it
creates a measuring set developed originally for prospecting purposes. Prospecting methods
utilizing rotational motions (in combination with translational ones) may be very useful
wherever surveys are targeted at structural features to which S waves can be particularly
sensitive, like, e.g., weakened zones with low S-wave velocity (sand layers, fractured fault
zones or porous media saturated with fluids). Joint measurements of both rotational and
translational motions may yield vP/vS ratio, a quantity perquisite in many applications
including water table level detection, site evaluation for civil engineering purposes, or oil
and gas prospection. To develop the seismic survey methods utilizing our measuring set is
another great challenge in front of us.
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A new mechanical sensor system for recording the rotation of ground velocity has been constructed.
It is based on measurements of differential motions between paired sensors mounted along the
perimeter of a rigid �undeformable� disk. The elementary sensors creating the pairs are sensitive
low-frequency geophones currently used in seismic exploration to record translational motions. The
main features of the new rotational seismic sensor system are flat characteristics in the wide
frequency range from 1 to 200 Hz and sensitivity limit of the order of 10−8 rad /s. Notable
advantages are small dimensions, portability, easy installation and operation in the field, and the
possibility of calibrating the geophones in situ simultaneously with the measurement. An important
feature of the instrument is that it provides records of translational seismic motions together with
rotations, which allows many important seismological applications. We have used the new sensor
system to record the vertical rotation velocity due to a small earthquake of ML=2.2, which occurred
within the earthquake swarm in Western Bohemia in autumn 2008. We found good agreement of the
rotation record with the transverse acceleration as predicted by theory. This measurement
demonstrates that this device has a much wider application than just to prospecting measurements,
for which it was originally designed. © 2010 American Institute of Physics.
�doi:10.1063/1.3463271�

I. INTRODUCTION

In general, ground motion is uniquely described by dis-
placement, strain, and rotation. In seismology, however,
translational ground motions �displacements� are tradition-
ally measured by different types of seismographs. Strains are
also sometimes determined by strainmeters. Until recently,
almost no attention was paid to rotational seismic motions.
They were not measured because of the lack of sufficiently
sensitive instruments for their detection.1 It was also believed
that these motions have only a little importance both in
theory and in seismological practice.2

This has changed in the past decade. Various types of
seismic rotational sensors are producing a huge amount of
rotational records of a wide range of epicentral distances.
Rotational signals are detected from teleseismic,3 regional,4

as well as local events.5,6 Rotational and translational records
complement each other providing thus more comprehensive
knowledge of ground motions. This can help in obtaining
new information about the Earth’s structure as well as about
the complex behavior of seismic sources. New scientific and
technological branches have emerged: rotational seismology
and rotational seismometry. The subject is attracting atten-
tion throughout the seismological community.

Three basic methodologies are used to determine seismic
rotations. All of them have their specific features and prob-
lems. One of these methods does not use any specially de-
signed instrument. The approach utilizes small-aperture seis-
mic arrays equipped with standard seismographs, which
operate independently.4 These arrays allow spatial ground

motion derivatives to be derived, from which the rotational
motions are approximated. The sensitivity of these measure-
ments depends on the sensitivity of the seismographs ap-
plied. In determining the rotational rate, it can reach
10−8 rad /s in certain cases, but many practical difficulties
complicate the current application of this methodology. The
array dimensions �distance between individual seismo-
graphs� are usually from several tens to several hundreds of
meters. This limits the applicability of the method to rela-
tively long wavelength ranges.

Another way of determining the ground rotation rate is
to apply laser gyroscopes, the so-called ring-lasers.7–10 These
gyroscopes utilize the Doppler frequency shift, affecting the
interference between two laser beams of the same constant
wavelength propagating in opposite directions along a square
perimeter due to a suitable mirror arrangement. They mea-
sure the total rotation of the site they are installed at �includ-
ing the Earth’s rotation�. The rotation of seismic origin is
observed as the variation over a long-period trend. The re-
ported ring-laser sensitivity is 10−12 rad /s.10 They can
record rotation rates due to earthquakes at distances of thou-
sands of kilometers. At present, several such devices are in
use worldwide, but they are relatively expensive and require
special installation �e.g., special building, etc.� and their
maintenance is relatively demanding. One such device can
measure only one rotation rate component—the motion in
the plane of the counterpropagating laser beams. All these
laser gyroscopes measure the vertical component of the ro-
tation velocity, except one �in Christchurch, New Zealand�.

A new trend in rotational seismometry is to use small
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mechanical or electrochemical sensors. The first attempts in
this field were based on the application of gyroscopes devel-
oped originally for aviation. Nowadays special rotational
sensors of various types for seismic measurements are being
developed. Their advantage is low price and small dimen-
sions, which adds flexibility to the measurements. As far as
the authors know, their sensitivity is currently estimated at
10−7 rad /s.11

The newly developed seismic rotational sensor system
presented in this paper falls into this category. Its advantage
is the increased sensitivity. It can reach 10−8 rad /s. The sen-
sor system is designed for use especially in combination with
a generator of ground rotational waves12 and it is planned for
prospection purposes. In combination with the generator, al-
lowing identical loading repeated many times, the sensor
system can reach even higher accuracy by suppressing noise
via stacking data for the repeated generator actions. Never-
theless, the sensor system can also be used to detect motions
due to other anthropogenic sources �blasts� and natural
sources �earthquakes�.

II. BASIC THEORY

Ground motion in seismology is considered to be the
motion of a particle in a suitable continuum satisfying a lin-
ear constitutive relation �Hook’s law�. The parameters of the
continuum correspond to the effective averaged parameters
of the real ground on the scale of the wavelength range of
interest. The ground motion would be fully described, if the
particle displacement were known at each point of the con-
tinuum, i.e., if u�x� were known for any position x. In prac-
tice, however, we know displacement u�x� only at the “ob-
servation” points at which it can be measured directly by a
seismic instrument. To approximate the distribution of u in a
small vicinity of such a point, we use Taylor’s expansion up
to the first order,

ui�x + �x� = ui�x� +
�ui�x�

�xj
�xj . �1�

The displacement spatial derivatives in Eq. �1� represent a
second-rank tensor which can be resolved into a symmetric
and antisymmetric part. We can write

�ui�x�
�xj

�xj =
1

2
� �ui

�xj
+

�uj

�xi
��xj +

1

2
� �ui

�xj
−

�uj

�xi
��xj

= �ij�xj + �ij�xj , �2�

where �ij is the symmetric strain tensor, while �ij is the
antisymmetric rotational tensor. The rotational part of ex-
pression �2� can be modified to read

�ij�xj = �curl u � �x�i. �3�

Assume that the continuum is in rotational motion along
one axis. Assume further a Cartesian coordinate system in
which the x3-axis coincides with the rotational axis. Vector
�=curl u is then parallel to the rotational axis and can be
expressed as

� = curl u = �0,0,2��T, �4�

where the superscript symbol T means vector transposition
and � is the angular displacement characterizing the rota-
tional motion of the continuum along the axis. Alternatively,
the rotational motion can be described by the angular veloc-
ity � given by the time derivative of the angular displace-

ment �=�� /�t=�̇, where the dot above a letter indicates
the time derivative. In analogy to Eq. �4� it is related to the
vector �=curl v=curl u̇ with v being particle velocity v
= u̇,

� = curl v = �0,0,2��T. �5�

The vector � is the so-called vorticity known from the
theory of fluid dynamics. Here we call it the rotation rate. In
general Cartesian coordinates, vectors curl u and curl v have
three nonvanishing components �i and �i corresponding to
the three components of the rotational motions along the
three coordinate axes.

III. DESCRIPTION OF THE NEW SEISMIC ROTATIONAL
SENSOR SYSTEM

A. Principle

The new rotational sensor system, shortly called “rota-
phone,” is designed to measure the ground motion rotation
rate components �i. They are generally given as

�1 =
1

2
� �v3

�x2
−

�v2

�x3
� ,

�2 =
1

2
� �v1

�x3
−

�v3

�x1
� ,

�3 =
1

2
� �v2

�x1
−

�v1

�x2
� , �6�

where vi is the time derivative of displacement component
ui.

Depending on the specific design features, the device
can measure either just one component �e.g., vertical� or two
or even all three components at the same time. The method is
based on determining the spatial derivatives of ground veloc-
ity in Eq. �6� approximating them by finite differences. This
requires the ground velocities to be measured at two points,
the distance of which is much smaller than the wavelength,
but still large enough to allow differential motion �i.e., dif-
ference in the two records due to rotation� to be detected.
Very sensitive instruments, e.g., geophones with high gain,
have to be used to meet this condition.

The geophones are mounted in pairs on a rigid unde-
formable skeleton attached to the ground. Due to this the
strain part in Eq. �2� vanishes, which means the equality �up
to the sign� of the corresponding spatial derivatives,

�ui

�xj
= −

�uj

�xi
. �7�

Thus, the rotation rate components simplify

�1 =
�v3

�x2
= −

�v2

�x3
,
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�2 =
�v1

�x3
= −

�v3

�x1
,

�3 =
�v2

�x1
= −

�v1

�x2
. �8�

Assume the paired geophones are identical in terms of
their characteristics. The only differences in the velocities
recorded by the individual geophones, making up the pair,
are then due to the rotational motion of the rigid skeleton.
Provided the dimensions of the skeleton are negligible com-
pared to the wavelength, this rotation corresponds to the ro-
tation of the ground at the point, at which the center of the
skeleton is situated. Thanks to these small dimensions we
can neglect the complex interaction of the rigid body �skel-
eton� with the embedding deformable continuum. The rigid-
ity of the skeleton simplifies the situation as compared to the
array-derived rotational measurements, where the individual
sensors are totally independent of one another without any
rigid connections.

Although the shape of the skeleton may be arbitrary, the
optimum design utilizes a circular form. More specifically,
the skeleton is a ground-based horizontal rigid disk. The geo-
phones are mounted along the perimeter of the disk at apexes
of even-apexed regular polygons. Each pair of geophones
�used to obtain the differential motion� lies on a straight line
passing through the center of the disk. The paired geophones
must be both either vertical or horizontal, i.e., their axes are
oriented in such a way that they measure either the vertical
or horizontal ground velocity. Subtracting the velocity
records from the geophones in a given pair and dividing by
the diameter of the disk results in the finite difference ap-
proximating the corresponding horizontal spatial derivative
in Eq. �8�.

Figure 1 shows a scheme of one possible realization of
the device containing six horizontal geophones and four ver-
tical ones. In this configuration, the device measures all three
rotation rate components: the vertical rotation rate is evalu-
ated by using the three pairs of the horizontal geophones, the
other two components are measured by the two pairs of the
vertical geophones. If the pairs of vertical geophones do not

lie along the coordinate axes of the chosen Cartesian system,
a corresponding transform �rotation� of the records should be
performed. Note that ideally all three pairs of the horizontal
geophones should produce the same differential motion,
thanks to the rigidity of the disk-shaped skeleton. Therefore,
the vertical rotation rate component is “overdetermined,” the
same values are determined by all the three geophone pairs.
These multiplex data are of twofold use: first, they can be
stacked to suppress noise, and second, they can be used to
calibrate the individual geophones �see below�. Thus, the use
of more geophone pairs provides higher accuracy and reli-
ability of the measurements. It represents an important fea-
ture of our methodology. The higher the number of pairs, the
higher the accuracy achieved, but for a higher price of the
whole device. Bearing in mind economical aspects and uti-
lizing our experience with this kind of measurement, we
would recommend two or three pairs as the optimum number
for measuring each rotation rate component.

B. Design features

A prototype of the seismic rotational sensor system �ro-
taphone� according to the principle explained above has been
constructed and subjected to the patent process.13 The pur-
pose of this device is to measure the vertical rotation rate
component both for motions generated by natural sources
�earthquakes� and anthropogenic sources �blasts, generator of
rotational waves�. Therefore, only horizontal geophones are
used here, see the third equation in Eq. �8�.

For this prototype, geophones LF-24 �made by Sensor
Nederland B.V.� have been used. The advantage of these
geophones is a relatively high sensitivity �together with a
suitable amplifier it can reach 15 000 V s/m� and the flat
frequency characteristics above 1 Hz. Four horizontal geo-
phones are mounted in two pairs along a metal disk, diameter
of 25 cm, equipped with stabilizing stems and spirit levels to
guarantee horizontal disk position. They are spaced regularly
along the disk perimeter, see Fig. 2. All the geophones are
oriented clockwise. This means that the axes of the geo-
phones in a given pair are parallel, but oriented against one
another. Thus, the records must be summed instead of sub-
tracted to obtain their difference.

FIG. 1. One possible configuration of the geophones in the rotational sensor
system—map view. 1—Center of the rigid disk and of all the even-apexed
polygons with geophones, 2—Vertical geophones, 3—Horizontal geo-
phones, 4—Rigid disc, 5—Even-apexed polygons, 6—Lines connecting the
geophones in a pair.

FIG. 2. A prototype of the new seismic rotational sensor systems containing
four horizontal geophones. S—Sensor system, U—Control unit including
amplifier and data transducer.
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The construction of the rigid disk with the mounted geo-
phones is robust enough to allow for installation not only on
the Earth’s surface, but also underground. The second men-
tioned option is utilized especially in prospecting measure-
ments with a generator of rotational waves �this device and
method will be described in a separate paper�. In this case,
one of the sensor systems described is buried under the gen-
erator to measure the input pulse before it is reflected back to
the surface by structural interfaces.

The signal produced by the geophones is processed digi-
tally. Before transforming the analog signal to digital, the
analog signal is optionally amplified 10�, 100�, or 1000�
by a suitable amplifier. All the geophones are connected by
cables to one common amplifier and one common digitizer.
This arrangement is not only useful for economical reasons,
but it also helps to increase the accuracy of the measurement
by reducing possible instrumental differences of the records
from the individual geophones to a minimum. The only
cause of these instrumental differences is the slightly differ-
ent characteristics of the individual geophones. In practice
we are always faced with this situation. The problem of dif-
ferent characteristics must be solved by proper calibration of
the geophones, see Sec. III D.

It is useful to add to the sensor system a control unit �a
small computer, see Fig. 2� which can optionally set the level
of amplification, perform in situ calibration of the individual
records, and calculate the differential motions and the corre-
sponding rotation rate components.

Let us summarize the principal features of the new seis-
mic rotational sensor system:

• It consists of several pairs of highly sensitive geophones
connected to a common recording device �amplifier, trans-
ducer, etc.�.

• The geophones are mounted along the perimeter of a rigid
ground-based undeformable �metal� disk in such a way
that they are situated at the apexes of an even-apexed regu-
lar polygon, and the line connecting the geophones in the
given pair passes through the center of the disk.

• The distance separating the geophones in the given pair
�i.e., diameter of the disk� is much less than the wave-
length but sufficiently large to allow the differential mo-
tions in the geophone pairs �the differential motion is only
due to the rotation of the disk� to be detected.

• It is possible to measure all the three rotation rate compo-
nents with one device provided a sufficient number of pairs
of both vertical and horizontal geophones are mounted on
the disk �in the prototype described above only horizontal
geophones were used so that only the vertical rotation rate
was determined�.

C. Sensitivity estimate

Let us estimate the upper sensitivity limit of the given
prototype described above. Note that the sensitivity is given
by the type of the components used. For example, if more
sensitive geophones were used, the sensitivity would be
higher as well as the price of the whole device.

For the prototype we have used geophones LF-24 by

Sensor Nederland B.V. Their sensitivity is 15 V s/m. The
signal is amplified 100 times as a matter of standard practice,
so that the geophone sensitivity after the amplification is
1500 V s/m.

The signal is digitized by a Tedia Ltd. transducer with a
range of 5 V. The maximum range of detectable ground ve-
locity, therefore, is 	3.33 mm/s. The digitizer has 21 bit
dynamics. This means that the total range is divided into
	106 levels. This implies that the least detectable velocity is
3.33 nm/s.

The diameter of the rigid disk is 25 cm. This yields a
total sensitivity in detecting the rotation rate of 16.65 nrad/s.
The theoretical sensitivity limit is, therefore, of the order of
10−8 rad /s. This sensitivity can be reached under two con-
ditions: first, the individual geophones are “identical” or per-
fectly calibrated, and second, there is no noise.

D. Calibration of elementary sensors

The presented measurement approach is conditioned by
the identity of the individual geophones creating the sensor
system in terms of their transfer functions. In practice, how-
ever, this situation is never met. Even geophones of the same
type by the same manufacturer may differ slightly from one
another. This difficulty can be partly overcome by using suit-
able pieces of geophone, selected in preliminary laboratory
tests, when constructing the sensor system. Usually, even
then differences of a few per cent remain. The transfer func-
tions of individual geophones can be measured in the labo-
ratory and used to calibrate the records. A disadvantage of
this method is the need of special sophisticated calibration
equipment. Moreover, the precise transfer function may be
affected by field conditions �temperature, atmospheric pres-
sure, humidity, etc.�. Our construction of the sensor system
enables an elegant solution of these problems. Thanks to the
fact that the calculation of the rotation rate is overdeter-
mined, if more than one geophone pair is used for one com-
ponent, the calibration can be performed simultaneously with
the measurement in situ.

Let us explain the basic idea of this calibration method.
For simplicity assume we have two geophone pairs, A-C and
B-D, for a single component of the rotation rate. The exten-
sion for more pairs and more components is straightforward.
Let us denote the complex spectra of the records A�f�, B�f�,
C�f�, and D�f�, where f stands for the frequency. For geo-
phone A, A�f�=SA�f�TA�f�, where SA�f� denotes the complex
spectrum of ground motion at the point of geophone A and
TA�f� is the transfer function of this geophone. Analogous
formulas hold for other geophones.

Thanks to the construction of our sensor system SA−SC

must be equal to SB−SD. Expressing this equality in terms of
the transfer functions and the records, we arrive at

�A�f� −
TA�f�
TC�f�

C�f�� =
TA�f�
TB�f�

�B�f� −
TB�f�
TD�f�

D�f�� . �9�

The physical meaning of the expression on either side of Eq.
�9� is easy to interpret: in the frequency domain it represents
the true differential motion between the paired sensors mul-
tiplied by the transfer function TA�f�.
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Equation �9� is valid for any frequency in the range in
which the sensors provide reliable records. Thus, it repre-
sents a system of equations, each equation for each discrete
frequency in the given range. The number of the equations in
the system is given by the number of samples used in the
Fourier transform and it is typically of the order of thou-
sands. The unknowns in the system are three transfer func-
tion ratios: tAC�f�=TA�f� /TC�f�, tBD�f�=TB�f� /TD�f�, and
tAB�f�=TA�f� /TB�f�. It is common to parametrize the transfer
functions in a suitable way, either by poles and zeros, or
simply by several discrete values in the frequency domain.
The same parametrization can be applied for the transfer
function ratios. For example, for any frequency of interest,
tAC�f� is uniquely determined by these parameters,

tAC�f� = 
�p1,p2, . . . ,pN, f� , �10�

with 
 being an analytically defined function �e.g., a set of
interpolation polynomials or a rational function with poles
and zeros� of N parameters, where N is usually not a very
large number, say up to 20. Similarly, we can also param-
etrize the other two transfer function ratios. In that case, Eq.
�9� represents a system of thousands of equations �each equa-
tion for each sample frequency� for tens of unknowns �pa-
rameters of the transfer function ratios�.

The problem of finding the unknowns is nonunique.
Therefore, we introduce constraints keeping the transfer
function ratios smooth and close to complex unity. These
constrains are easy to understand because we have sensors of
the same type with very similar properties �at least in the
range of the flat frequency characteristics in which we mea-
sure�. This problem can be solved using some of the general
inverse methods �for overview of the inverse methods see,
e.g., the book by Tarantola14�. To an advantage we apply a
new inversion technique, the isometric method �Málek et
al.15�. This method was specially developed for weakly non-
linear problems with many parameters. The inverse problem
described above falls into this category. The starting param-
eter values are presumably close to the correct ones. The

basic underlying idea of the isometric method is to postulate
the distance in the model space in such a way that the model
and data spaces are isometric, i.e., distances in both spaces
have the same measure. As all model-data vector pairs are
used many times in successive iterations, the number of the
forward problem computations is minimized. There is no ne-
cessity to deal with derivatives. The requirement for the
computer memory is low.

The ratios found serve to correct the records from geo-
phones B, C, D with respect to the reference A-record. In this
way we obtain the rotation rate, which is the same from pairs

FIG. 3. Laboratory test on the rotational shaking table: experimental setting
with an eight-sensor rotaphone �a�, detail of the rotational shaking table �b�.

FIG. 4. Laboratory test on the rotational shaking table: real rotation rate of
the table �gray solid�, measured rotation rate obtained using the proposed
calibration technique �black solid�, and average rotation rate from the four
sensor pairs of the eight-sensor rotaphone �dashed�.

FIG. 5. A map of the earthquake swarm area �inlay�. Asterisk denotes the
epicenter of the earthquake of ML=2.2, 15 October 2008, 16:00:04, black
circle denotes station KVC. The map is zoomed-in from the map of the
Western Bohemia region.
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A-C and B-D. The rotation rate record is influenced by the
same transfer function as the velocity record of the A geo-
phone, i.e., the real rotational motion can be obtained by the
corresponding instrumental correction removing this influ-
ence.

IV. EXPERIMENTAL SETUP AND RESULTS

We illustrate the function of the newly developed sensor
system and the calibration technique described above on two

numerical examples: testing data measured on a shaking
table in the laboratory and a real rotation rate record due to a
small earthquake with the epicenter about 4.4 km off the
rotational sensor system �rotaphone� location.

Figure 3 shows the settings for the laboratory experiment
in which the rotaphone was attached to the rotating shaking
table �detail of this table is in part b of the figure�. In this
case the rotaphone consists of eight elementary sensors ar-
ranged in four pairs, all the sensors are oriented clockwise. In
this experiment the amplitude and frequency of shaking were
changed continuously. Figure 4 shows the real rotation rate
of the shaking table �gray solid line� and the calculated and
calibrated rotation rate from all the four sensor pairs �black
solid line�. For comparison, we show also the average differ-
ential motion obtained from the four pairs �dashed lines�. We
see only small differences between the real and calculated
�calibrated� rotation rates in earlier times �for longer periods�
in Fig. 4. For shorter periods the gray solid and black solid
lines are almost indistinguishable. This laboratory example
shows that the proposed calibration technique is able to pro-
vide the correct rotation rate.

By coincidence, the development of the new sensor sys-
tem was finished in autumn 2008, at the time when a signifi-
cant earthquake swarm occurred in Western Bohemia. It was,
therefore, natural to make the first test of the new device by
recording rotation rates during this swarm. The swarm activ-
ity lasted from 6 October 2008 to 10 December 2008.16 Tens
of thousands of small seismic events were recorded in the
swarm area during this period. Earthquake foci are clustered
in the region of Nový Kostel, about 15 km to the north of the
town Cheb �Eger�, see Fig. 5, at depths from 7 to 12 km. The
strongest earthquake was of local magnitude 3.9, but the ro-
tational record is due to the earthquake of local magnitude
2.2, 15 October 2008, 16:00:04 UTC.

The rotational sensor system was installed at the seismic
station Květná denoted by the symbol KVC on the map in
Fig. 5. The epicentral distance to the station is 4.4 km, the
depth of the earthquake source is about 8.6 km. Figure 6
shows the raw ground velocities from four horizontal geo-
phones �A, B, C, D� of which the sensor system consisted
and the raw vertical rotation rate data �without calibration,
filtering, etc.� from the A-C and the B-D geophone pairs. We
see that records A and C are relatively similar to one another
which also apply to records B and D. In contrast to this,
record A differs significantly from record B and, similarly,
record C is remarkably different from D. This is not surpris-
ing because the two discussed geophone pairs measure two
perpendicular components of seismic velocity. Nevertheless,
summing A and C leads to rotation record E, which is in
many respects similar to record F obtained by summing B
and D. Ideally, the two rotation rate records E and F should
be exactly the same as they both are due to the rotation of the
rigid disk, which is the same at any point along its perimeter.
The differences that we see on comparing records E and F
are due to the fact that the corresponding geophones are not
exactly the same, they differ in their characteristics. This
effect is suppressed by the calibration explained in Sec.
III D. The calibration ensures that the rotation rate record
from the two discussed geophone pairs is exactly the same.

FIG. 6. Raw data �horizontal velocigrams� recorded by the sensor system
�A–D� together with vertical rotation rates derived from pairs A-C �part E�
and B-D �part F�.

FIG. 7. Vertical rotation rate after calibration �black� compared to the aver-
age of the rotation rates derived from pairs A-C and B-D �gray�.
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This rotation rate record after calibration is shown in Fig. 7.
Comparison with the rotations derived from pairs A-C and
B-D in Fig. 6 illustrates clearly how this kind of measure-
ment can be influenced by the fact that the geophones used
are not identical.

It is possible to verify, at least partly, the rotation rate
data by comparison with the transverse ground acceleration.
This method is based on the assumption of a plane wave
propagating with constant velocity in one direction along the
Earth’s surface.17 This assumption is an idealization ignoring
changes in waveform due to heterogeneities in the structure
through which the wave propagates.18 Moreover, to meet the
assumptions of a plane wave requires a relatively large epi-
central distance or relatively high frequency content of the
wavefield in order to neglect the difference between the real
curved wavefront and a plane wavefront within one wave-
length. Assume a plane wave propagating in plane x1,x2, �i.e.,
x3=0� in direction �, as shown in Fig. 8. The displacement
vector has the form u=Uf��−ct�, where U is a constant vec-
tor amplitude, f is a suitable analytic signal �e.g., exponen-
tial�, and c is the phase velocity of propagation. In the coor-
dinates � ,� ,x3, the vertical rotation component is �3

=1 /2��u� /��−�u� /���. In our case, however, displacement
does not depend on � and, therefore,

�3 =
1

2

�u�

��
=

1

2
U�f��� − ct� , �11�

where U� stands for the �-component of the amplitude and
the prime denotes the derivative of the function with respect
to its argument. The derivative of f also appears in the for-
mula for the corresponding ground velocity component u̇�=
−cU�f���−ct�. Comparing this with Eq. �11� we see that un-
der our assumptions it holds that

�3 = −
1

2c
u̇�. �12�

Consequently, the vertical rotation rate is, up to the scaling
factor of −1 /2c, equal to the transverse acceleration. Since
we usually express the ground acceleration in general Carte-
sian coordinates, we have to modify this relation by proper
coordinate rotation,

�̇3 = �3 = −
1

2c
�ü1 sin  − ü2 cos � , �13�

where the expression in the square brackets represents the
transverse acceleration.

Figure 9 provides the comparison of the vertical rotation
rate measured by the new sensor system with the transverse
acceleration in the frequency domain, while Fig. 10 shows
this comparison in the time domain. Both records are filtered
by the high-pass second-order Butterworth filter with a cut-
off frequency of 10 Hz. The high-pass filtering is necessary
due to the plane wave assumption as it guarantees a small
wavelength with respect to the source-receiver distance. Note
that the peak spectral amplitude frequency of the original
�unfiltered� record is 20 Hz. We observe very good agree-
ment in the waveforms for certain wavegroups. Certain other
wavegroups would match better if different scalings were
used, which only indicates different phase velocities for
these wave types. The overall match is surprisingly good
bearing in mind the proximity of the earthquake focus and
indubitable structural inhomogeneities in the area.

V. DISCUSSION AND CONCLUSIONS

We have successfully designed and built a new, compact,
and highly sensitive rotational seismometer �rotaphone� con-

FIG. 8. Assumption of a plane wave propagating along the Earth’s surface
x3=0. The wave propagates in the direction of axis �. � is the transverse
direction. In the plane of the surface, the general Cartesian system is given
by coordinates x1 and x2. In this plane, axes x1 and � make an acute angle .

FIG. 9. Amplitude spectrum of the vertical rotation rate �black� compared to
that of the transverse acceleration �gray�. Both spectra are high-pass filtered
using the second-order Butterworth filter with a cut-off frequency of 10 Hz.

FIG. 10. Vertical rotation rate �black� compared to transverse acceleration
�gray�, both high-pass filtered using the second-order Butterworth filter with
a cut-off frequency of 10 Hz.
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sisting of several pairs of elementary sensors �geophones�
mounted on an undeformable skeleton. Seismic rotations are
derived from differential motions recorded by these sensor
pairs. The sensors in the pairs may be both horizontal and
vertical geophones which allow to determine all the rotation
components including tilts in the frequency range from 1 to
200 Hz, which is of seismological interest. In this range the
theoretical sensitivity of the instrument reaches 10−8 rad /s.
However, this sensitivity requires the noise to be suppressed
as much as possible. Thanks to the construction of the de-
vice, it is possible via stacking data from the sensor pairs
and, possibly, also from repeated actions of an artificial seis-
mic source �e.g., the rotation generator described in a sepa-
rate paper�. The construction of the device also allows in situ
calibration of the elementary sensors, which increases the
accuracy of the measurement considerably.

Compared to other methods of determining seismic ro-
tations, namely, ring-lasers and small-aperture arrays, the
proposed instrument is flexible, portable, relatively inexpen-
sive, and easy to install and operate. It also allows collocated
rotational and translational measurements. Its sensitivity is
several orders lower than that achievable by the ring-laser
gyroscopes and it is comparable to that derived from array
measurements. As far as the authors know, it is at least one
order higher than the reported sensitivity of other small por-
table seismic rotational sensors �e.g., R1 by Eentec11�. The
device can be used to record seismic rotation rates due to
local shallow earthquakes, where rotation components can
provide new constraints of rupture processes in earthquake
foci. It could also be used for purposes of seismic prospec-
tion.

The proposed rotational seismic sensor system was suc-
cessfully tested in the laboratory by measuring rotation rate
of the rotational shaking table. The ability of the sensor sys-
tem was demonstrated by measuring rotations due to several
small earthquakes which occurred during the earthquake
swarm in Western Bohemia in autumn 2008. The example
presented in this paper showed that it performed very well in
measuring the vertical rotation rate due to a small event of 15

October 2008, local magnitude 2.2, about 4 km distant from
the seismometer. The recorded seismic rotation rate maxi-
mum was about 1.5 10−4 rad /s. The waveform of the rota-
tion rate record, properly filtered, matches well the waveform
of the transverse acceleration, which is predicted by theory
under the assumption of a propagating plane wave. Bearing
in mind that both records were obtained by completely dif-
ferent methodologies, this good agreement verifies, at least
in medium frequency range, the rotation rate record.
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Abstract A newly developed mechanical sensor
system, called a Rotaphone, for recording rotation
rate components is described. The sensor system
is based on measurements of the differential mo-
tions between paired low-frequency geophones
attached to a rigid skeleton. The same differential
velocity (and, consequently, the same rotation
rate component) is obtained from more than one
geophone pair, which allows for in situ calibra-
tion and matching of the individual sensors. The
calibration method, which is a key point of our
methodology, is explained in detail and demon-
strated on synthetic examples. The instrument and
the calibration technique were also subjected to
laboratory testing utilizing a rotational shaking
table. Some results of these tests are presented
in comparison to the data from a reference sen-
sor (fiber optic gyroscope). The new rotational
seismic sensor system is characterized by a flat
frequency response over a wide range from 2
to 200 Hz and sensitivity limit of the order of
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10−8 rad/s. Its advantages are small size, porta-
bility, and easy installation and operation in the
field. We present several examples of the vertical
rotation rate ground motion recorded at Nový
Kostel station (Czech Republic): first, a group
of records of local micro-earthquakes which oc-
curred in West Bohemia/Vogtland in May 2010
and, second, a record due to an anthropogenic
source, a quarry blast at the nearby Vintířov
quarry recorded in June 2010. The measured rota-
tion rates are of order between 10−6 for the local
earthquakes and 10−7 rad/s for the blast. These
measurements demonstrate that the instrument
has much wider application than just prospect-
ing measurements, for which it was originally
designed.

Keywords Seismic rotation ·
Rotational seismometer · Inverse problem ·
West Bohemia/Vogtland region

1 Introduction

Rotational seismology is an expanding seismologi-
cal discipline, which has been emerging in the past
decade and is attracting attention throughout the
seismological community (Teisseyre et al. 2006).
The basic source of information in rotational seis-
mology is the measurement of seismic rotations or
rotation rates. At present, various types of seismic
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rotational sensors are producing numerous ro-
tational records for a wide range of epicentral
distances. Rotational signals are detected from
teleseismic (Igel et al. 2005), regional (Huang
2003), as well as local events (Nigbor 1994; Takeo
1998; Lee et al. 2009; Lin et al. 2009).

Several methodologies are used to measure
seismic rotations. The most sensitive rotation data
obtained up to now have been made by large
ring laser gyroscopes (Stedman 1997; Schreiber
et al. 2003, 2004, 2009). These gyroscopes utilize
the Doppler frequency shift affecting the inter-
ference between two laser beams of the same
constant wavelength propagating in opposite di-
rections along a square or triangular perimeter
due to a suitable mirror arrangement. The best
reported ring laser sensitivity in measuring the
seismic rotation rate is 10−12 rad/s (Schreiber et al.
2009). These instruments are useful in obtaining
rotation rate records of teleseismic events. Their
main disadvantages are high costs and special
installation and maintenance requirements. They
cannot be used for field measurements.

The urgent need for portable rotational sen-
sors, easily installed and operated in the field,
led to the development of various small mechan-
ical, electrochemical, or fibre-optical rotational
sensors. As far as the authors know, the only
apropos small, portable seismic rotational sensor
produced on a commercial basis are the R1 and
R2 by Eentec, sensitivity of the former is reported
to be 10−7 rad/s (Nigbor et al. 2009), and ARS-
14 by Applied Technology Associates with the
sensitivity 10−6 rad/s is reported by the contriver.
In this paper, we briefly describe the newly devel-
oped rotational sensor system, the so-called Rota-
phone, which also falls into the category of small,
sensitive, portable rotational sensors useful for
field measurements of local micro-earthquakes,
rockbursts, and blasts. Its principle is, to some
extent, similar to the device reported by Moriya
and Teisseyre (2006), namely as to measuring
finite ground motion spatial differences. An im-
portant advantage of our device over that effort
and our earlier work is its increased sensitivity.
That sensitivity depends on specific design fea-
tures and the components used, but for prototypes
tested to date, the sensitivity limit is estimated as
10−8 rad/s. For details, see the paper by Brokešová

and Málek (2010). Measurement of self noise have
not yet been performed.

In our method, the rotation measurement
is based on approximating the spatial ground-
motion derivatives through corresponding finite
differences. This task requires measuring the
differential motions, differences in the recordings
from two sensors situated close to each other. The
rotation measurement using small-aperture arrays
(e.g., Huang 2003) is based on a similar idea.
However, there are several differences between
the two approaches. First, the distance between
the individual sensors in the small-aperture arrays
is usually several tens to several hundreds of me-
ters, i.e., larger by several orders than in our case
(∼0.3 m). This causes many specific problems in
deriving rotations, including different site condi-
tions beneath the individual seismographs in the
array. Second, the sensors in the small-aperture
arrays operate independently of each other, and
there is no rigid connection between them, so that
their motion is determined not only by seismic
translation and rotation but also by deformation
of the ground in the array area.

The main factor limiting the accuracy of
differential seismic motion measurements is the
fact that the sensors used to derive the motion
difference are not identical in terms of their trans-
fer functions. This means that for the same in-
put, they do not produce the same output. Even
though the sensors used for this purpose are se-
lected to be as similar as possible (same type, same
manufacturer, etc.), small differences in their
characteristics usually remain, causing contingent
small relative errors in their recordings. There-
fore, much attention should be paid to proper
calibration of the individual sensors. In this paper,
our in situ calibration technique is explained in
detail and demonstrated on numerical examples.

The Rotaphone described in this paper was
originally developed to operate with anthro-
pogenic sources, namely a generator of rota-
tional ground motion (Brokešová et al. 2009a), in
prospecting measurements. However, when prop-
erly calibrated, it is capable of recording the seis-
mic rotation rate also due to earthquakes from
local to regional, with an accuracy sufficient to
detect correctly many interesting phases in the
records. Especially at local distances, these phases
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analyzed with the help of translational records
from the same place, are expected to provide us
with new information on the structure as well as
the physics of seismic sources.

2 Basic principle of the sensor system

Assume point x + δx situated close to point x. The
displacement u at such a point can be described
by expanding displacement from x up to the first
order as

ui(x + δx) = ui(x) + ∂ui(x)

∂x j
δx j

= ui(x) + 1

2

(
∂ui

∂x j
+ ∂u j

∂xi

)
δx j

+ 1

2

(
∂ui

∂x j
− ∂u j

∂xi

)
δx j

= ui(x) + εijδx j + ωijδx j, (1)

where ui is the i-th component of the displacement
vector u, εij is the symmetric strain tensor, and ωij

is the anti-symmetric rotational tensor at point x.
In seismology, displacement (translation) is cur-
rently measured by seismographs and that strains
can be determined by strainmeters. Up to the last
decade, almost no attention was paid to rotational
seismic motions.1

We have developed a device to determine
the rotation of the seismic wavefield (Brokešová
et al. 2009b; Brokešová and Málek 2010). More
specifically, the device enables to measure the
time derivative of rotation, i.e., the rotation rate
� = curl v = curl u̇, with v being particle velocity
v = u̇. Note that the rotation rate is analogous to
the vorticity well-known from fluid dynamics.

Assume a right-handed Cartesian coordinate
system with axes in east, north, and upward direc-
tions. More specifically, the first axis is horizontal
and positive to the east, the second horizontal
and positive to the north, and the third vertical
and positive upward. In this coordinate system,

1This is so despite the fact that rotational motions conta-
minate translational records. The most significant effect is
on horizontal accelerations contaminated by gravitation in
the case of tilting of the accelerograph.

we define two horizontal axis rotation rate com-
ponents, �1, �2, and a vertical one, �3, as

�1 = 1

2

(
∂v3

∂x2
− ∂v2

∂x3

)
,

�2 = 1

2

(
∂v1

∂x3
− ∂v3

∂x1

)
,

�3 = 1

2

(
∂v2

∂x1
− ∂v1

∂x2

)
. (2)

Measurement of these quantities is based on
determining the spatial derivatives of the ground
velocity in Eq. 2, with those derivatives approx-
imated by finite differences. This approach re-
quires measuring the ground velocities at two
points separated by a distance much smaller than
the wavelength, but still large enough to allow
differential sensing (i.e., the difference of the two
records due to rotation). Sufficiently sensitive sen-
sors, e.g., high gain geophones, have to be used to
meet this requirement.2

The sensors are mounted in pairs on a rigid
skeleton which is attached to the ground. They
record the motion of this rigid skeleton. Due to
the rigidity, the strain tensor in Eq. 1 vanishes,
which means the equality of the corresponding
spatial derivatives (the sign is opposite). Conse-
quently, the rotation rate components of Eq. 2
simplify to

�1 = ∂v3

∂x2
= − ∂v2

∂x3
,

�2 = ∂v1

∂x3
= − ∂v3

∂x1
,

�3 = ∂v2

∂x1
= − ∂v1

∂x2
. (3)

The shape of the skeleton is not important,
except for its dimensions. Provided the dimen-
sions of the skeleton are much smaller than the
wavelength (by at least two orders), the rotation
of the skeleton corresponds to the rotation of the
ground at the center of the skeleton. Thanks to
the skeleton’s small dimensions, we can neglect

2The name geophone for the principal component of the
system gave rise to the analogous name “Rotaphone” for
the whole rotational sensor system.
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Fig. 1 A prototype of the new seismic rotational sen-
sor system (Rotaphone) containing eight horizontal geo-
phones (LF-24 made by Sensor Nederland b.v.) in four
opposing pairs

the complex interaction of the rigid skeleton with
the surrounding deformable continuum.

Figure 1 shows one prototype of our sensor sys-
tem, only one of many possible realizations. The
prototype contains eight horizontal geophones
(LF-24 made by Sensor Nederland b.v.) arranged
in four diametrical pairs. This prototype is in-
tended to measure only the vertical rotation rate
�3 and two horizontal components of the ground
translational velocity; it is an enhanced design of
the sensor system described by Brokešová and
Málek (2010).

Regardless of the various realizations of the
measurement principle explained above, there are
several important common features. Besides a
small distance and rigid connection between in-
dividual sensors of the system, any rotation rate
component must be determined using at least two
diametrical sensor pairs. This is necessary to sup-
port the in situ calibration of the system described
in the next section.

3 Calibration of individual elementary sensors

In the proposed method, the principal prob-
lem follows from the fact that the individual
geophones in the sensor system are never ex-
actly identical in their characteristics (transfer

functions). This means that for the same input
(ground, thence skeleton motion), they do not
produce exactly the same output record. When
the differential motions are to be determined,
the distance between the sensors used must be
small, which implies that also the difference be-
tween their recordings (the differential motion)
will be small. Thus, small errors in records from
each of the sensors caused by variations in sensor
characteristics can lead to significant errors in the
differential motion, so also in the measured seis-
mic rotation rate. This is a serious problem with
the potential to completely degrade the measure-
ment of seismic rotation rates.

The way to overcome this problem is to cal-
ibrate the individual sensors precisely, at least
relative to the paired sensors, implying the need
to correct for their individual transfer functions.
These transfer functions can be measured in
the laboratory using a special calibration equip-
ment; however, the precise transfer function may
be sensitive to field conditions (temperature,
atmospheric pressure, humidity, etc.) and may
change with time (Ringler et al. 2010). It is, there-
fore, much better to calibrate the individual sen-
sors in situ and simultaneously with each record
of interest.

The presented method of the in situ calibration
relies on the fact that the differential motions
measured in our method are over-determined
(two or more pairs for each rotation component).
For example, when using the rotational sensor
system in Fig. 1, four diametrical sensor pairs are
used to derive the same differential motions that
resolve a single rotation rate component (�3).
In the case of identical sensors, the recorded
differences from all the pairs should be the same.
In reality, they differ because the sensors in each
pair are not identical. The in situ calibration must
correct these differences.

For the sake of simplicity, let us consider two
pairs of sensors of the same type (e.g., horizon-
tal). We index the pairs by Roman numerals I
and II (the generalization for additional pairs is
straightforward). Let the true ground-motion time
series to be recorded at the location of the sensors
be sI

1(t), sI
2(t) for one pair and sII

1 (t), sII
2 (t) for the

other pair. Here, the subscript distinguishes the
two sensors in the given pair. Note that both these
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paired sensors record the same rotation rate com-
ponent. We denote the corresponding complex
Fourier spectra SI

1( f ), SI
2( f ), SII

1 ( f ), and SII
2 ( f ),

where f stands for ordinary frequency and the
actually recorded spectra by RI

1( f ), RI
2( f ), RII

1 ( f ),
and RII

2 ( f ). The latter differ from the true ground-
motion spectra according to

RI
1( f ) = SI

1( f )TI
1( f ), RI

2( f ) = SI
2( f )TI

2( f ),

RII
1 ( f ) = SII

1 ( f )TII
1 ( f ), RII

2 ( f ) = SII
2 ( f )TII

2 ( f ),

(4)

where TI
1( f ), TI

2( f ), TII
1 ( f ), and TII

2 ( f ) are the
frequency characteristics (transfer functions) of
the individual sensors. The records from the in-
dividual sensors, rI

1(t), rI
2(t), rII

1 (t), and rII
2 (t), are

inverse Fourier transforms of these complex spec-
tra. As the sensors are presumably of the same
type, we can assume that their frequency charac-
teristics are similar. In the frequency domain, we
can express the relation between SI

1( f ) and SI
2( f )

with the help of the measured RI
1( f ) and RI

2( f ) as

SI
2( f )

SI
1( f )

= RI
2( f )

RI
1( f )

tI( f ), (5)

where tI( f ) = TI
1( f )/TI

2( f ) is a complex function
nearly equal to unity. Analogously, we express

SII
2 ( f )

SII
1 ( f )

= RII
2 ( f )

RII
1 ( f )

tII( f ),
SII

1 ( f )

SI
1( f )

= RII
1 ( f )

RI
1( f )

tII,I( f )

(6)

with the ratios tII( f )=TII
1 ( f )/TII

2 ( f ) and tII,I( f ) =
TI

1( f )/TII
1 ( f ) again close to complex unity.

Let us consider the differential motion be-
tween the sensors in pair I in the frequency
domain, SI

1( f ) − SI
2( f ). The corresponding finite

difference may be used to approximate the spatial
derivative

D( f ) = SI
1( f ) − SI

2( f )
�

= RI
1( f ) − RI

2( f )tI( f )

TI
1( f )�

,

(7)

where � is the distance separating the sensors.
If the sensor axes are perpendicular to the line
connecting them, then the finite difference (7)
also approximates the rotation rate component

according to Eq. 8 in the paper by Brokešová and
Málek (2010). Moreover, when measuring with
the sensor system proposed in that paper, the
same rotation must result from pair II, mounted
on the same, nondeformable, skeleton. Thus,

D( f ) = SII
1 ( f ) − SII

2 ( f )
�

= RII
1 ( f ) − RII

2 ( f )tII( f )

TII
1 ( f )�

.

(8)

The equality of Eqs. 7 and 8 yields the condition

RI
1( f ) − RI

2( f )tI( f )

= tII,I( f )(RII
1 ( f ) − RII

2 ( f )tII( f )) (9)

The physical meaning of the expressions on either
side of Eq. 9 is easy to interpret: In the frequency
domain, Eq. 9 represents the true differential
motion between the paired sensors multiplied by
transfer function TI

1( f ) of a single sensor.

3.1 Full inversion

Equation 9 is valid for any frequency in the range
in which the sensors provide reliable records.
Thus, it represents a system of equations, one
equation for each discrete frequency. The number
of equations in the system is given by the number
of samples used in the Fourier transform and is
typically on the order of thousands. Three transfer
function ratios: tI( f ), tII( f ), and tII,I( f ), are the
unknowns in the system. It is usual to parametrize
the transfer functions in a suitable way, so, for
example, the parameters pi can either be a scale
factor plus poles and zeros or simply several dis-
crete values in the frequency domain. The same
parametrization can be applied for the transfer
function ratios. For example, for any frequency
of interest, tI( f ) is uniquely determined by these
parameters

tI( f ) = φ(p1, p2, ....pN; f ), (10)

with φ being a complex function (e.g., a set of
interpolation polynomials or a rational function
with poles and zeros) of N parameters, where N is
usually not a very large number, say up to 20. We
can parametrize the other two transfer function
ratios similarly. In that case, Eq. 9 represents a
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system of thousands of equations (one equation
for each sample frequency) for tens of unknowns
(parameters of the transfer function ratios).

The problem of finding the unknowns is non-
unique. Therefore, we introduce constraints to
keep the transfer function ratios smooth and close
to complex unity. These constrains are easily de-
rived because we have sensors of the same type
with very similar properties. This problem can
be solved using general inverse methods (for an
overview of the inverse methods, see Tarantola
1994). Specifically, we apply the new isometric
inverse method (Málek et al. 2007) developed for
weakly non-linear problems with many parame-
ters. Our inverse problem is in this category. The
starting parameter values are presumably close to
the correct ones.3 The isometric method postu-
lates that the model space and data space are iso-
metric. Isometry implies that the distance between
two points preserves in both spaces. As all model–
data vector pairs are used many times in succes-
sive iterations, the number of the forward problem
computations is minimized. There is no necessity
to deal with derivatives. The requirement for com-
puter memory is therefore low. Details can be
found in the paper by Málek et al. (2007).

The result of the inversion are the transfer
function ratios tI( f ), tII( f ), and tII,I( f ), which
serve to correct the records rI

2(t), rII
1 (t), and rII

2 (t)
with respect to the reference record rI

1(t). From
this process, we obtain corrected differential mo-
tions that are the same for pairs I and II. Both
differences are influenced by transfer function
TI

1( f ) so that the ground rotational motion can be
obtained by correcting for TI

1( f ).
We illustrate the calibration technique de-

scribed above on synthetic data with known rota-
tion rate. Figure 2a shows simulated velocigrams
from four horizontal geophones (A, B, C, D, ori-
ented clockwise as viewed from above) compris-
ing a Rotaphone. The four geophone records also
contain the “input” synthetic rotation rate shown
in Fig. 2b. Moreover, they have been altered by
artificial differences in transfer functions. These

3They can be, if possible, measured in the laboratory. If
such measured starting values are not available, complex
units can be set as starting values instead.

differences are spectrally smooth and do not ex-
ceed 10% of the reference values (sensor A).
Figure 2b also provides the average rotation rate
obtained from the differential motions from the
A–C and B–D geophone pairs (dotted line). The
rotation rate calculated with our calibration tech-
nique (full inversion) is shown in Fig. 2b as the
solid gray line. The original and calculated rota-
tion rate curves are close both in waveform and
in amplitude (they differ up to few percentage of
peak input).

3.2 Simplified inversion

The calibration technique described above may be
relatively numerically expensive for routine usage
in the field with a small processor, especially when
more sensor pairs are involved. For example, the
laboratory example for the eight-sensor prototype
(Fig. 1) required an inversion for 120 parameters.
Thus, the method is not practical for processing
copious data in a routine setting in a seismically
active area. We have, therefore, developed and
tested a simplified approach to the inverse prob-
lem described above to make it fast, effective,
and simple to program. In this approach, we even
do not need to introduce any parametrization for
the transfer function ratios tI( f ), tII( f ), and tII,I( f )
but only assume that they are smooth. The ap-
proach is further based on the assumption that
(1) the result of inversion is much more sensitive
to the ratios tI( f ) and tII( f ) of the transfer func-
tions within the individual sensor pairs than to
the “mixed” transfer function ratio tII,I( f ), and (2)
the finite differences and corresponding rotation
rate components are not very different from the
starting model characterized by tI( f ), tII( f ), and
tII,I( f ) equal to complex unity (or, if available,
values measured in the laboratory). With these
starting values, we independently calculate the
two sides of Eq. 9:

x1( f ) = RI
1( f ) − RI

2( f )tI( f ),

x2( f ) = tII,I( f )(RII
1 ( f ) − RII

2 ( f )tII( f )).
(11)

In the next step, we insert their average

a( f ) = (x1( f ) + x2( f ))/2 (12)
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Fig. 2 Synthetic example
using a full inversion:
a four synthetic
velocigrams simulating a
four-sensor Rotaphone
recording, including a
theoretical rotation rates
and the influence of
sensor variability; b the
original (theoretical)
rotation rate (dashed) and
the rotation rate
calculated using our
calibration technique
(gray solid). For
comparison, the figure
also shows the average
space derivative derived
from the two sensor pairs
of the four-sensor
Rotaphone before
calibration (dotted)

into Eq. 11 instead of x1( f ) and x2( f ). This yields
new estimates of tI( f ) and tII( f ) keeping tII,I( f )
fixed at its initial value. The next step is smoothing
of tI( f ) and tII( f ) and obtaining new x1( f ) and
x2( f ) from Eq. 11. We again calculate their av-
erage, insert it into the left-hand sides of Eq. 11,
and obtain new estimates of tI( f ) and tII( f ), it-
erating until the difference between x1( f ) and
x2( f ), after each smoothing of the transfer func-
tion ratios, drops below a prescribed tolerance
over the frequency range of interest. The main

advantage of this approach is that it does not
require any parameterization of transfer function
ratios. Moreover, the “mixed” transfer function
ratio is kept equal to its initial value and does not
enter to the calculation. Consequently, the calcu-
lation is simpler than that of the full inversion,
thus reduces computing time by a factor of ∼60.
We illustrate the simplified calibration technique
and compare it to the full inversion method for
the same synthetic example as in Fig. 2. Figure 3
shows the synthetic vertical axis rotation rate
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Fig. 3 Synthetic example
of full and simplified
inversion results:
synthetic vertical axis
rotation rate calculated
using the full-inversion
technique from Fig. 2
(dashed) is compared to
the rotation rate
calculated using our
simplified calibration
(gray)

calculated with the full inversion technique
(dashed) and the rotation rate calculated by the
simplified calibration (gray). The good match of
the results is evident.

4 Laboratory calibration tests

We subjected our Rotaphone to elaborate test-
ing at the Albuquerque Seismological Laboratory
(ASL), US Geological Survey. ASL has excel-
lent facilities to test seismic sensors, including
rotational, over a wide frequency band. The lab-
oratory measurements not only can be used to
check instrument response to a pre-defined rota-
tion (e.g., on a rotating table) but they can also
provide valuable measurements of the frequency
characteristics of the individual geophones and
their mutual differences. These measured charac-
teristics can be used to correct the data from the
individual geophones prior to the in situ calibra-
tion. Thus, we start the inversion for Eq. 9 with
starting values of the transfer function ratios much
closer to reality than without such laboratory
measurements.

To estimate the ratios between geophone trans-
fer functions in each the four pairs of geophones
(see Fig. 1), we used ambient Earth noise as a
convenient wide-band input signal (we compute
only spectral ratios between parallel geophones so
they are insensitive to the spectrum of Earth noise
input to geophones.) We recorded several hours
of this ambient noise while periodically shifting
the Rotaphone’s azimuth by π/4 so that every
pair twice occupied each azimuth. We then took
the spectral ratio for a given pair of geophones,
smoothed it for a sliding 4-s window, and averaged
over all the azimuths to obtain a transfer function
ratio for that pair insensitive to noise directional-
ity. The results are four spectral ratios shown in
Fig. 4, each smoothed over those hours and each
representing the transfer function ratio between
two geophones located on opposite sides of the
Rotaphone, the pairs differenced to estimate the
vertical axis rotation rate.

Figure 5 shows the settings for the laboratory
experiment in which the Rotaphone was attached
to a rotational shaking table. The Rotaphone was
placed either in a center or off-center position, in
Fig. 5, the off-center shift is 6 in. (15.24 cm). The
motion of the table was a computer-controlled
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Fig. 4 a Amplitude ratios
and b phase differences
between the two
individual geophones
constituting each pair.
These are mean spectral
ratios for inputs of
ambient Earth’s noise

series of succeeding sine waves of different fre-
quencies at a given amplitude level (a short
example is shown in Fig. 6). Besides this har-
monic shaking, a “random” motion of the ta-
ble was made by hand. A fiber optic gyroscope
(FOG; μFORS-1 Base Module, Northrop Grum-
man LITEF GmbH) is visible in Fig. 5 behind the
Rotaphone; this FOG was the primary reference
sensor.

Figure 6a shows an example of harmonic
computer-controlled shaking at a frequency of
8 Hz and amplitude of 1.4 mrad/s with the Rota-
phone shifted off-center by 3 in. (7.62 cm). The
corresponding torsion (vertical axis rotation) rate
measured by the reference FOG is shown as the

dotted black line. The rotation rate measured by
the Rotaphone is shown as the gray line. Thanks
to this off-center shift, the Rotaphone is subjected
not only to rotational but also to translational
motion. In contrast to the rotation, for which we
need to subtract the records from the geophones
of a given pair, to obtain the translation at the
center of the Rotaphone, we have to sum them
(take the average). While for the rotation, after
proper calibration, there is no difference between
differential motions from each pair of geophones,
for translation, we do obtain different values from
different pairs since each pair measures transla-
tion in a different direction. For a given harmonic
input, all the translational components must have
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Fig. 5 Laboratory test on the vertical axis rotational shak-
ing table: experimental setting with our eight-sensor Ro-
taphone (in off-center position) and reference fiber optic
gyro (far edge)

the same frequency (8 Hz, in our case) as the
rotation and must be in phase with it. The dotted
line in Fig. 6b shows the tangential translational
velocity at the Rotaphone center, 7.62 cm from
the center of rotation. One of the geophone pairs
(geophones 3 and 7, see Fig. 5) measured this
component directly, and no projection into this
tangential direction is necessary. This measured
translation velocity can be compared to the in-
stantaneous tangential velocity derived from ro-

tation rate measured by the Rotaphone simply by
multiplying by the off-center shift 7.62 cm. In ab-
sence of any other translational inputs, these two
velocities must be identical, which is confirmed by
Fig. 6b (the two results are within a line thickness
of one another). This experiment is a good test of
the Rotaphone measurements since each of the
velocities in Fig. 6b is obtained by independent
processing, the black dotted curve comes from
summing the paired geophone records, and the
gray curve comes from subtracting the data, and
moreover, all the geophones contribute.

Figure 7 concerns an input motion produced
by hand. In this way, we were able to achieve
somewhat wider frequency band than for the
monochromatic signal discussed above. In this
experiment, the Rotaphone was mounted on the
shaking table with an off-center shift of 6 in.
(15.24 cm). Figure 7a compares the vertical rota-
tion rates from the reference FOG (dotted black)
and from the Rotaphone (gray). Both records are
narrow band-pass filtered from 5 to 11 Hz to mini-
mize the FOG noise (the FOG is not designed for
such low amplitudes). Even so, noise remains, for
example, at the beginning of the FOG time series
before the significant motion starts. The noise
contaminates the whole reference record, making
comparisons difficult in some parts of the records.
Therefore, we prefer Fig. 7b as more diagnostic.
As with Fig. 6b, Fig. 7b compares the tangential

Fig. 6 Laboratory test on the vertical axis rotational shak-
ing table: a comparison of the 8-Hz harmonic rotation
signal measured by the Rotaphone (gray) and FOG (dotted
black), b comparison of instantaneous, tangential, transla-

tional velocity of the Rotaphone (centered 7.62 cm from
rotation axis) inferred by direct Rotaphone measurement
(dotted black) or rotation rate and radius (gray)
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Fig. 7 Laboratory test on the vertical axis rotational shak-
ing table for an input rotation signal produced by hand,
measured a by the Rotaphone (gray) in the 15.24-cm off-
center position (black) and by the reference FOG (dotted

black), b comparison of instantaneous, tangential, transla-
tional velocity of the Rotaphone (centered 15.24 cm from
rotation axis) inferred by direct Rotaphone measurement
(dotted black) or rotation rate and radius (gray)

velocity of the Rotaphone center obtained from
the measured angular velocity and known radius
with the transverse velocity of that point obtained
as the average of the least and most distant trans-
verse geophones. Figure 7b shows an excellent
match between these two quantities.

5 Rotation records from seismic sources

From May to June 2010, our seismic sensor (Ro-
taphone) was deployed at the station Nový Kostel
(NKC) in West Bohemia (Czech Republic). The
station is involved in the local seismic network
WEBNET, operated jointly by the Institute of
Geophysics and the Institute of Rock Struc-
ture and Mechanics, Czech Academy of Sciences,
within the CzechGeo/EPOS project. The position
of the station and the loci of the seismic events
discussed below are shown in Fig. 8.

The region around Nový Kostel (and neighbor-
ing Vogtland region of Germany) is known for
micro-earthquake swarm activity. The last impor-
tant swarm occurred there at the end of 2008,
but even during calm periods between swarms,
isolated small shallow earthquakes occur. Mea-
surements at station NKC have provided us with
several rotational records from very local seismic
events with ML ≤ 1.

Figure 9 shows the small earthquake of 9 May
2010, 13:44:37 UTC. Its local magnitude was ML =

0.3, epicentral distance 1.4 km (cf. Fig. 8), and
depth 7.6 km. In Fig. 9, the vertical axis rotation
rate (bottom) is shown with the two horizon-
tal translational velocity components (transverse,
middle; and radial, top), all recorded with the
same Rotaphone. Note that the signal-to-noise
ratio for this event is about 20. All the records
here and below are filtered by a high-pass second-
order Butterworth filter with a cut-off frequency
of 2 Hz, the frequency above which the geo-
phones used provide reliable records (have ap-
proximately flat transfer function). In Fig. 13a
(discussed later), we see the filtered amplitude
spectrum of the rotation rate (black) compared
with the one of the transverse velocity component
(gray) from this event. Note the higher-frequency
content in the rotation rate compared to the trans-
lational velocity, which is related to the fact that
rotation represents a derivative of translation.

In Fig. 9, we see that at the time of the P-
wave onset in the radial component (2.07 s, see the
dashed line), the rotation is negligible. Also the
transverse component does not exceed the noise
there. However, no later than about 180 ms after
P onset, we see a rotation signal on the order of
10−7 rad/s. This signal derives from P-to-S conver-
sion near the Earth’s surface. This converted wave
is visible also on the transverse component. This
phase is relatively pronounced in both transverse
and rotation components since the P wave is also
relatively strong in comparison with the multiply

Appendix B

85



J Seismol

Fig. 8 Map of the West
Bohemia/Vogtland
seismically active region
showing the position of
the Nový Kostel station
(NKC) and loci of the
events discussed (inset)
together with the broader
geographic context

reflected and scattered P-waves in the following
two seconds. The transverse and rotation compo-
nents have multiply reflected and scattered P-to-S
converted waves in this post-P time window. An-
other interesting feature is the S-to-P converted
wave immediately before the S-wave onset. This
wave converts to P near the Earth’s surface and
is seen in the radial component at 3.09 s (the
second dashed line) but is visible neither in the
transverse component nor in the vertical rotation
rate at that time. The strongest rotational signal
appears in the main S-wave group starting at
about 3.15 s (the third dashed line). The maximum
recorded amplitude of the vertical axis rotation
rate is 2 μrad/s. The rotation rate maximum is
later than the S-wave maximum in the horizon-
tal translational components. The surface waves,
which should also carry a substantial rotational
signal, are not well developed because the source
is almost 8 km deep and the instrument was close
to the epicenter (1.4 km).

The next example is of several micro-
earthquakes from the vicinity of Bad Brambach
(Vogtland, close to the Czech-German border)
recorded at station NKC in May 2010. Figure 10
shows seismograms of one small earthquake of 17

May 2010, 18:42:57 UTC, with a local magnitude
of 0.9. The epicenter of this event is at a distance
of 11 km and a depth of 10.5 km. Again, the figure
shows the vertical axis rotation rate together with
the radial and transverse translational velocities
recorded by the geophones constituting the
rotational sensor. Many features seen in Fig. 9
are present here too, including the near-surface
S-to-P conversion preceding the S-waves (at
about 4 s). One difference is that P onset and
some of the P-to-S converted energy are masked
by noise in Fig. 10. P and P-to-S weakness
appears to be a manifestation of the radiation
pattern. While in Fig. 9 P was relatively strong,
the event in Fig. 10 is near the P-wave nodal
plane. The scattered P waves on the radial and
the scattered P-to-S conversions in the transverse
and rotation components (about 1.5 s after the
P-wave onset) are comparable to those seen in
Fig. 9. A noticeable difference with respect to
the event in Fig. 9 is a considerably larger time
shift between the rotation rate maximum and the
S-wave maxima in the horizontal translational
velocity components. Surface waves are not
seen for this event either because its epicentral
distance is comparable to its depth.
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Fig. 9 Micro-earthquake
near Nový Kostel, 9 May
2010, 13:44:37 UTC,
ML = 0.3, distance =
1.4 km, depth ∼8 km. The
radial and transverse
translational velocity (top
and middle) and the
vertical axis rotation rate
at the bottom

Figure 11 presents a detailed view of the S-
wave group rotation rate from this and two other
Bad Brambach earthquakes. The figure also pro-
vides the dates and local magnitudes of these
events. Their foci are nearly identical at 11 km
distance from the station. We assume that their
mechanisms are very similar to one another, and
a hypothesis is supported by the similarity in the
S waveforms in Fig. 11. Note that while these
three waveforms are very similar, they differ sig-
nificantly from the waveform at the bottom of
Fig. 9. Local magnitudes of these three events

vary from 0.9 to 0.3, and rotation rates scale with
magnitude, as expected, from 1.5 to 0.3 μrad/s
(note that for the weakest event the signal-to-
noise ration is about 2.5).

Figure 12 shows two translational and one ro-
tational records as in Figs. 9 and 10 from a blast
at Vintířov quarry, 15 km east of the station. The
blast was on 3 July 2010, at 10:43:59 UTC, and
its local magnitude was 2.5. Because the blast
was fired at the Earth’s surface, the waves prop-
agated through very complex, shallow subsurface
structures, so the records are qualitatively quite
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Fig. 10
Micro-earthquake near
Bad Brambach, 17 May
2010, 18:42:57 UTC,
ML = 0.9, distance =
11 km, depth ∼10 km.
The radial and transverse
translational velocity (top
and middle) and the
vertical axis rotation rate
at the bottom

different from earthquake records in the previous
figures. The P-wave onset is visible in the radial
component (at about 3.4 s) but hidden by noise
in the transverse and rotation records. This P-
wave propagated as a diffracted wave through a
structure with a strong subsurface velocity gra-
dient (Málek et al. 2005) and is relatively weak
since most of the energy propagated in the form
of multiply reflected and scattered waves immedi-
ately beneath the surface. P is visible on all the
seismograms from 4 s and obscures the arrival
of diffracted S leaving its onset indistinct. The
second dashed line at ∼5.3 s corresponds to the

theoretical S not as read from the seismograms.
The Love wave onset appearing at the same time
in the transverse component is also hidden by
noise.

The Rayleigh wave in the radial component
appears to arrive ∼0.5 s later. Dispersion of the
surface waves is apparent in both translational
components; surface waves dominate the trans-
lational records. In contrast to previous figures,
there is no distinctive maximum in the rotation
rate record in Fig. 12. The rotation rate has no-
ticeably higher-frequency content than the trans-
lational components.
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Fig. 11 Vertical axis
rotation rates due to
three micro-earthquakes
near Bad Brambach, May
2010, ML = 0.3 − −0.9,
distance = 11 km, depth
∼10 km. Only main
S-wave group is shown

Figure 13 compares amplitude spectra of the lar-
gest event from each area: (a) the earthquake near
Nový Kostel, ML = 0.3, May 9, 13:44:37 UTC;
(b) the earthquake near Bad Brambach, ML =
0.9, May 17, 18:42:57 UTC; and (c) the quarry
blast in Vintířov, ML = 2.5, July 3, 10:43:59 UTC.
The rotation rate spectra (black) are compared
with the transverse velocity spectra (gray). Radial
components are not shown because the transverse
component is more relevant to rotation, as neither
should contain P-wave contributions.

For all events in Fig. 13, the frequency content
of vertical axis rotation rates is relatively higher
than that of transverse ground velocities. This

effect is the most pronounced for the blast record
from Vintířov (Fig. 13c).

The rotation rate spectrum in Fig. 13a has two
maxima: one around 20 Hz, the prevailing fre-
quency of the ground velocity record,4 and the
other around 30 Hz. The rotation rate spectrum
in Fig. 13b differs in shape, with the first maxi-
mum shifted a little to higher frequency (∼24 Hz)
and the second maximum (∼30 Hz) consider-
ably lower than in Fig. 13a. This contrast can be

4This prevailing frequency is very common for local earth-
quakes in the Nový Kostel area.
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Fig. 12 Quarry blast near
Vintířov, 3 June 2010,
10:43:59 UTC, ML = 2.5,
distance = 15 km, depth
0 km. The radial and
transverse translational
velocity (top and middle)
and the vertical axis
rotation rate at the
bottom

explained as an attenuation effect since the
hypocentral distance of the Bad Brambach event
is about double that of the Nový Kostel event.

The spectral noise for the Vintířov blast
(Fig. 13c) is just due to the fact that the spectrum
was calculated from longer seismograms than in a
and b. Nevertheless, overall shape of the rotation
rate spectrum in Fig. 13c is similar to that in
Fig. 13b. The two events have different source
type (quarry blast compared to tectonic event).
Moreover, the structure through which seismic
waves propagate also differ considerably between

the two events. For the Bad Brambach earth-
quake, most of the energy comes from depth and
rays are nearly vertical at the Earth’s surface
because of a strong velocity gradient reported
by Málek et al. (2004, 2005). The Vintířov blast
energy largely propagates in the form of multi-
ply reflected and scattered waves guided within
complex near-surface layers. The only feature
common to the two events is the source–receiver
distance of about 15 km. We can only speculate
that event hypocentral distance may have the pri-
mary influence on the shapes of the rotation rate
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Fig. 13 Amplitude
spectra for a the Nový
Kostel event, 9 May 2010,
13:44:37 UTC, ML = 0.3;
b the Bad Brambach
event, 17 May 2010,
18:42:57 UTC, ML = 0.9;
and c the Vintířov blast, 3
June 2010, 10:43:59 UTC,
ML = 2.5. Vertical axis
rotation rate amplitude
spectra (black) are
compared to the
transverse translational
velocity spectra (gray)

spectra. Confirming this inference would require
systematic observations of many records.

6 Discussion, conclusions, and perspectives

We developed and tested a new rotational sen-
sor, called a Rotaphone (an older prototype was
described by Brokesova and Malek 2010). The
Rotaphone sensor system consists of multiple geo-
phones arranged in parallel pairs to allow mea-
surement of differential motions and from these

pairs to determine both translational velocities
and rotation rates. The prototype presented in
this paper is designed to measure the vertical
axis rotation rate component (torsion). The Ro-
taphone operates in a high-frequency range, in
this case above 2 Hz because we use 2-Hz geo-
phones. A unique feature of the Rotaphone is its
in situ calibration to correct for small differences
in geophone characteristics. A major advantage
of these instruments is their mobility and easy
maintenance. They also achieve high sensitivity,
up to a theoretical sensitivity limit of 10−8 rad/s.
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However, this sensitivity can be achieved only
in case of low instrumental and ambient Earth
noise; we have reached 10−7 m rad/s to date. The
device was originally developed for prospecting
purposes. When it is used in combination with
a repeating anthropogenic source, noise can be
successfully suppressed by stacking, of course.

An important advantage of the Rotaphone is
that it simultaneously measures translational ve-
locity. These collocated measurements describe
the wavefield in the vicinity of a station fully
and can be used to distinguish the individual
phases more reliably. For distant sources and
long wavelengths, these collocated rotation and
translation records can be used also to retrieve
the phase velocity and propagation direction from
single-station measurement (Igel et al. 2007) and
to sharpen tomographic images (Bernauer et al.
2009). Rotaphone measurements offer rotation
and translation records with the same transfer
functions, which makes their joint usage easier.

Laboratory testing at the Albuquerque Seis-
mological Laboratory, USGS provided absolute
and relative transfer functions between geophone
pairs (including corrections for skeleton rigidity).
These corrections precede our in situ calibration
and provide the starting values of the transfer
function ratios very close to the correct ones. The
tested prototype correctly measured the rotation
rate produced by the ASL rotational shaking ta-
ble, but the tests were restricted to a minimum
amplitude of 10−4 rad/s, four orders higher than
the theoretical sensitivity limit of our Rotaphone
and a few orders higher than the rotations caused
by small (ML ≤ 1) local earthquakes (e.g., the
West Bohemia seismoactive area). To verify Ro-
taphone data for such week events, it is necessary
to compare its output to an independent rota-
tional measurement in the high-frequency range

(above 2 Hz). The authors plan such tests for the
very near future.

The rotating shaking table produces, of course,
very little translation in contrast to real ground
motions, which are dominated by translation. To
characterize the significance of rotation, let us
introduce the rotation to translation ratio (RTR)
expressed in radians per meter. In our case, it re-
lates vertical axis rotation rate peak amplitude to
horizontal translational velocity peak amplitude
(derived from its radial and transverse compo-
nents). In the laboratory experiments, the RTR
was 6.56 rad/m during measurements with an
off-center shift of 15.24 cm (the radius of the
Rotaphone is 15 cm) and 13.12 rad/m during mea-
surements with an off-center shift of 7.62 cm.

We deployed the Rotaphone at the exist-
ing Nový Kostel seismic station, West Bohemia,
Czech Republic. We recorded rotation rates due
to both natural (micro-earthquakes) and anthro-
pogenic (quarry blast) seismic sources at epicen-
tral distances from 1.5 to 15 km. Local magnitudes
ranged from 0.3 to 2.5. The measured rotation
rates are of the order of 10−6 rad/s for the local
earthquakes to 10−7 rad/s for the blast.

The RTR values for the seismic events in
Figs. 9, 10, and 12 are given in Table 1, together
with peak translational velocities and peak verti-
cal axis rotation rates. The largest RTR value was
detected for the nearest Nový Kostel event from
Fig. 9; its focus is situated almost directly beneath
the station. For the Bad Brambach event in Fig. 10
at almost twice as large hypocentral distance,
the RTR is significantly smaller. The blast from
Vintířov, at about the same distance from the sta-
tion at the Bad Brambach event, has an extremely
small RTR, about 20% of that of the Nový Kostel
event, suggesting that for local events, the RTR
factor depends on hypocentral distance, source

Table 1 The maximum vertical rotation rate amplitude
�3 in comparison to the maximum horizontal transla-
tional velocity vH = √

(vR)2 + (vT )2 derived from radial

and transverse components. Note that all these quantities
refer to particle motion in the horizontal plane. The RTR
(Rotation to Translation Ratio) is the ratio �3/v

H

Event �3 (μrad/s) vH (μm/s) RTR (rad/m)

Nový Kostel (ML = 0.3; May 9, 13:44:37) 2.0 2.0 1.0
Bad Brambach (ML = 0.9; May 17, 18:42:57) 1.6 2.5 0.6
Vintířov (ML = 2.5; Jul 3, 10:43:59) 0.9 3.8 0.2
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type, and probably on radiation pattern and ge-
ological structure along the wavepaths. More sys-
tematic investigation of additional field records is
necessary.

A new tri-axial Rotaphone prototype, a 6DOF
sensor, is being developed. The basic principle of
this new device is the same as that explained here,
but the skeleton is of a different shape to allow
the geophones to be arranged both in horizontal
and vertical planes. In the near future, we plan
to apply these 6DOF instruments to investigating
induced seismicity in the salt works of Provadia,
Bulgaria and in a systematic study of rotational
seismic motions in the West Bohemia/Vogtland
region.
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We have developed and tested (calibration, linearity, and cross-axis errors) a new six-degree-of-

freedom mechanical seismic sensor for collocated measurements of three translational and three ro-

tational ground motion velocity components. The device consists of standard geophones arranged in

parallel pairs to detect spatial gradients. The instrument operates in a high-frequency range (above

the natural frequency of the geophones, 4.5 Hz). Its theoretical sensitivity limit in this range is 10−9

m/s in ground velocity and 10−9 rad/s in rotation rate. Small size and weight, and easy installation

and maintenance make the instrument useful for local-earthquake recording and seismic prospecting.

© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4747713]

Rotational seismology is an expanding discipline, emerg-

ing in the past decade and attracting attention throughout

the seismological community. Data can be obtained using

very sensitive ring laser gyroscopes1 but these instruments are

very expensive and demanding of maintenance. One can also

use small-aperture arrays of standard seismic instruments2 to

measure translational ground motion components and, in ad-

dition, the estimates of spatial ground motion gradients from

which rotation and strain can be derived, yielding a complete

ground motion description. Both of these approaches are ap-

plicable to low-frequency recording, the ring laser technology

up to 1 Hz, and the small-aperture arrays up to few Hz (de-

pending on the array aperture, usually from tens to hundreds

meters). Neither approach offers flexibility sufficient for rou-

tine field measurements.

Thus, there is a need for sensitive, accurate, and portable

rotational sensor. Preferably the sensor would provide

collocated records of translational and rotational ground

motion components. One such a device, based on diferencing

records from proximal geophones attached in parallel pairs

to a massive rigid disk, was presented by Brokešová and

Málek3 and Brokešová et al.4 The rigid connection between

individual sensors in the system, besides being closely spaced

(up to ∼10% of the prevailing wavelength), offers a different

approach from array-derived rotations in that the rigidity

eliminates strain and the components Äi of rotation rate are

simplified to spatial gradients: Ä1 = ∂v3/∂x2 = −∂v2/∂x3,

Ä2 = ∂v3/∂x1 = −∂v1/∂x3, Ä3 = ∂v2/∂x1 = −∂v1/∂x2,

where vi denotes a velocity component and subscripts

refer to Cartesian axes (1 positive to the east, 2 positive

to the north, and 3 positive upwards). In this paper we

introduce an enhanced design of the instrument allowing

six-degree-of-freedom (6DOF) measurement with increased

sensitivity thanks to a frame of different shape, low-noise

geophones, and better analog-to-digital (A/D) converters.

Eight horizontal geophones are mounted on a cubic metal

frame in two horizontal planes. The separation distance of

the parallel geophones constituting a pair for differential

motion detection is 30 cm. Moreover, one vertical geophone

of the same type is attached to one of the vertical edges of

the cube. The prototype is shown in Fig. 1 together with the

experimental setting described below.

When determining rotations differencing records from

paired geophones the rotational records are not influenced by

translational motions, however, rotational motions do contam-

inate the translational records, especially the horizontal-axis

translations, because the rotation occurs within the Earth’s

gravity field. Since we measure rotations independently, we

easily correct for this tilt-error effect upon the translational

channels.

For this new prototype we have used SM-6 geophones

by Sensor Nederland b.v. with flat response above 4.5 Hz and

sensitivity of 28.8 Vs/m. The signal is processed by a Tedia

Ltd. digitizer with a range of ±2.5 V, so the maximum range

of detectable ground velocity is 86.8 mm/s. The digitizer re-

solves 28 bits so the least significant bit (LSB) is 0.647 nm/s.

The LSB corresponds to 2.16 nrad/s in detecting the rotation

rate. Note that due to noise in real measurements we have

reached a sensitivity of about 10−7 rad/s.

Sensitivity and accuracy are conditioned on perfect cal-

ibration of the paired geophones. The main problem here

arises from the fact that the geophones used are not identi-

cal in their transfer functions, i.e., for the same input they

do not produce the same output. Differences in outputs

from individual geophones must be corrected for by calibra-

tion before the spatial velocity gradients (and rotation rates)

are determined. Calibrating in the laboratory may not pro-

vide sufficiently accurate corrections for the given purpose,

particularly given sensor aging and temperature sensitivity.

However, individual geophones can be calibrated in situ, si-

multaneously with each field measurement. Our method of

in situ calibration is described in more detail in the paper

by Brokešová et al.4 Up to the frame’s natural frequency,

the frame moves as a rigid body so the geophone pairs 1-3,

2-4, 5-7, and 6-8 (see Fig. 1) should measure the same tor-

sion (vertical-axis rotation) rate and the pairs 1-5, 3-7 and 2-6,

0034-6748/2012/83(8)/086108/3/$30.00 © 2012 American Institute of Physics83, 086108-1
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FIG. 1. Experimental setting with the cubic-shaped Rotaphone on the rota-

tional shaking table: (a) vertical-axis shaking used to measure torsion, (b)

horizontal-axis shaking used to measure tilt. White numbers denote individ-

ual geophones.

4-8 should yield the same tilt (horizontal-axis rotation) rates.

These conditions give us constraints to correct for mutual dif-

ferences between individual geophones in the system. More

specifically, this redundancy allows us to find transfer func-

tion ratios between individual paired sensors. The calibration

technique works well provided these ratios do not differ much

from their starting values (up to few percent). These starting

values can be either set equal to one (thanks to the geophone’s

characteristics similarity) or they can be measured in the

laboratory.

The presented prototype was subjected to testing at the

Albuquerque Seismological Laboratory (ASL), U.S. Geologi-

cal Survey. We used a high-precision computer-controlled ro-

tational shaking table (ARMS-260-ES16780, Aerotech Inc.,

see Fig. 1) which can operate with a vertical axis (Fig. 1(a))

or a horizontal axis (Fig. 1(b)). The motion of the table was ei-

ther a series of succeeding sine waves of different frequencies

and amplitudes or a “random” motion made by hand. A fiber

optic gyroscope (FOG; µFORS-1 143962-1000, Northrop

Grumman LITEF Ltd.) attached to the table was used as

the reference sensor. The laboratory testing revealed that the

frame of the prototype described here has two resonance fre-

quencies, 47 Hz and 50 Hz, which set the upper limit of fre-

quency we could test. Therefore, in the figures we present

results for frequencies up to 40 Hz. Note that the present in-

strument is intended mainly for microearthquake monitoring

so that we do not excite these resonances.

Figure 2(a) shows transfer function amplitude spectrum

ratios for the pairs 1-3, 2-4, 5-7, and 6-8 (cf. Fig. 1), used

to determine torsion rate (black); and those for the pairs 1-5,

3-7, 2-6, and 4-8, used to determine two tilt rate com-

ponents (gray). In Fig. 2(b) we see the corresponding

phase spectrum differences. These curves can be used as

FIG. 2. (a) Amplitude spectrum ratios for the pairs 1-3, 2-4, 5-7, and 6-8 (black) and 1-5, 3-7, 2-6, and 4-8 (gray), (b) phase spectrum differences in radians for

the corresponding pairs, (c) amplitude spectrum ratios for the pairs 1-3 (black) and 2-6 (gray) for six amplitude levels from 0.15 to 1.15◦/s, (d) phase differences

for the same two pairs and the same amplitude levels.
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FIG. 3. Vertical-axis shaking with an input signal produced by hand. Instan-

taneous, tangential, translational velocity of the Rotaphone (centered 7.62 cm

from rotation axis) inferred by direct Rotaphone measurement (black dotted)

compared to that obtained from rotation rate and radius (gray).

starting values for the in situ calibration. The figure shows

that the amplitude spectrum ratios reach maximum values of

about 1.1 (at ∼40 Hz) while phase differences peak (∼0.1 rad)

at low frequencies. Above 10 Hz the phase differences do not

exceed 0.04 rad. This measurement suggests that the mutual

differences between individual geophones are small enough

for our in situ calibration technique, and that laboratory mea-

surements are not necessary for instruments of the same de-

sign. In Fig. 2, bottom, we show the amplitude spectrum ra-

tios (c) and phase differences (d) for two selected pairs (1-3,

2-6) when measured at different amplitudes of the shaking

table motion. Each set of curves corresponds to amplitudes

varying from 0.15◦/s to 1.15◦/s (step size 0.2◦/s). These re-

sults show only slightly nonlinear behavior over this ampli-

tude range. Note that the “zig-zag” appearance of the curves

in Fig. 2(d) results from inaccuracy of about one sample in

reading times in the seismograms rather than from sensor

nonlinearity.

In torsion tests, we sometimes placed the Rotaphone in

an off-center position with respect to the shaking table axis

(in Fig. 1(a) the Rotaphone is shifted 7.62 cm off the center of

rotation in a direction perpendicular to axes of the sensors 2

and 4). In this case we can compare the instantaneous tangen-

tial velocity at the center of the Rotaphone bottom base (from

the measured torsion rate and the known radius of the point)

with the translational velocity of this central point obtained as

the average of the records from geophones 2 and 4. Figure 3

shows such a comparison in the case when the table was

shaken by hand. We see a good fit both between waveforms

and amplitudes, despite the fact that these quantities were ob-

tained by completely different ways. Note that in both cases

the records from individual sensors were corrected using our

in situ calibration method.

The following laboratory example shows a test focused

on tilting; the shake table surface was made vertical (the rota-

tional axis horizontal; Fig. 1(b)). Figure 4 shows a 16-Hz si-

nusoidal tilting measured by our Rotaphone (solid black) and

FIG. 4. Horizontal-axis shaking, comparing a 16-Hz sinusoidal rotation sig-

nal measured by the Rotaphone (black) and FOG (gray). Both tilt (solid) and

torsion (dotted) rates are shown.

by the FOG (solid gray). Except for noise in the FOG record

the curves match well. Dotted curves correspond to the torsion

(vertical-axis) rate component, that is, a cross-axis measure-

ment. While the FOG is again noisy, the Rotaphone is almost

indistingushable from zero.

In summary, we developed a new 6DOF seismic sensor

working over the range from 4.5 to 40 Hz with sensitivity

corresponding to 1 bit of order of 10−9 both in measuring

translational velocity (m/s) and rotation rate (rad/s). Thanks

to the enhanced A/D converter used, the Rotaphone’s dynamic

range is at least 120 dB.5 The instrument is easy to install and

operate in the field; its dimensions are 35 × 35 × 43 cm and

its weight 9.5 kg.

The device has been successfully tested at ASL and then

used to monitor 6DOF ground motions from shallow local

microearthquakes in various active regions (a seismic swarm

area in the Czech Republic, the vicinity of the salt-production

factory of Provadia in Bulgaria, and the Corinth Gulf rift zone

in Greece). In epicentral regions we observed rotation-rate

signals of the order 10−3 to 10−7 rad/s depending on mag-

nitude (ML from 4.3 to 1) and hypocentral distance (from 10

to 30 km). To quantify the importance of rotation rates with

respect to translational velocities, we previously introduced4

the rotation-to-translation ratios (as ratios between maximum

amplitudes of the two quantities, rad/s per m/s). To date we

have observed these ratios mostly in the range 0.1 to 0.3 rad/m

in Rotaphone’s frequency band.
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Rotaphone, a Self-Calibrated Six-Degree-of-
Freedom Seismic Sensor and Its
Strong-Motion Records
by Johana Brokešová and Jiří Málek

INTRODUCTION

Rotational seismology is attracting attention in the seismologi-
cal community including seismic engineers interested in
possible damages to man-made constructions due to strong
rotational groundmotions. Mathematically, seismic rotation rep-
resents the curl of the seismic displacement u, θ � curl u, with
Cartesian components:

θx �
1
2

�
∂uz
∂y

−
∂uy
∂z

�
θy �

1
2

�
∂ux
∂z

−
∂uz
∂x

�

θz �
1
2

�
∂uy
∂x

−
∂ux
∂y

�
: (1)

Seismic rotation, due to S waves, is nonzero even in a
homogeneous isotropic medium. The inhomogeneity and
anisotropy of seismic structures generate more complex wave-
field patterns and hence more significant seismic rotations.
Moreover, a complex seismic source can contribute consider-
ably to the rotation field, namely in a near-source zone.

In this paper we present a new six-degree-of-freedom
(6DOF) seismic sensor called Rotaphone and its strong-
motion records both from an anthropogenic source (blast)
and from a tectonic event. By strong rotational motion we
mean rotation rate of the order 10−4 rad=s and higher (accord-
ing to a common convention accepted in the seismological
community; see, e.g., Graizer, 2009). The sensor is portable,
and easy to install and operate. It has a wide dynamic range
of 120 dB; it is able to detect weak ground motions (from
the order of 10−7 in SI units) as well as stronger motions
(up to the order of 10−1 in SI units). The sensor seems to meet
requirements of operative deployment for the needs of strong
rotational ground-motion studies.

ROTAPHONE, A 6DOF SEISMIC SENSOR

Rotaphone is a mechanical sensor system for recording ground
velocity and determining the rotation rate by measuring the
spatial velocity gradients at a point. It is based on differencing
records from proximal geophones attached to a rigid frame.
The first prototypes based on this principle were presented
by Brokešová and Málek (2010) and Brokešová, Málek, and

Kolínský (2012). Those instruments measured only the
vertical-axis rotation (torsion) and two perpendicular horizon-
tal velocity components. The 6DOF instrument presented here
represents an enhanced design of those devices, capable of
measuring three components of the seismic velocity and three
components of the seismic rotation rate. It consists of twelve
low-frequency geophones with high gain (see Fig. 1). It is useful
for recording seismic motions in a frequency range from 2 to
60 Hz. A unique feature of the instrument is its self-calibration
(it is calibrated in situ, simultaneously with each measurement).
The instrument’s dimensions are 35 × 35 × 43 cm and its
weight is 9.5 kg.

In April 2011 the 6DOF Rotaphone was successfully
tested at the Albuquerque Seismological Laboratory, New
Mexico. Some results of these tests (functionality, linearity,
cross-axis sensitivity) were published by Brokešová, Málek,
and Evans (2012).

Basic Principle
The 6DOF Rotaphone consists of proximal parallel geophones
measuring ground velocity and its spatial gradients. The idea of
using paired sensors in order to obtain spatial gradients or seis-
mic rotations is well known and discussed in the literature (e.g.,
Graizer, 2009). Our approach is innovative in several features,
the most important of them being a special calibration of indi-
vidual geophones performed in situ simultaneously with each
measurement (see subsequent sections). The geophones are
mounted on a rigid cubic frame (Fig. 1). The paired geophone
records are averaged to obtain the velocities or subtracted to
obtain the gradients. Knowing the spatial derivatives of the
velocity ν, it is possible to determine the seismic rotation rate
Ω � ∂θ

∂t � curl ν, time derivative of equation (1). Thus, the
device provides collocated measurements of ground velocity
and rotation rate.

The frame moves (up to the frame’s resonance frequency)
as a rigid body so that the rotation-rate components simplify
to:

Ωx �
∂vz
∂y

� −
∂vy
∂z

Ωy �
∂vx
∂z

� −
∂vz
∂x

Ωz �
∂vy
∂x

� −
∂vx
∂y

; (2)
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because the space derivatives in parentheses in (1) are of the
same size but of opposite sign.

Both derivatives in the above expressions are of the same
relevance for the corresponding rotation rate component.
Moreover, thanks to the special arrangement of the geophone
pairs, four pairs are available for each rotation rate component,
that is, the pairs (1, 3), (2, 4), (5, 7), and (6, 8) for the torsion
rate, and so on. These multiplex data are essential for our ap-
proach. They enable us to perform in situ calibration of the
individual geophones and also to increase the sensitivity and
accuracy by suppressing the noise via stacking.

Design Features
For this prototype, SM-6 geophones (produced by Sensor
Nederland B.V.) with a natural frequency of 4.5 Hz and sen-
sitivity of 28:8 V=ms−1 are used. The frequency range is limited
from above by the first resonance mode of the cubic skeleton,
70 Hz. This limit is hardly reached with records from standard
seismic sources. The resonance frequency depends on the
material, shape, and construction of the rigid frame of our in-
strument. The value of 70 Hz has been obtained by direct mea-
surements at the USGS Albuquerque Seismological Laboratory
specialized on testing seismic instruments.

The advantage of the geophones used is a relatively high
sensitivity of 28:8 Vs=m. Thanks to advanced 28-bit A/D
converters with a range of �2:5 V by Tedia Ltd. the Rota-
phone’s dynamic range is at least 120 dB (Brož and Štrunc,
2011). Note that the geophones themselves have a dynamic
range of even 140 dB, but substracting their records at the pres-
ence of noise may decrease the dynamic range of the Rotaphone
significantly. In the case of records from proximal sources and in
the Rotaphone frequency range the differential motion ampli-
tude can be up to 100 times weaker than the translational mo-
tion, which may decrease the dynamic range of the Rotaphone
approximately to 120 dB. The largest recordable motions are of
the order 10−1 m=s and 10−1 rad=s, whereas the least detectable
motions are, in the absence of any noise, of the order of 10−9

both in translational velocities and rotation rates. Note that due
to the noise in realmeasurementswe have reached a sensitivity of
about 10−7 rad=s (J. Brokešová and J. Málek, Six-degree-of-
freedom seismic records in epicentral regions of shallow micro-
earthquakes; unpublished manuscript, 2013).

Calibration
When determining spatial gradients (and rotations) differenc-
ing records from paired geophones, the main problem is that
the geophones are not exactly the same in their characteristics.
If not perfectly calibrated, the mutual inconsistency of the
paired geophones can cause serious errors in their differential
records (e.g., Graizer, 2009).

Our method of in situ calibration exploits the rigidity of
the frame and consequential redundancy in determining the
rotational components (each of them is measured by four geo-
phone pairs), which provides the constraints for mutual cor-
recting of the geophones. The principle of the method is
similar to that described by Brokešová, Málek, and Kolínský
(2012). For example, from the two geophone pairs on the bot-
tom base of the cube (see Fig. 1a), we should obtain the same
rotation rate. Analogous constraints hold for all sides of the
cube. Alternatively, constraints for the translational velocity
in the middle of the cube can be used. For example, the velocity
component obtained by averaging from geophones 1 and 7
must be the same as from geophones 3 and 5 and similarly
for the two remaining velocity components. Not all of these
conditions are independent; altogether we have six constraints
for nine unknowns. In the frequency domain these are transfer
function ratios Ti=T jref , in which T jref corresponds to three
selected reference geophones in the system, one for each veloc-
ity component. To find the unknown functions we parame-
trize them suitably and solve the inverse problem for these
parameters. The number of parameters we use is of the order
of 10, whereas the number of equations is of the order of 1000
(6 × number of samples). This problem can be solved using
any suitable standard inverse method (for an overview see,
e.g., the book by Tarantola, 1994). We prefer applying the
so-called isometric method (Málek et al., 2007).

ROTATION-TO-TRANSLATION RATIO

The rotation-to-translation ratio (RTR) expressed in rad=m is
introduced to quantify the importance of rotational motions
with respect to translational ones in a six-component record.
We define it as the ratio between the peak amplitudes in a
given coordinate plane assuming standard Cartesian coordi-
nates x, y, z. Thus, for each six-component record we have
the z-axis RTRz, x-axis RTRx , and y-axis RTRy relating rota-
tional-to-translational motions in the coordinate planes (x, y),
(z, y), and (z, x), respectively. In seismic record processing it is
useful to rotate the general Cartesian coordinate system to
head the x axis in the radial direction (R) and the y axis in
the transverse direction (T ) with respect to the event location.
Then we consider the RTRR instead of the RTRx and RTRT

instead of the RTRy. We define

▴ Figure 1. The latest 6DOF Rotaphone prototype: (a) scheme,
(b) photo of installation. This prototype consists of eight hori-
zontal and four vertical low-frequency geophones attached in par-
allel pairs to a cubic-shaped rigid skeleton anchored to the
ground.
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RTRz � jΩzj=
����������������
v2R � v2T

q
; (3)

RTRR � jΩRj=
����������������
v2T � v2z

q
; (4)

and

RTRT � jΩT j=
����������������
v2R � v2z

q
: (5)

For the reader’s convenience, Figure 2 elucidates schemati-
cally the quantities used to define individual RTRs.

The RTRs depend strongly on frequency. Therefore, it is
useful to provide RTR values corresponding to narrow fre-
quency bands obtained by multichannel filtration. Optionally,
we simplify the definition of the two vertical-plane RTRs de-
fining RTRr and RTRt as

RTRr � jΩRj=jvT j; RTRt � jΩT j=jvRj: (6)

This simplified definition is suitable for discussing possible
contamination of the horizontal ground velocities by gravita-
tional contributions due to tilts.

SEISMIC STRONG MOTION RECORDS

Quarry Blast Record
On 23 January 2012, the Rotaphone was deployed in very close
vicinity of the limestone quarry Hvížd’alka near Prague (capital
of the Czech Republic) to record six-component ground mo-
tion due to a medium-size quarry blast. The charge consisted of
3044 kg of explosives detonated at a distance of 362 m from
the instrument with a back azimuth of 122° from the north
(see the map in Fig. 3).

Figure 4 shows the six-component record rotated to the
radial and transverse coordinate axes. To remove the frequen-
cies at which the Rotaphone does not provide reliable data, the
seismograms are band-pass filtered using the causal Butter-
worth filter of the ninth order with cut-off frequencies 1.5 and
60 Hz. In (a) we see the ground-velocity components in mm/s
and in (b) the rotation rates in mrad=s. The duration of the
seismograms is, besides the distance from the blast site, due to

6-row bench blasting with a total of 59 blastholes and with
23 ms interval of delay between adjacent blastholes. The left-
most dashed line in each column marks the P-wave onset, the
second dashed line shows the S-wave arrival identified on the
T-axis velocity. This arrival can also be seen in the rotation-rate
records, especially on the R- and T -components. S–P time
corresponds approximately to the value calculated from the dis-
tance and vP=vS ratio equal to 2, typical for surface limestone
quarries. The third dashed line indicates an S-wave arrival,
which we interpret as the signal from the fall of the free face.
It is visible on the horizontal velocity component and mainly
in the T-axis rotation rate. Note that the corresponding P-wave
arrival is seen neither in the rotation-rate records, nor in the
velocity records. It is masked by the P waves due to the sequen-
tial blasting. The rotation-rate components, except for torsion,
are visibly of a higher frequency content compared with the
velocity components. The maximum rotational signal exceed-
ing 4 mrad=s is seen on the R-axis component. It is likely due
to surface waves. However, at this small epicentral distance, it is
impossible to distinguish between surface waves and S waves
generated by the fall of the free face. No significant rotation
rate is visible on the torsion rate at this time. Torsion is the
weakest among the three components. This phenomenon is
probably a consequence of a specific source mechanism for
the given blasting method, which leads to the fall of the free
face resulting in a dominant tilting in a given direction.
Because of the general Rotaphone orientation with respect
to such direction, tilts along both horizontal axes dominate
over torsion.

An important feature of our instrument is that it measures
rotations independently of the translational components. In-
deed, when determining rotation differencing records from
paired geophones the rotational records are not influenced
by translations. However, rotational motions do contaminate
the translational records. This effect may be specially impor-
tant for the horizontal-axis translations influenced by tilts,

▴ Figure 2. Scheme of vectors used to define rotation-to-
translation ratios (a) RTRz , (b) RTRR , and (c) RTRT .

▴ Figure 3. Map of the Hvížd’alka quarry and its vicinity; star,
blast; square, Rotaphone.
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because the tilts occur within the Earth’s gravity field (e.g., Gra-
izer, 2010). In our method, we easily correct for this tilt-error
effect as we measure pure rotations. We present corrected
translational records in our 6DOF seismograms (such as those
in Fig. 4). However, as is discussed in Discussion and Conclud-
ing Remarks section, this correction is negligible for the records
presented here mainly because of the small RTR and high-
frequency content.

In Figure 5, the amplitude spectrum of the ground velocity
(gray) together with that of the rotation rate (solid black line)
is shown for (a) the z, (b) R, and (c) Taxis. The solid diamonds
are the values of RTRz, RTRR, and RTRT (from top to
bottom) according to pair (3–5) obtained after multi-
channel filtration using a sliding window 2 Hz wide. Open
diamonds in Figure 6b and c correspond to RTRr and RTRt

(equation 6), respectively. RTRz is very small over the whole
range. For low frequencies, the horizontal axes RTRs are small
(up to 0:1 rad=m) and the values according to the two defini-
tions are indistinguishable. From 15 Hz they start to grow and
the differences between the solid and open diamonds start to

appear. For higher frequencies the RTRs can reach values con-
siderably above 1 rad=m.

Local Earthquake Record
In spring 2012, we deployed our Rotaphone at the station
Sergoula (belonging to the Patras network PSLNET), situated
in the hills above the Corinth Gulf ’s north shore. The station
is operated jointly by the Charles University in Prague (Czech
Republic) and the Patras University (Greece). On 25 April, we
recorded there 6DOF seismograms from the earthquake of
ML 4.3, 10:34:12 UTC at an epicentral distance of 5 km and
depth of 11 km and back azimuth 261° (location by the Uni-
versity of Patras Seismological Laboratory, UPSL). Figure 6
shows a map of the epicentral area (inset) with positions of the
station and the event and also with the focal mechanism
solution provided by the UPSL (Efthimios Sokos, personal
comm., 2013). The map is zoomed-in from the map showing
the Corinth Gulf area in a broader geographical context.

Figure 7 shows the ground velocities in mm=s on the left
and rotation rates in mrad=s on the right. No frequency

▴ Figure 4. 6DOF record from the quarry blast on 23 January 2012. (a) Vertical, radial, and transverse ground-velocity components,
(b) z-, R-, and T-axis rotation-rate components. For details see the text.
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filtering was necessary as the prevailing frequencies of the event
are within the Rotaphone’s frequency limits. The leftmost
dashed vertical line (at 430 ms in both columns) marks the
P-wave onset read on the vertical velocity component. Direct
P-wave amplitudes are relatively weak for this event, which may
be an indication that the P wave leaves the source near one of
the nodal planes. Almost immediately after the P-wave onset,
we see a rotation-rate signal (Fig. 7b) formed by scattered and
converted waves. It is characterized by a visibly higher fre-
quency content compared to the P-wave group in the velocity
records and becomes gradually stronger in amplitude. The ra-
dial velocity component displays an interesting phase marked
as the S-to-P-converted wave. This is probably a P wave trav-
eling part of its trajectory as an S wave and converted to P on
an interface between the source and the station. As expected,
this P wave is not accompanied by any significant rotational
signal at the same time. Rotational signals from converted
and scattered waves generated by this phase follow with some
delay. The S onset is visible on the T-axis velocity component.
Similarly to the S-to-P wave, no significant onset appears in the
rotational records at that time. The largest translational ampli-
tude of 9 mm=s (seen on the T-axis velocity component) is

marked by the first dotted vertical line at 2.6 s. At that time
we can observe a peak on the z- and R-axis rotational compo-
nents; however, the maximum rotational peak of 0:7 mrad=s
comes later, at 2.9 s (the second dotted line). A significant
but not maximum peak is associated with this arrival time in
the translational records. Note that surface waves cannot be
well developed yet in this case as the depth of the source is
larger than the epicentral distance. All the rotational compo-
nents contain visibly higher frequencies than the transla-
tional ones.

Rotation-to-translation ratios are shown in Figure 8 to-
gether with the amplitude spectra of the velocity components
(gray) and rotation rates (black solid line). Note the different
vertical axes for both types of the spectra; the gray axis corre-
sponds to the gray curve. The color coding of the curves and
the symbol usage is the same as in Figure 5. We see that all the
spectra are narrower than those for the quarry blast. All the
translational spectra have maxima around 7 Hz for which also
the R- and T-axis rotational spectra peak. Other rotation-rate
peaks are around 9 Hz (namely, the R and Taxes), 13.5 Hz (the
z and T axes), and 18.5 (namely, the T axis). At low frequencies
the RTRs are a good deal below 0:1 rad=m. In general they grow
with frequency and the growth accelerates around 15 Hz,
similarly as in the case of the quarry blast, but they reach
smaller values than in that case. Significant differences between
RTRR and RTRr (Fig. 8b) and RTRT and RTRt (Fig. 8c) are
observable for higher frequencies only, above 19 and 17 Hz,
respectively.

DISCUSSION AND CONCLUDING REMARKS

We present two strong-motion 6DOF Rotaphone records, one
from a nearby quarry blast and the other one from an earth-
quake of ML 4:3 at a hypocentral distance of about 12 km.
The recorded peak values are ∼3 mm=s and ∼3:5 mrad=s from
the blast and ∼11 mm=s and only ∼0:75 mrad=s from the
earthquake. This result can be partly explained by the lower
frequency content of the records from the earthquake because
the rotation rate usually grows with frequency. Nevertheless, in
contrast to what one might expect, even for low frequencies we
observe relatively weaker rotation rates from the earthquake
than those from the blast. Figure 9 shows in detail the RTRs
(slightly smoothed) for the z, R, and T axes. In the figure, the
solid lines with solid symbols corresponding to the blast are
almost always above the dashed lines of the same color with
open symbols corresponding to the earthquake. RTR depends
on many parameters among which distance from the source
seems to play one of the most important roles. The fact that
we have obtained a higher RTR from the blast than from the
tectonic event can possibly be explained by the very short dis-
tance of the Rotaphone from the blast (362 m). Taking into
account this distance and near-surface seismic velocities typical
for limestone, we can estimate that the blast-receiver distance
varies from ∼1=2 to about double the P wavelength in the
frequency range of Figure 9. However, in the case of the earth-
quake record, the Rotaphone was situated at an distance of a

▴ Figure 5. Amplitude spectra and RTRs from the quarry blast on
23 January 2012; the solid diamonds, RTRR , RTRT , and RTRz ; the
open diamonds, RTRr and RTRt . Amplitude spectra of the (a) z-,
(b) R-, and (c) T-axis ; solid black line, rotation-rate components;
and gray, translational velocity components.
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few tens of the P wavelength. We can only speculate that
the rotational motions observable in the close vicinity of
the source attenuate very rapidly with distance. Confirming
this hypothesis would require systematic observations of many
records.

As mentioned above, we measure rotation rates free of
translations and can thus easily correct translational velocities
for the effect of rotations in our 6DOF records. In principle,
because of gravitational force, this effect may be the most

prominent in the case of horizontal translations contaminated
by tilts. Let us discuss briefly the importance of this tilt error on
horizontal translational components. It is well known that a
horizontal accelerograph, when tilted up or down, registers
the additional tilt-induced gravitational contribution g sin θ
(see, e.g., Graizer, 2005, 2010), for which g is the gravitational
acceleration and θ the tilt angle. For small seismic tilts the con-
tribution is ≈gθ. Because we measure the velocity instead of
acceleration, and the tilt rate instead of the tilt itself, we have

▴ Figure 6. Map of a part of the Corinth Gulf seismically active region showing the position of the Sergoula station (SER) and locus and
focal mechanism of the event with ML 4.3 of 25 April, 10:34:11 UTC (inset) together with the broader geographic context.

742 Seismological Research Letters Volume 84, Number 5 September/October 2013

Short-period seismic rotations and translations recorded by Rotaphone

108



to double integrate over time to obtain the correction. Hori-
zontal velocity tilt error in our case is ≈g

RR
Ωdt2 withΩ being

the rotation rate in a given direction. Taking into account the
observed RTRr and RTRt factors, the correction term is, rel-
ative to the horizontal translations, on the order of 10−2 at the
lowest frequency and 10−4 at the prevailing frequency of the
records presented in this paper.

Seismological literature includes many publications
addressing the analogy of rotational and translational records
in terms of their waveforms. Mostly, they present matching the
waveforms of the transverse acceleration and vertical-axis rota-
tion rate (e.g., Igel et al., 2007). This feature is conditioned by a
theoretical assumption that seismic waves recorded in seismo-
grams can be seen as plane waves propagating along the Earth’s
surface at a constant phase velocity. The studies investigating
this topic on real measured data concern very long epicentral
distances and very low prevailing frequencies. At small distan-
ces from the source (and, consequently, at higher frequencies)
this feature has not yet been systematically studied. The prob-

lem is much more complicated for such measurement settings.
Note that both records presented in our paper have been ob-
tained at very small distances from the source (several wave-
lengths in one case and even a fraction of a wavelength in
the other) and the plane-wave assumption is inapplicable in
such cases. Thus, matching the congruous translational and
rotational waveforms is not well founded. Therefore, in relat-
ing rotational and translational motions from a very proximal
source we are restricted to RTR. The waveform-matching
problem at local distances (first few tens of km) is briefly dis-
cussed in the paper by J. Brokešová and J. Málek, six-degree-of-
freedom seismic records in epicentral regions of shallow micro-
earthquakes, unpublished manuscript (2013).
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tions with rapid amplitude changes due to the radiation
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tional components are a linear combination of terms
proportional to translational velocity and acceleration,
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1 Introduction

Seismic records consisting of three components of trans-
lational motions, measured by standard seismographs,
have formed the basis of traditional seismology. How-
ever, the translational motions do not describe the
ground motion sufficiently. In fact, apart from the trans-
lational motions, the seismic wavefield also contains
whirls. These represent a rotational motion which can
be described by another three rotational ground mo-
tion components, supplementing the three translational
motion components. The rotational components are na-
mely the ground rotation around the vertical Cartesian
axis, usually called torsion, and two components of the
ground rotation along two horizontal Cartesian axes,
which we call tilts.

The study of seismic rotations has given rise to a
brand new seismological discipline – rotational seismol-
ogy – which has been attracting increasing attention
of the seismological community, especially in the last
decade (Igel et al., 2012). The growing interest has been
demonstrated by the publishing of two special issues
dedicated exclusively to rotational seismology in two
prestigious seismological journals (Bull. Seis. Soc. Am,
Vol 99, No. 2B, 2009, special issue on Rotational Seis-
mology and Engineering Applications, and J. Seismol,
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Vol 16, No. 4, 2012, special issue on Advances in Rota-
tional Seismology: Instrumentation, Theory, Observa-
tions, and Engineering).

The development of rotational seismology is made
possible by reliable measurements of seismic rotations.
For that reason, the focus of rotational seismology now
lies on the development of rotational instruments and
the corresponding measuring methods. Indeed, the ma-
jority of articles on rotational seismology deals with
rotational seismometry. We have recently developed a
new mechanical seismic sensor, called Rotaphone, ca-
pable of measuring both seismic rotational and transla-
tional components at frequencies above 2 Hz. The first
prototype (Brokešová and Málek, 2010; Brokešová et
al., 2012a) was designed only to measure torsion and
two perpendicular ground velocity components. Our lat-
est prototype (Brokešová et al., 2012b; Brokešová and
Málek, 2013) makes six-degree-of-freedom (6DOF) mea-
surements of three translational and three rotational
components (for details see the companion paper Bro-
kešová and Málek, 2014b, this issue). The frequency
range and sensitivity of the instrument allow us to mea-
sure seismic rotations induced by shallow local micro-
earthquakes, i.e., weak events of a high-frequency con-
tent at relatively small hypocentral distances. Although
not hazardous for man-made structures, weak ground
motions should be of our interest as they carry im-
portant information on the source of the wavefield and
the medium through which the waves propagate. Since
we are not limited by recording strong ground motions
only, the amount of 6DOF data we have collected up to
now during several-month-lasting measuring campaigns
in various regions is already quite large. So it is time to
explore and understand more profoundly the relation-
ships between the rotational and translational compo-
nents at local distances.

In this paper, the three translational components
represent components of ground velocity along three
Cartesian axes, and the three rotational components
represent three rotation rates around the three axes.
We introduce Rotation-to-Translation ratios (RTR) as
a measure of the ‘strength’ of the rotational components
compared to the translational ones. The theoretical val-
ues of RTR are found to be frequency dependent. Fur-
ther, we derive the equations formularizing the relation-
ships between the individual rotation rate components
and the relevant velocity and acceleration components
at local distances. These equations generalize the well-
known relation between the z-axis rotation rate Ωz and
transverse acceleration aη

Ωz = − 1
2c
aη (1)

(see, e.g., Igel et al., 2007 and others), where c has
the meaning of the apparent phase velocity along the
Earth’s surface. This formula, derived under the as-
sumption of a plane wave propagating along the sur-
face at constant speed c, is useful for distant earth-
quakes and low-frequency records. However, at local
distances and higher frequencies, the assumption of the
plane wave is inapplicable. In deriving our rotation-to-
translation relations we therefore assumed a spherical
wave radiated from a point source in a homogeneous
medium. Such assumption is more adequate for close
epicentral/hypocentral distances. The equations are ex-
amined and their validity is demonstrated on synthetic
examples. Special attention is devoted to the possibil-
ity of retrieving the apparent S-wave phase velocity and
real backazimuth as well as the S-wave phase velocity
along the wavepath. The presented numerical exper-
iments show that, although the equations have been
derived for homogeneous media, under certain condi-
tions they are applicable even to 1D vertically inhomo-
geneous structures.

When retrieving phase velocity by matching the cor-
responding components of the collocated rotation and
translation records, a question arises on the depth-range
sensitivity of this method, i.e., down to what depth the
velocity can be recovered in this way. In the papers by
Fichtner and Igel (2009) or Bernauer et al. (2012) it has
been shown on sensitivity kernels in synthetic models
that the resolvable subsurface volume is highly localized
below the receiver position and the sensitivity of these
techniques is restricted to shallow depths not exceeding
about one wavelength of the studied wavefield. In order
to contribute to the understanding of this important
issue we present here a specific model allowing us to es-
timate the depth-range sensitivity for a source-receiver
configuration similar to that we meet when recording
the 6DOF data in the epicentral regions of shallow mi-
croearthquakes.

The theoretical background given in this paper en-
ables us to interpret high-frequency 6DOF seismograms
from local earthquakes (with epicentral distance smaller
than 20 km), which we obtained at several localities in
Europe over the last three years (see the companion
paper by Brokešová and Málek, 2014b, this issue).

2 Seismic rotational components

Hereinafter, under seismic rotational components we
understand the components of seismic rotation rate.
Mathematically, seismic rotation rate is related to a
curl of ground velocity wavefield v, Ω = curl v. In
the Cartesian coordinate system x, y, z, the general ro-
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tation rate can be decomposed to

Ωx =
1
2

(
∂vz
∂y
− ∂vy

∂z

)
,

Ωy =
1
2

(
∂vx
∂z
− ∂vz

∂x

)
,

Ωz =
1
2

(
∂vy
∂x
− ∂vx

∂y

)
.

(2)

The individual rotation rate components refer to the
three axes about which ground particles rotate; the mo-
tion itself takes place in the coordinate plane perpendic-
ular to this axis. For example, with z being the vertical
axis, Ωz describes motion in the horizontal plane, etc.

Seismic measurements are mostly made at the
Earth’s surface (the plane z=0). Then, due to the free-
surface boundary conditions, the Ωx and Ωy are sim-
plified to (e.g., Cochard et al., 2006)

Ωx =
∂vz
∂y

Ωy = −∂vz
∂x

,

(3)

while the z-axis component remains in its general form
as in Eq. (2).

The z-axis component (rotation rate around z-axis)
is sometimes called the torsion rate, and the other two
components (rotation rates around horizontal axes) we
call here the tilt rates. Note that the meaning of the
term tilt, as being used in this paper, is more general
than that used in some other papers where tilt is under-
stood as a long-period or even static rotation around a
horizontal axis.

The rotational components in (2) or (3) represent
three rotation rates, expressed in rad/s, about three or-
thogonal Cartesian axes. Their time integrals, specified
at a given time t, have the meaning of instant rotation
angles around these axes. These angles represent three
independent elements defining the tensor of infinitesi-
mal rotations as an anti-symmetric part of the second
rank tensor of ground motion gradients, see, e.g., Teis-
seyre (2012) or Lee et al. (2009).

3 Rotation to translation relations

In our previous papers we quantified the importance
of rotational motions with respect to translational ones
using the so-called rotation-to-translation-ratio (RTR),
expressed in rad/m. We define RTR as the ratio of the
peak rotation rate amplitude to the peak ground veloc-
ity amplitude. We express RTRs for coplanar motions
in the three Cartesian coordinate planes. Thus, we have
three RTR values for each six-component record. The

z-axis RTRz relates the peak rotational amplitude to
the peak translational amplitudes in the horizontal co-
ordinate plane (x,y)

RTRz = max(|Ωz|)/max
(√

v2
x + v2

y

)
. (4)

Similarly, the x-axis RTRx and y-axis RTRy refer to the
motion in vertical coordinate planes, (z,y) and (z,x),
respectively

RTRx = max(|Ωx|)/max
(√

v2
y + v2

z

)
, (5)

RTRy = max(|Ωy|)/max
(√

v2
x + v2

z

)
. (6)

Note that in the examples of earthquake records shown
below we rotate the general Cartesian coordinate sys-
tem to head the x-axis in the radial direction (ξ) and
the y-axis in the transverse direction (η) with respect
to the event location.

The RTRs depend strongly on frequency. Therefore,
it is useful to provide RTR values corresponding to
multiple-filtered records obtained by using a sequence
of narrow-band filters (for the method of the multiple
filtering see Koĺınský and Brokešová, 2007). Accord-
ing to our observations, RTRs are further influenced
by hypocentral distance, source type, radiation pat-
tern, structure along the wavepath, local structure in
the source region and site effects.

Although we consider RTR as a very important pa-
rameter whose value can be used in the future to iden-
tify certain source or structural features in the 6DOF
records, in this paper we would like to investigate the
rotation to translation relations further. In the liter-
ature on rotational seismology there are publications
addressing the analogy of rotational and translational
records in terms of their waveforms. Especially, match-
ing the transverse acceleration and vertical-axis rota-
tion rate waveforms (e.g., Igel et al., 2007 and others)
is presented as the way to retrieve certain structural pa-
rameters (e.g., phase velocity along the Earth’s surface)
from the collocated rotation and translation measure-
ments. Matching these waveforms is conditioned by a
theoretical assumption of a single plane wave propa-
gating along the surface at a constant phase velocity.
Indeed, the studies on real measured data confirm the
waveform analogy for very long (teleseismic) epicentral
distances and very low prevailing frequencies. However,
in this paper we concentrate on 6DOF seismograms at
small hypocentral distances and in the range of higher
frequencies in which our instrument operates. For such
case the plane-wave assumption is inapplicable and thus
the above mentioned matching of the congruous trans-
lational and rotational waveforms is not well-founded.
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Let us start our considerations assuming a homoge-
neous, unbounded, isotropic, elastic medium. Without
losing generality let us assume a point source at the
origin (0,0,0) of Cartesian coordinates (x, y, z). As in
a homogeneous isotropic space no rotation can be as-
sociated with P waves, let us concentrate on S waves.
Let us assume a spherical S wave propagating with a
constant velocity β. Ground velocity v associated with
this wave can be expressed as

v(x, y, z, t) =
V(x,y, z)

r
F

(
t− r

β

)
, (7)

where r =
√
x2 + y2 + z2 represents the distance from

the source. Amplitude decay factor 1/r corresponds to
spherical wavefront spreading. F denotes a suitable an-
alytical signal (e.g., a complex exponential function).
Vectorial amplitude V can be interpreted as the am-
plitude on the focal sphere with unit radius. It is influ-
enced by directional radiation from the source, i.e. by
the source radiation pattern. Let us consider two take-
off angles from the source defined in the same way as in
a standard spherical coordinate system with the origin
at the point source, i.e. the polar angle θ = arccos(z/r)
and the azimuth angle φ = arctan(x/y). The amplitude
primarily depends on these two angles describing the
given direction from the source, V(θ, φ), but as these
angles depend on Cartesian coordinates of the receiver,
the amplitude can be written as V(x, y, z).

The individual rotation rate components can be ex-
pressed using (2) with the components of (7) inserted.
At the Earth’s surface, the Ωx and Ωy components are
simplified as in Eq. (3). We have to consider that, at the
presence of the free surface, the vectorial amplitude V
in (7) is no more influenced by the directional radiation
pattern only. The amplitude should be replaced with V̄
to indicate that it is also influenced by the presence of
the surface. This influence depends on the angle of inci-
dence γ which is, however, in a homogeneous halfspace
equal to the polar take-off angle from the source, γ = θ.

Considering the components of (7), with V̄ replac-
ing V, the three rotation rate components then read

Ωx =
∂vz
∂y

=
(

1
V̄z

∂V̄z
∂y
− y

r2

)
vz−

y

rβ
az,

Ωy = −∂vz
∂x

=
(
− 1
V̄z

∂V̄z
∂x

+
x

r2

)
vz+

x

rβ
az,

Ωz =
1
2

(
∂vy
∂x
− ∂vx
∂y

)
=

1
2

(
1
V̄y

∂V̄y
∂x
− x

r2

)
vy

+
1
2

(
− 1
V̄x

∂V̄x
∂y

+
y

r2

)
vx

− x

2rβ
ay +

y

2rβ
ax,

(8)

where ai, i = x, y, z denotes acceleration components,
ai = v̇i (dot notation is used to indicate time deriva-
tive).

At local distances (up to several km), at lower fre-
quencies (up to a few Hz) and at locations with rapid
amplitude changes due to the radiation pattern (e.g.,
in the vicinity of nodal planes in the case of a double-
couple source), none of the terms in (8) can be, in gen-
eral, neglected.

Assume that the epicentral distance is small enough
for the angle of incidence γ not to exceed the critical
angle equal to arcsin(β/α), where α denotes the P-wave
velocity. Then the velocity components vx and vy have
the same waveform and differ from each other only by
magnitude (i.e. they are linearly dependent, vx = Cxvy)
and the same holds for the two horizontal accelerations
(ax = Dxay). We can write

Ωx = C̃11vz + C̃12az,

Ωy = C̃21vz + C̃22az,

Ωz = C̃31vy + C̃32ay,

(9)

with

C̃11 =
(

1
V̄z

∂V̄z
∂y
− y

r2

)
, C̃12 = − y

rβ
,

C̃21 =
(
x

r2
− 1
V̄z

∂V̄z
∂x

)
, C̃22 =

x

rβ
,

(10)

and

C̃31 = 1
2

[(
1
V̄y

∂V̄y
∂x − x

r2

)
+ Cx

(
y
r2 − 1

V̄x

∂V̄x
∂y

)]
,

C̃32 = 1
2

[
Dx

y
rβ − x

rβ

]
.

(11)

In principle, when the coefficients C̃12 and C̃22 are
evaluated from the above equations, the real backaz-
imuth ψ = π+φ (φ denotes the azimuth) can be deter-
mined from C̃22/C̃12 = −x/y = −tan(ψ).

In this study we focus on the possibility to retrieve
β from these equations. To achieve this goal, any of the
three equations in the system (9) can be used. In each of
the above equations, there are two unknown coefficients
C̃i1 and C̃i2 (i = 1, 2 or 3 depending on the selected
equation) which should be determined first, utilizing
the directly measured rotation rate and ground velocity
components, and acceleration components derived from
ground velocity by time derivative. Then, we can deter-
mine β from the coefficients C̃i2 provided we know the
position of the source with respect to the receiver. The
coefficients do not depend on time and so we can use
these equations for as many time steps in seismograms
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as we need to make the problem sufficiently overdeter-
mined in order to find reliable solution. Note that, in
practice, the length of a time window considered is lim-
ited by the requirement to deal with one single S wave
(for which the equations have been derived) not being
masked with other phases in the seismograms.

The importance of the particular terms in (9) de-
pends both on the frequency content (at higher fre-
quencies acceleration dominates over velocity) and on
the values of the C̃ij coefficients. In general, the coeffi-
cients C̃i1 decay more rapidly with epicentral distance
than the coefficients C̃i2. For r/vz � β/az in (8), the
terms decaying as r2 can be neglected with respect to
those decaying as r. At a very large epicentral distance
(much greater than the source depth) the spatial deriva-
tives of amplitude C̃i1 tend to zero with increasing epi-
central distance as the polar angle θ and the angle of
incidence to the Earth’s surface approaches to π/2 and
so infinitesimal increments in x and y correspond to
negligible changes of the take-off angle and incidence
angle. At such a large epicentral distance ∆ and in the
frequency range of our measurement (above 2 Hz), the
z-axis rotational component, for instance, can be ap-
proximated as

Ωz ≈ C̃32ay. (12)

Similar equations can be written for the remaining two
rotation rate components Ωx and Ωy.

As it is demonstrated below on synthetic examples,
in small epicentral distances the velocity terms play an
important role in the equations (9) and cannot be ne-
glected. Even in such a case, however, we can avoid
considering the velocity terms when determining C̃i2
by specifying the equations (9) at a time tv=0 at which
velocity vanishes. An advantage is that as velocity and
acceleration are mutually phase-shifted by π/2, at a
time tv=0 acceleration reaches approximately its peak
value. For example, Ωz then satisfies the equation

Ωz(tv=0) = C̃32ay(tv=0) (13)

and analogous equations apply to the tilt rate compo-
nents Ωx and Ωy. This procedure usually works well
with synthetic data but when processing real records
we prefer working with full waveforms in (9).

If we know the backazimuth from which the wave
comes, it is suitable to rotate the Cartesian coordinate
system so that x → ξ and y → η where the ξ-axis
points in the radial direction (from the epicenter to the
observation point) and the η-axis is transverse. Then,

for a receiver at (ξ, 0, z), ξ = ∆, the equations (8) read

Ωξ =
1
V̄z

∂V̄z
∂η

vz = C11vz,

Ωη =
(
− 1
V̄z

∂V̄z
∂ξ

+
∆

r2

)
vz+

∆

rβ
az = C21vz + C22az,

Ωz =
1
2

(
1
V̄η

∂V̄η
∂ξ
−∆
r2

)
vη−

1
2

1
V̄ξ

∂V̄ξ
∂η

vξ −
∆

2rβ
aη

= C31vη + C32aη,

(14)

where, in analogy to (10)-(11),

C11 =
1
V̄z

∂V̄z
∂η

, C21 =
(
∆

r2
− 1
V̄z

∂V̄z
∂ξ

)
, C22 =

∆

rβ
,

(15)

and

C31 =
1
2

[(
1
V̄η

∂V̄η
∂ξ
−∆
r2

)
− Cξ

1
V̄ξ

∂V̄ξ
∂η

]
, C32 = −1

2
∆

rβ

(16)

with Cξ = vξ/vη.
The first of the equations (14) differs from the other

two in absence of the acceleration term. This feature
offers the possibility to find the real backazimuth ψ by
rotating the horizontal axes to obtain the best wave-
form match between the radial-axis rotation rate and
vertical velocity.

Note that 1/C22 = βr/∆ = β/sin(γ) has the phys-
ical meaning of the apparent S-wave velocity βa along
the Earth’s surface. Similarly, −1/2C32 = βa. These
quantities are analogous to the βa introduced and stud-
ied on synthetic models by Fichtner and Igel (2009).

In the ξ, η, z Cartesian system we can decompose the
S-wave ground velocity amplitude to the SV-component
USV in the plane ξ − z (being, at the same time, the
plane of incidence to the surface), and the SH-component
USH in the transverse direction. Then, V̄ in Eqs. (14)-
(16) is V̄ = (qξ|USV |, 2|USH |, qz|USV |), where qξ and
qz are given by analytical formulas for the S-wave free-
surface coefficients of conversion (see, e.g., Červený,
2001).

For the same reasons as explained above, at a very
large epicentral distance ∆ (compared to the source
depth) the velocity terms can be neglected. As ∆/r ≈ 1
for such a large ∆, we come to the relations

Ωξ ≈ 0,

Ωη ≈
1
β
az,

Ωz ≈ −
1

2β
aη.

(17)

Appendix E

119



6 Johana Brokešová, Jǐŕı Málek

Note that the last equation in (17) describes the match-
ing of the transverse acceleration and vertical-axis ro-
tation rate waveforms in exactly the same way as in
the well-known formula which has been derived under
the assumption of a plane wave propagating along the
Earth’s surface (e.g., Igel et al., 2007 and others). Igel
et al. (2007) also propose a possibility to determine the
real backazimuth (direction from which the wave really
propagates) by maximizing the correlation between Ωz
and aη. Measuring tilt rates besides the torsion rate of-
fers another possibility. Eqs. (17) allow us to suggest
an alternative approach to determining the real back-
azimuth from measured rotational data: by minimizing
Ωξ. This approach can be applied also in the cases when
the velocity terms cannot be totally neglected (e.g.,
at moderate epicentral distances) but the acceleration
terms dominate over them (e.g., because of a higher
frequency content in the records).

For smaller epicentral distances, we should use full
equations (14) to retrieve β. In certain cases we can
again use with advantage the method of specifying the
equations at particular times tv=0 of zero velocity (as
explained above) even when the velocity terms gener-
ally cannot be neglected. Then, e.g.,

Ωz(tv=0) = − ∆

2rβ
aη(tv=0). (18)

The method described above is, however, conditioned
by the existence of just one single wave propagating
with a velocity β. In real seismograms this condition is
hard to satisfy for S waves due to the presence of re-
flected/converted and scattered waves which may mask
the direct S wave. To minimize these problems we have
to restrict ourselves to a relatively short time interval
after the direct S-wave arrival. In such a short time in-
terval, there may not be a sufficient number of velocity
null-points to get reasonably accurate results because of
noise. Then using not only isolated time instances but
a whole time interval (even relatively short) according
to (14) is preferable. For receivers proximal to the epi-
center we, moreover, prefer using the third equation of
(14) rather than the second one to suppress possible
contamination with P-waves.

The third equation in (14) and Eq. (18) are exam-
ined with a focus on β retrieval on simple synthetic
examples in the next Section.

4 Synthetic examples

In this section we demonstrate the possibility of retriev-
ing β from equations (14) or (18) with several simple
synthetic examples. Simplicity of these examples allows

us to examine certain properties of the solution with-
out being obscured by complexities in the structure or
source models.

4.1 Homogeneous halfspace

Let us start with a homogeneous half-space character-
ized by β = 3.204 km/s, α/β = 1.78 (α standing for
P-wave velocity) and density ρ = 2.5 g/cm3. At the
depth of 5.5 km, there is a point double-couple source.
On the surface, there is a line profile of equidistant re-
ceivers with the epicentral distance ranging from 0.5 to
10.5 km. Let us consider the profile to lie along the E-
axis of the Z,N,E Cartesian system with the origin at
the epicenter. Let us further identify the E-axis as the
radial axis ξ and the N-axis as the transverse axis η
in the equations (14). The double couple is specified by
the strike, dip, and rake equal to 90◦, -61.4◦, 0◦, respec-
tively. The S-wave radiation pattern of a double couple
oriented in this way is shown in Fig. 1. In this case, no
SV waves (P waves neither) are radiated to the profile,
which means that the only non-vanishing ground veloc-
ity component is the η-component. Thus, for the given
double-couple orientation, Ωξ and Ωη vanish along the
profile and Ωz can be simplified as

Ωz =
1
2

(
1
V̄η

∂V̄η
∂ξ
− ∆

r2

)
vη −

∆

2rβ
aη = C31vη + C32aη

(19)

with

C31 =
1
2

(
1
V̄η

∂V̄η
∂ξ
− ∆

r2

)
(20)

and C32 being the same as in (16). The advantage of the
specific double-couple orientation in our simple model is
that 2D modeling (taking into account the point source)
can be applied to generate synthetic seismograms. In
this study, we use the ray method for its conceptual
simplicity and the possibility to treat individual ele-
mentary waves independently. Moreover, dealing only
with the transverse components vη and aη allows us to
avoid any problems with ray method singularities due
to the presence of the Earth’s surface, which could af-
fect other ground motion components in the vicinity of
the critical angle of incidence γcrit = arcsin(β/α). Note
that one of the nodal planes of the given double cou-
ple (the fault plane) intersects the profile at epicentral
distance of about 3 km.

When calculating synthetic seismograms along the
profile, we consider the Gabor signal in Fig. 2 as a
source-time function (in the ray method it represents
a slip-rate function). The prevailing frequency fM of
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Fig. 1 SV (left) and SH (right) radiation pattern of the double couple with strike 90◦, dip -61.4◦ and rake 0◦ (the angles
defined according to Aki and Richards, 1980). Receivers are situated in the plane (ξ, z), ξ-axis points to the East, z-axis points
upwards.

Fig. 2 Source time function (slip rate) used in synthetic calculations: Gabor signal with prevailing frequency fM = 10 Hz (a)
and its amplitude spectrum (b). Amplitudes correspond to a point source with the scalar moment M0=109 Nm.

that signal is 10 Hz. To determine the spatial deriva-
tives ∂vη/∂ξ, necessary to evaluate Ωz, by taking finite
differences would be difficult for such a high-frequency
signal. The procedure would require shooting rays ex-
tremely close to the ray ending at a given receiver of the
profile to guarantee sufficient accuracy of Ωz. Despite
the fact that the ray take-off angles can be calculated
analytically in a homogeneous medium, the intrinsic ac-
curacy of the ray code used could be a limiting factor in
this task. Therefore, we prefer an alternative approach
to determining the spatial derivatives along the profile,
the approach based on the spatial Fourier transform.
For this purpose, we extended the profile used to cal-
culate the spatial derivatives to suppress edge effects
within the original profile and decreased the receiver
spacing to 100 m. Preliminary tests using an analytic
solution for a homogeneous unbounded medium showed
that the spatial derivatives along the given profile, cal-
culated by the Fourier approach, are by at least two
orders of magnitude more accurate than those calcu-
lated by the finite-difference approach. Synthetic seis-

mograms of vη and Ωz (obtained by the Fourier trans-
form method) for the target profile are shown in Fig.
3. The nodal (fault) plane at the epicentral distance of
∼ 3 km is clearly manifested in the seismograms by zero
amplitude of both vη and Ωz.

Fig. 4 shows, in a black solid line, β determined from
these synthetic data using Eq. (19). The phase veloc-
ity β, calculated from (18), i.e., neglecting the veloc-
ity terms, is shown in gray. We see that both methods
break down at epicentral distance of 3 km, where cal-
culated β drops to a very low value of 1781 m/s, due
to extremely low amplitudes in an immediate vicinity
of the nodal (fault) plane. Except for that receiver, rel-
atively correct β values have been obtained from both
equations. Small deviations of the solid black line from
the dashed line (exact value) do not exceed 0.5 %. They
are caused by a slight inaccuracy in the calculation of
rays and ray travel times. Gray line deviations are a lit-
tle greater (up to 1.1 %) for the closest receivers, other-
wise they are similar to those of the black line. This is
caused by relatively small ∆ (with respect to depth) in
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Fig. 3 Synthetic seismograms of vη (a) and Ωz (b) along the profile in the homogeneous halfspace. The peak amplitude within
the whole profile is written in the top right corner.

Fig. 4 Homogeneous halfspace: β retrieved from synthetic data. Results according to (19) are shown in black solid while the
results from (18) are shown in gray. The dashed line indicates the correct β value.

the numerator of C32, which leads to a slight decrease
in accuracy when using (18). The fact that (19) works
better at the closest receivers may indicate that even
for the prevailing frequency of 10 Hz the contribution
of the velocity term in (19) is not negligible.

Besides of the prevailing frequency, another impor-
tant factor controlling the dominance of the particu-
lar terms in (19) are the magnitudes of the coefficients
C31 and C32. The coefficients are shown in Fig. 5. An
abrupt increase of |C31| in the vicinity of the nodal
plane is clearly visible. Apart from that, |C31| grad-
ually decreases with growing epicentral distance. At
∆=0.5 km, |C31| = 2.2×10−4 m−1, while at ∆=10 km,
|C31| = 6×10−5 m−1. This decrease corresponds to the

decrease in the amplitude derivative
1
V̄η

∂V̄η
∂ξ

with ∆ in

(19). Note that the term∆/r2 does not contribute much
even at a small epicentral distance because of the source
depth of 5.5 km. On the contrary, the magnitude of the
second coefficient, |C32|, increases with ∆. For a very
large ∆ it would approach its asymptotic value 1/2β =
0.156 s/km. Note the different scales on vertical axes in
Fig. 5, the axis for C32 is scaled in km−1 while the one
for C31 in m−1. At ∆=0.5 km, |C32| = 1.2×10−5 sm−1,
which is, nominally, 18× less than |C31|. This means
that at lower frequencies, the term proportional to vη
dominates in (19) over the one proportional to aη. At
a frequency of about 2 Hz (the lowest frequency in our
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Fig. 5 Homogeneous halfspace: The coefficients C31 (gray) and C32 (black) along the profile.

Table 1 The first seven layers of the 1D model used in the
second synthetic example. The model is inspired by the struc-
ture inferred from seismic tomography for the Aigion region,
Gulf of Corinth, Greece, by Lattore et al. (2004).

Layer No. Depth range β α/β ρ
km km/s g/cm3

1 0 – 2.9 2.40 1.78 2.16
2 2.9 – 3.8 2.84 1.78 2.70
3 3.8 – 4.5 2.89 1.78 2.70
4 4.5 – 5.0 2.92 1.78 2.70
5 5.0 – 6.0 3.01 1.78 2.80
6 6.0 – 6.5 3.12 1.78 2.80
7 6.5 – 7.0 3.17 1.78 2.90

Rotaphone measurements) the velocity term would be
still greater than the acceleration term. Its importance
in (19) decays with frequency, but even for 10 Hz in our
example it influences a little the accuracy of retrieved
β in the beginning of the profile.

4.2 1D model with homogeneous layers

Homogeneous medium is only rarely an adequate ap-
proximation of a real structure. To make our synthet-
ics somewhat closer to reality, in the next example we
replace the homogeneous halfspace by a 1D model con-
taining homogeneous layers in which β grows with depth.
However, we still use the equations derived for homo-
geneous medium to retrieve β from the synthetics.

The structure model is a modified version of the 1D
model inferred for the Gulf of Corinth by Lattore et al.
(2004). In the following, we use the abbreviation name
LAT for the structure. One of the reasons for choos-
ing this model is that in the paper by Brokešová and
Málek (2014b, this issue) we present data recorded in

the same region. Its subsurface structure is specified in
Table 1. As in the previous example, we again consider
a point double-couple source at a depth of 5.5 km and
the equidistant set of receivers on the surface, situated
along the line profile, with epicentral distances rang-
ing from 0.5 km to 10.5 km. The source is shown as a
star in Fig. 6. The figure shows also seismic rays going
through the structure and terminating at the individual
receivers of the profile. In contrast to the homogeneous
model, here the rays are not single-straight but polyg-
onal lines turning up to the surface.

In this example we considered a different dip of the
double-couple source compared to the previous example
in order not to complicate the wavefield by the presence
of the nodal line within the profile. The dip was 28.6◦,
the strike and rake were set the same as for the homo-
geneous model so that only SH waves are radiated to
the profile. The wavefield is shown in Fig. 7, specifically,
the components vη and Ωz.

Fig. 9 shows, in a black solid line, β retrieved from
the synthetic data in Fig. 7 using equation (19). At the
smallest epicentral distances the retrieved β is higher
than that in the first layer (2.4 km/s, dashed line in
the figure) by about 9 %. The error grows up to about
15 % at the end of the profile. One might expect that
this is due to an ’averaging’ of β across a depth range
including the first and a part of the second layer (with
β = 2.84 km/s). This is, however, not true. The meth-
ods based on relating the z-axis rotation rate and the
transverse acceleration amplitudes are sensitive only to
a local relatively shallow structure beneath the receiver
(Fichtner and Igel, 2009). This feature is also investi-
gated at the end of this Section.

There is another reason why we obtained an over-
estimated β in the LAT model (compared to the value
in the first layer). The problem is in the way we have
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Fig. 6 Seismic rays of a direct S wave in the LAT model.

Fig. 7 Synthetic seismograms of vη (a) and Ωz (b) along the profile in the LAT model. Peak amplitude within the whole
profile is written in the top right corner.

extracted β from C32, which was determined from syn-
thetics as if it had been determined from synthetics as
it would be determined from real data. In extracting β
we used the known source depth and ∆. The depth is,
however, shallower than it would be in a homogeneous
medium with the same parameters as the first layer in
the model LAT (see Fig. 6). As the method ’sees’ only
a small shallow part of the structure, highly localized
around the given receiver, the correct procedure would

be to consider a virtual depth which would correspond
to a straight-line ray in a homogeneous halfspace (which
was assumed when deriving equations (8) – (18)) re-
placing the real structure but keeping its parameters
at shallow depths. The virtual depth can be found by
straightening the ray terminating at a given receiver
and finding its intersection with the vertical passing
through the epicenter. In other words, we can calculate
the virtual depth from the known epicentral distance
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Fig. 8 Model LAT: β retrieved from synthetic data. Results according to (19) without correction are shown in black solid
while the results after correction for virtual depth are shown in gray. Dashed line indicates β value in the first layer.

and the angle of incidence at a given receiver. Note that
the virtual depths determined in this way may vary, in
general, from one receiver to another. Taking into ac-
count the virtual depths instead of the real depth leads
to the corrected values of β shown in Fig. 9 in gray solid
line. We see that with an accuracy comparable to that
we have seen for the homogeneous halfspace, correct β
of the first layer in the LAT model is retrieved along
the whole profile. This example shows that even though
the real structure may be far from being homogeneous,
the simple equations derived in the previous Section
for a homogeneous model can, in principle, provide the
correct value of β in the vicinity of a given receiver.

4.3 Depth-range sensitivity

In this subsection we examine to what depth we can
retrieve β by the method of matching the waveforms
according to Eq. (19). In other words, we are interested
in what depth range the resulting β is representative
for. For this purpose we constructed a sequence of ten
1D layered models which differ from each other only in
the depth of a thin low-velocity subsurface layer (see
Tab. 2). The thin layer parameters are α0 = 1068 m/s,
β0 = 600 m/s. Under the thin layer, there is a layer
with α1 = 1780 m/s, β1 = 1000 m/s, the thickness of
which also varies from one model to another so that the
total thickness of the first two layers together is 1 km
in each of the models. Below 1 km, there is a layer 1.9
km thick characterized by the velocities α2 = 4270 m/s,
β2 = 2399 m/s. Below the depth of 2.9 km the model is
identical with that considered in the previous example,
see Tab. 1. Density is 2.69 g/cm3 throughout the whole
structure.

Table 2 The thin surficial layer thickness in the 1D models
used in the third synthetic example. The wavelengths λ = 100
m and λ′ = 60 m correspond to the thin layer and the next
layer below, respectively, and to the prevailing frequency fM
of 10 Hz.

Model No Absolute Relative Relative
thickness [m] thickness [λ] thickness [λ′]

1 150 1.50 2.50
2 120 1.20 2.00
3 90 0.90 1.50
4 60 0.60 1.00
5 48 0.48 0.80
6 36 0.36 0.60
7 24 0.24 0.40
8 12 0.12 0.20
9 6 0.06 0.10
10 3 0.03 0.05

The synthetic data were calculated using the dis-
crete wavenumber method (Bouchon, 1981) as the ray
method, utilized in the previous examples, cannot be
applied to models containing thin layers. The prevail-
ing frequency fM of the source-time function was 10 Hz.
A double-couple source with strike -87◦ , dip -77◦ and
rake 0◦ was considered at a depth of 5.5 km, i.e. in the
seventh layer from the top (in all the considered mod-
els). The particular orientation of the double couple is
chosen in order to obtain strong SH waves within the
profile in the radial direction and, at the same time, a
relatively weak SV wave but strong enough to allow us
to determine the angle of incidence in the same way as
when working with real data. The nodal (fault) plane,
projected to the profile, is at the epicentral distance of
∼ 1 km for the specified dip.
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Fig. 9 Model No 4, the receiver at the epicentral distance of 1 km: (a) The particular terms in (19) in a short time window
after the S-wave onset: the aη-term (dashed), the vη-term (solid). Both terms include the corresponding coefficients in the
equation as being calculated in the time window shown in gray; (b) Balance of (19) in a short time window after the S-wave
onset: z-axis rotation rate (solid) is compared to r.h.s. of the equation (dotted). The coefficients in the r.h.s. were calculated in
the window shown in gray. The aη acceleration waveform (dashed) is shown for comparison; (c) Balance of the third equation
of (14) in the whole seismogram: z-axis rotation rate (solid) is compared to r.h.s. of the equation (dotted).

A thin surficial layer represents a very specific struc-
tural feature resulting in a very complex wavefield con-
taining a lot of multiply reflected/converted waves in-
terfering within the layer. Fig. 9c provides, as an ex-
ample, a seismogram at an epicentral distance of 1 km
for model No 4 (60 m thick surficial layer). The direct
S wave, coming at t = 2.69 s, is preceded by an S-to-P
wave, converted at the bottom of the thin layer. The

direct S wave itself is relatively weak compared to the
later phases in the seismogram. The reason is that the
wavepath is very close to the nodal plane. The later
phases are associated with reflected waves (either from
the surface and the bottom of the thin layer, or from
the interfaces below the source) leaving the source in a
different direction than the direct S wave. That is why
they are stronger in amplitude. In this study, however,
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we are not interested in the complex wavefield as such
but we focus on a short part of the seismogram after the
direct S-wave onset with the aim to analyze the direct
S wave alone, not contaminated much with the other
phases.

For the same model and receiver, Fig. 9a shows the
individual terms in the r.h.s of (19), multiplied with the
coefficients C31 and C32 as being calculated in the short-
time window indicated in gray. The acceleration term
(dashed) is greater in amplitude than the velocity term,
but not enough for the velocity term to be neglected.
The reason is the small epicentral distance in the nomi-
nator of C32 and the relatively large space derivative of
the spherical wave amplitude in C31 in a close vicinity
to the nodal plane. Fig. 9b shows the balance of the
l.h.s. (z-axis rotation rate, solid) and r.h.s. (superposi-
tion of the velocity and acceleration terms, dotted) of
(19). The two waveforms correlate very well (the corre-
lation coefficient is 0.999) within the time window indi-
cated in gray. For comparison, Fig. 9b provides also the
transverse acceleration (dashed) to demonstrate that
the acceleration alone cannot constitute the rotation
rate waveform. Besides the difference in shape, note
the time shift between the solid and dashed curves. This
time shift can be eliminated only by adding the velocity
term. Fig. 9c shows a relatively good correlation of the
l.h.s. and r.h.s. even outside the short time window used
to calculate the coefficients, especially for certain wave-
groups. These S-wavegroups, propagating at the same
phase velocity as the direct S wave, are very likely to
come to the given receiver at a very similar angle of
incidence so that their apparent velocity is also similar
to that of the direct wave.

The main goal of this numerical experiment is to de-
termine the minimum thickness of the subsurface layer
affecting the resulting β. Until our method yields the
correct β0 in the shallowest layer, the depth-range sen-
sitivity is within the depth range corresponding to the
thickness of the layer. Note that, in this example, we
were not interested in the complexity of multiply re-
flected/converted waves but we analyzed only short parts
of the records, immediately after the direct S-wave on-
set.

Eq. (19) provides the coefficient C32 from which the
apparent velocity βa along the Earth’s surface can be
uniquely determined. However, to obtain β (the S-wave
phase velocity) underneath the observation point, we
need to find the angle of incidence and, consequently,
the virtual source depth (as explained in Sec. 4.2). In
real data processing, the only possibility to estimate
the S-wave angle of incidence is to analyze the particle
motion in the ξ − z plane (vertical-radial) for a short
time window after the direct S-wave onset. The win-

dow should be long enough to allow the angle to be
determined but short enough not to contain other S-
wave phases associated with reflected/converted waves.
In our synthetic experiment we used an analogous ap-
proach to working with real data in order to obtain the
incidence angle.

Fig. 10 shows a sequence of S-wave particle motions
in the ξ − z plane at the epicentral distance of 7 km,
induced by a point double-couple source at the depth
of 5.5 km, for all the considered thin-layer thicknesses.
The double-couple strike, dip and rake were -80◦, 28◦

and 0◦, respectively. The reason for this particular ori-
entation is to obtain SH waves strong enough to yield
an accurate solution of Eq. (19) but also moderate SV
waves allowing us to find reliably the angle of incidence.
The thickness of the thin layer may be related to the
wavelength λ of the wave incident from bellow to this
layer or to β0/fM having the meaning of the ’wave-
length’ λ′ directly at the surface. For a thin surficial
layer (thinner than β0/fM ), the first option is more suit-
able while for a thick surficial layer, the second option
is more natural. For a thicker surficial layer, the par-
ticle motion indicates a linearly polarized wave. With
decreasing layer thickness the wave becomes elliptically
polarized, which makes the incidence angle determina-
tion somewhat less accurate although still possible. For
a very thin layer the wave seems to become linearly
polarized again because the influence of the thin layer,
much thinner than the wavelength, is becoming almost
negligible.

Tab. 3 presents the apparent velocities βa, obtained
from (19), angles of incidence at the receiver with the
epicentral distance of 7 km and, finally, the phase ve-
locity β we were seeking for.

The apparent velocity βa remains nearly constant
for all models. The phase velocity along the wavepath,
β, is close to the correct value β0 in models 1 – 4,
for thinner surficial layers it grows with the decreas-
ing thickness because of the growing angle of incidence
γ and, consequently, the decreasing virtual depths.

The final results of the numerical experiment are
shown in Fig. 11. β is plotted against the layer thick-
ness expressed in various ways: as the absolute thickness
in m or as the relative thickness referring to wavelength
defined in the two manners mentioned above. The wave-
lengths are derived from velocity and the prevailing fre-
quency (fM = 10 Hz). The incident-wave wavelength λ
is of 100 m while the wavelength λ′ immediately below
the surface is 60 m. It can be concluded that up to the
thickness of 0.6 λ, the sensitivity of the method match-
ing the waveforms according to Eq. (19) is localized
inside the thin surficial layer. For thinner layers, the
retrieved β exceeds the value of 600 m/s (correspond-
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Fig. 10 S-wave particle motions in the ξ − z plane at the receiver with the epicentral distance of 7 km (for details on the
model see the text). The individual diagrams correspond to different surficial layer thicknesses. The thickness decreases from
the left to the right and from the top to the bottom.

Table 3 The velocities βa and β retrieved from the models containing a thin surficial layer, see Tab. 2.

Model No 1 2 3 4 5 6 7 8 9 10

βa [m/s] 3300.9 3319.7 3331.3 3319.6 3349.1 3331.0 3323.8 3323.8 3334.8 3326.6

γ [deg] 11.49 9.69 11.11 8.37 12.64 11.20 14.55 13.28 16.58 17.67

β [m/s] 657.3 558.9 642.0 483.1 733.0 647.0 835.2 763.5 951.5 1009.8

ing to the thin layer) as the method ’sees’ the part of
the layer bellow. For the thicknesses less than 0.1 λ′,
the retrieved β reaches the value corresponding to the
layer bellow the thin surficial layer.

Our results from this experiment are in a good agree-
ment with the sensitivity kernels published by Fichtner
and Igel (2009) or Bernauer et al. (2012). In those pa-
pers the authors show that the βa sensitivity of SH
waves is highly localized in a close vicinity of the re-
ceiver, with a depth range even less than the wave-
length.

4.4 RTR in the homogeneous and 1D models

Fig. 12 shows how the rotation-to-translation ratios
RTRz (defined in Sec. 3) depend on frequency for both
the homogeneous and the LAT models. To obtain these
results, the synthetic data have been subjected to mul-
tiple filtering (see Koĺınský and Brokešová, 2007) using
Gaussian filters slightly broadening towards higher fre-
quencies. The central frequency of these filters is the

prevailing frequency plotted along the horizontal axis
in Fig. 12. The figure is plotted for two selected epi-
central distances, 1 km and 7km. RTRz linearly grows
with frequency. The slope in Fig. 12 is (π∆)/(rβ). That
is why it is steeper for model LAT compared to the
homogeneous one (because of lower subsurface veloc-
ity) and for the more distant receiver compared to the
closer one. Note that in reality the frequency depen-
dencies of RTRs are much more complicated, which is
caused mainly by the complexity of the wavefield (su-
perposition of many waves masking each other in the
seismograms).

Fig. 13 displays the z-axis RTR at the epicentral
distance of 7 km for the layered model No 4. Up to
the frequency of ∼ 18 Hz, the RTR depends linearly
on frequency and the slope corresponds to the veloc-
ity of 1000 m/s (the second layer from the top). Above
this frequency the slope increases as a consequence of
the lower velocity (600 m/s) in the thin surficial layer
which starts to influence the coefficient C32 through
the increasing angle of incidence. This example demon-
strates that the RTR diagrams can be non-linear even
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Fig. 11 β retrieved from Eq. (19) utilizing the incidence angle estimates from Tab. 3. The values (circles) are determined for
the ten structural models considered in the numerical experiment with different thicknesses of the thin surficial layer. The β
values are plotted against the thicknesses represented in various ways: by absolute depth ranges (upper abscissa) or by relative
thicknesses expressed in λ (lower abscissa, labeled from bellow) or λ′ (lower abscissa, labeled from above). For details see the
text.

Fig. 12 Frequency dependence of the z-axis RTR at two epicentral distances, 1 (diamonds) and 7 km (circles), for the
homogeneous (HOM, open symbols) and LAT (filled symbols) models.

in 1D structures. Note that for real data the RTR vs.
frequency behavior is much more complex as it is shown
in the companion paper (Brokešová and Málek, 2014b,
this issue).

4.5 Discussion and Conclusions

This paper dealt with the relations between rotational
and the relevant translational components. We have de-
rived equations formularizing these relations, which are
suitable for near-source regions characterized by small
epicentral/hypocentral distances. In such cases, the re-

lations known in the literature, being derived under
the assumption of a plane wave propagating along the
Earth’s surface at constant phase velocity (e.g., Igel et
al., 2007, Cochard et al., 2006) are not satisfied. In our
derivation we assumed a spherical wave radiated from
a relatively shallow point source buried in a homoge-
neous, isotropic, elastic halfspace. Although the model
is still only a rough approximation of reality, it is much
more adequate to describe the rotation-to-translation
relations when the epicentral distance is of the same
order of magnitude as the source depth.

The equations are discussed in detail and verified
by synthetic tests performed using the ray or discrete
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Fig. 13 Frequency dependence of the z-axis RTR at the epicentral distance of 7 km for the layered model No 4 with a 60-m
thick surficial layer.

wavenumber methods. They allow us to determine, from
a single-point measurement, the apparent S-wave phase
velocity βa along the Earth’s surface and the real back-
azimuth ψ from which the S wave propagates. The eas-
iest way of determining the backazimuth is matching
the waveforms of the radial-axis tilt rate and the ver-
tical ground velocity component. Knowing the angle
of incidence γ, the equations enable us to determine,
moreover, the wavepath S-wave velocity β below the
receiver.

In the synthetic experiments we discussed the im-
portance of the individual terms in the rotation-to-
translation relations, particularly the importance of the
terms proportional to velocity and those proportional
to acceleration. We have found that the velocity terms
cannot be, in general, neglected. Especially, the velocity
terms can play an important role in the equations for
receivers situated near the epicenter or near the nodal
planes, provided the frequency content is not too high.
Another factor which may suppress the terms propor-
tional to acceleration is a high value of the subsurface
β.

The equations have been derived assuming a ho-
mogeneous structure which is far from the real geol-
ogy. A 1D vertically inhomogeneous structure would
be a more proper approximation. Therefore we have
tested the applicability of our equations in a layered
model. Thanks to the fact that the apparent velocity
βa, obtained by matching the relevant rotational and
translational waveforms, is representative for a shallow
subsurface structure only, it is possible to retrieve βa
(and β ) even from data calculated for a 1D layered
model, provided we replace the structure with a homo-
geneous halfspace characterized by the same subsurface
parameters. This procedure requires evaluating the vir-

tual source depth, corresponding to the homogeneous
model, from the angle of incidence.

The key aspect of the applicability of the β-retrieval
in 1D vertically inhomogeneous structures is thus the
depth-range sensitivity of the method. We designed a
special numerical experiment elucidating this issue. By
considering a set of 1D models with thickening surficial
layers we have estimated the depth-range sensitivity as
localized down to the depth not exceeding one wave-
length.

An alternative and more robust way to characterize
the rotation-to-translation relations is to determine the
RTRs, defined in Sec. 3. The advantage of this approach
is that the RTRs do not need any structural model to be
adopted as they are evaluated directly from the data.
In reality, the RTRs depend primarily on frequency,
but also on the source type, epicentral/hypocentral dis-
tance, site effects, etc. Using our synthetics we have
proven that, in homogeneous or simple 1D structures,
the frequency dependence of the RTRs is linear as pre-
dicted by the rotation-to-translation equations. The slope
of the corresponding curve is proportional to the epi-
central distance ∆ and inversely proportional to the
wavepath phase velocity β. In models containing thin
layers, the RTR behavior can be more complicated.

The theoretical background presented in this paper
helps to analyze real 6DOF seismograms obtained in
various seismotectonic regions. The companion paper
(Brokešová and Málek, 2014b, this issue) provides three
examples of real data analyses of the records at local
epicentral distances.
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under the receiver is discussed. Rotation-to-translation
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local microearthquakes were obtained in various Euro-
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case studies, analyzed in detail, include various geo-
logical structures and seismograms recorded at various
epicentral distances from 0.7 km to 14.9 km. Also the
source depth varies from 4.8 to 10.4 km. The first case
is an event from the West Bohemia intraplate seismic
swarm region. The seismogram was recorded only 0.7
km from the epicenter. This case shows the complex-
ity of rotation-to-translational relations near the epi-
center. The second case is from the Corinthian Gulf
active-rift region. The study confirms the expectation
of the theory concerning rotations connected with the
direct S wave, however, difficulties follow from a very
complex 3D geological structure in the vicinity of the
station, complicated by a distinctive topography with
steep slopes of the hills. The third example is from
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1 Introduction

Rotational seismology and seismometry have attracted
more and more attention throughout the seismological
community especially in the past decade (Igel et al.,
2012; Lee et al., 2009). The main concern of these new
seismological branches is to measure reliably rotational
components, namely rotation rates of ground motions.
In order to describe completely the ground motion in a
close vicinity of a given point, it is necessary to know
the rotational components together with translational
components (measured by classical seismographs) and
strain components (measured by strainmeters or small-
aperture arrays).

Seismic rotations are associated predominantly with
S waves (at local epicentral distances) and surface waves
(at greater distances). In theory, even in a homoge-
neous, isotropic, elastic unbounded medium, there are
rotations induced by S waves, i.e., the S wavefield is not
a conservative vector field. In reality, structural inho-
mogeneities may considerably strengthen seismic rota-
tions, at least locally. The rotational character of the
wavefield may be also significantly affected by the com-
plexity of the seismic source. That is why it is worth-
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while to study seismic rotational components in near-
source regions.

There are three basic approaches to the measure-
ment. All of the approaches have their specific pros and
cons. The first is the application of laser gyroscopes, the
so-called ring lasers (e.g., Stedman, 1997, Schreiber et
al., 2003). These devices are the most sensitive, capa-
ble of achieving sensitivity of 10−12 rad/s (Schreiber,
2009), but they measure only one rotational compo-
nent (in most cases the vertical-axis rotation). They
work at low frequencies (below 1 Hz) and can record
rotation rates resulting from earthquakes at distances
of thousands of kilometers. On the other hand, they are
the most expensive and complicated to acquire, install,
operate and maintain. They are not useful for near-
source measurements in which the records are usually
of a high-frequency content, i.e., most information is
carried by frequencies out of the ring-laser frequency
range.

The second approach utilizes small-aperture seismic
arrays consisting of standard seismographs (usually ve-
locigraphs or accelerometers) which operate indepen-
dently. Their use is limited to relatively long wave-
lengths (low frequencies) and is determined by certain
criteria derived from the separation distance of the indi-
vidual seismographs. Similarly as with ring lasers, this
frequency restriction represents a serious difficulty in
near-source measurements. The array measurements of
seismic rotations are less precise compared to the ring-
laser measurements. In determining the rotational rate,
the sensitivity can reach 10−8 rad/s in certain cases
(Suryanto et al., 2006), but many practical difficulties
complicate the current application of this methodology.

The third approach to rotational measurement rep-
resents a new trend in rotational seismometry. The trend
responds to the urgent need for small, portable and rela-
tively low-cost sensors which measure at a point and are
easy to install and operate so that they can be deployed
anywhere very fast and at a high number. They are
usually based on electro-chemical (Nigbor et al., 2009),
fiber-optic (Jaroszewicz et al., 2011, Velikoseltsev at al.,
2012), hydraulic (Jedlicka et. al., 2012) or mechanical
principles (Knejzĺık et al., 2012, Moriya and Teisseyre,
2006, and papers by Brokešová and Málek cited below).
Their sensitivity is comparable to that of the arrays but
the high flexibility of their operation opens up to many
interesting seismological applications in researching the
seismic source and geological structure.

We have developed a new device belonging to the
last category of portable, flexible sensors. It has been
developed under close cooperation of Charles Univer-
sity in Prague, Czech Republic, and the Institute of
Rock Structure and Mechanics, the Academy of Sci-

ences of the Czech Republic. It is a mechanical in-
strument measuring spatial gradients by means of el-
emental sensors (geophones). Geophones are routinely
used in seismic exploration but in our case they are
arranged in parallel pairs, mounted on a rigid frame.
The geophones operate at higher frequencies (not be-
low 2 Hz), which determines the lower frequency limit
of our measurements. Our device provides collocated
measurements of translational and rotational compo-
nents which are, moreover, measured by the same in-
strument with the same response function. The instru-
ment has been called Rotaphone as it measures rota-
tional motion (apart from translations) and is based on
geophones. Its first prototype was created in 2008. It
measured seismic motion in the horizontal plane only,
i.e. two perpendicular horizontal translational compo-
nents plus rotation about a vertical axis. It has been de-
scribed in our papers Brokešová and Málek (2010) and
Brokešová et al. (2012a). In 2011, we developed a new
prototype with a much broader scope of application,
it makes six-degree-of-freedom (6DOF) measurements
of three translational and three rotational components.
It was first described briefly in a short technical note
(Brokešová et al., 2012b) and in another short paper
(Brokešová and Málek , 2013). This article provides fur-
ther details on the new prototype.

In the paper by Brokešová and Málek (2013), two
Rotaphone records of relatively strong ground motions
were presented and discussed. In the present paper, we
focus on weak motion records. The Rotaphone is not
as sensitive as the ring-laser. Its theoretical sensitiv-
ity limit in detecting seismic rotation rate is of the or-
der of magnitude of 10−9 rad/s, but in practice, at the
presence of noise, we have reached the minimum re-
liable rotational records of the order of magnitude of
10−8 rad/s. The ability to measure weak rotational mo-
tions produced by microearthquakes at local distances
(i.e., at high frequencies) is an important advantage of
the Rotaphone against certain other devices in its cat-
egory. A considerable number of weak motion records,
useful for further interpretation, can be collected in a
seismically active area during a relatively short time.
Such data should be of interest as they contain im-
portant information on the source of the wavefield and
the medium through which the wavefield propagates.
We have organized several few-months-long measuring
campaigns using the Rotaphone in various regions and
a lot of weak-motion collocated rotational and transla-
tional data are at our disposal ready for analysis and
interpretation. Their processing is in progress.

This article presents three examples of weak earth-
quakes recorded in three fairly different seismotectonic
contexts (an active rift zone, an earthquake swarm area
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characterized by post-volcanic activity, and seismicity
connected with active volcanism). The earthquakes have
been selected, among others, with regard to different
epicentral and hypocentral distances. The purpose of
the examples is not only to demonstrate the capability
of the Rotaphone to measure weak motions but also
to show some interesting seismological interpretations
that can be derived from the 6DOF seismograms. The
data analysis is based on the rotation-to-translation re-
lations presented in the companion paper (Brokešová
and Málek, 2014a, this issue). The relations are un-
derpinned by equations formularizing relationships be-
tween the individual rotation rate components and the
relevant velocity and acceleration components, which
have been derived under the assumption of a spherical
wave radiated from a buried point source. The equa-
tions, examined in the companion paper on synthetic
examples, are applied here to analyze real 6DOF data
with the aim to retrieve the apparent S-wave phase ve-
locity along the Earth’s surface and from it, possibly,
the S-wave velocity along the wavepath in a shallow
subsurface structure.

2 Basic theory

Hereinafter, under seismic rotational components we
understand components of seismic rotation rate, i.e.,
components of Ω = (1/2)curl v, where v is the ground
velocity wavefield. In the Cartesian coordinate system
x1, x2, x3 with the ξ axis pointing in the radial and the
η-axis in the transverse direction with respect to the
epicenter, the rotation rate components are

Ωξ =
1
2

(
∂vz
∂η
− ∂vη

∂z

)
,

Ωη =
1
2

(
∂vξ
∂z
− ∂vz

∂ξ

)
,

Ωz =
1
2

(
∂vη
∂ξ
− ∂vξ

∂η

)
.

(1)

Geometrically, the component index refers to the axis of
the rotational motion and the magnitude of the given
rotational component represents the angular velocity,
measured in rad/s, around the given axis. We call the
z-axis (vertical) component the torsion rate and the ξ-
and η- (radial and transverse) components the tilt rates.

In the paper by Brokešová and Málek (2014a, com-
panion paper in this issue) we introduced the so called
rotation-to-translation ratios (RTR) as a robust mea-
sure of the relative strength of the rotational compo-
nents with respect to the translational components of
the motion in the same coordinate plane. In the ξ, η, z

coordinate system, they are defined as

RTRz = max(|Ωz|)/max
(√

v2
ξ + v2

η

)
,

RTRξ = max(|Ωξ|)/max
(√

v2
η + v2

z

)
,

RTRη = max(|Ωη|)/max
(√

v2
ξ + v2

z

)
,

(2)

where ‘max’ refers to the peak value reached at a time
(not specified) after the S-wave onset. Note that rota-
tional and translational components reach their peak
values at different times as it is shown in the real-data
examples in Sec. 4. In that section, the frequency de-
pendence of these ratios is studied and discussed.

By rotation-to-translation relations we mean explicit
equations relating the waveforms of the relevant rota-
tional and translational components. An example of
such a relation is the well known formula matching
the vertical-axis rotation rate Ωz to the transverse ac-
celeration aη (e.g., Igel et al., 2007; Cochard et al.,
2006, etc.), in which the rotation rate is proportional to
acceleration with the coefficient inversely proportional
to the apparent velocity βa along the Earth’s surface:
Ωz = −aη/2βa. The formula, derived under the as-
sumption of a plane wave propagating at a constant
phase velocity along the surface, seems to describe well
the collocated rotational and translational records for
distant earthquakes. However, in the near-source region
we focus on in this study, the plane wave assumption
is, in general, inapplicable and the formula is no more
valid as demonstrated in the case studies in Sec. 4.

We have derived generalized rotation-to-translation
relations under the assumption of a spherical wave ra-
diated from a point source buried in a homogeneous
medium. The equations are presented and discussed
in detail by Brokešová and Málek (2014a, companion
paper in this issue) where they are also examined in
synthetic examples. For the reader’s convenience let
us summarize here the equations for a receiver at the
Earth’s surface at the point (∆, 0, 0) in the ξ, η, z co-
ordinate system

Ωξ = C11vz,

Ωη = C21vz + C22az,

Ωz = Cη31vη + Cξ31vξ + C32aη.

(3)

The coefficients are specified in Brokešová and Málek
(2014a). In this paper, only the coefficient

C32 = −1
2
∆

rβ
(4)

is of our particular interest. In the above equations,
β is the S-wave phase velocity along the wavepath,
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r =
√
∆2 + h2, h being the source depth, vξ, vη and

vz are the ground velocity components and aη, az the
acceleration components. Note that in the limit r →∞
with h� ∆, the coefficients Cij , i = 1, 2, 3 tend to zero
so that the third equation in (3) takes the form of the
aforementioned formula valid for plane-wave propaga-
tion.

In the companion paper we demonstrated using syn-
thetics, that the velocity terms in (3) cannot be ne-
glected at a small epicentral distance and/or at higher
frequencies and/or in regions of rapid changes of am-
plitudes (e.g., near a nodal plane). The importance of
the velocity terms is confirmed in the case studies bel-
low using real data obtained by the Rotaphone, the
new 6DOF seismic instrument described in the next
section. Note that when working with real data we of-
ten meet the situation that the vξ and vη components
are not coherent so that the vξ- and vη-terms in the
third equation of the system (3) have to be considered
as independent. Nevertheless, the determination of C32

is not affected by that. In this study, the coefficient C32

is of our primary concern. Its reciprocal value is related
to the apparent phase velocity along the Earth’s sur-
face βa (introduced by Fichtner and Igel, 2009)) via
βa = 1/(2C32). Under certain conditions, knowing βa
we can evaluate the velocity β along the wavepath, cor-
responding to a close vicinity of the receiver. Although
the equations were derived for a homogeneous velocity
model, the velocity β can be estimated also for a 1D
layered medium. In this case, we have to substitute the
depth of the hypocenter with the virtual depth derived
from the angle of incidence, see the synthetic tests in
the companion paper (Brokešová and Málek, 2014a).
First attempts to retrieve β from real data in this way
are made in the case studies in Sec. 4.

3 6DOF seismic sensor Rotaphone -
description, basic principle and properties

Rotaphone is a mechanical sensor system recording
ground velocity and rotation rate at a point. To deter-
mine the rotation rate it is sufficient to measure accu-
rately spatial gradients of the ground velocity wavefield
as it is indicated by Eqs. (1). In the case of Rotaphone,
this is done, in principle, by differencing records from
proximal parallel geophones attached in pairs to a rigid
frame anchored to the ground.

In 2008, we developed the first instrument called
Rotaphone based on the above principle. The device
was very simple having the frame in the form of a
massive rigid disk installed horizontally. It was capa-
ble of measuring two horizontal ground velocity com-
ponents and only one z-axis rotation rate components

(Ωz). This prototype and its measurements were de-
scribed by Brokešová et al. (2010), and Brokešová et
al. (2012b). Later we developed a 6DOF version of the
Rotaphone, designed to measure three Cartesian com-
ponents of ground velocity and three rotation rate com-
ponents about Cartesian axes, see Fig. 1a. The frame of
the 6DOF Rotaphone is of a cubic shape, Fig. 1b. Dur-
ing 2011, we used a somewhat simplified 6DOF instru-
ment (Prototype I) consisting of nine geophones, eight
horizontal and one vertical. This prototype underwent
specialized testing (focused on functionality, linearity
and cross-axis sensitivity) at the Albuquerque Seismo-
logical Laboratory, New Mexico. Some results of those
tests have been published by Brokešová et al. (2012a).
Since 2012 we have been using an upgraded version,
Prototype II, shown in Fig. 1b and c. This latest version
consists of twelve geophones, eight horizontal and four
vertical ones. Note that even Prototype I measured six
ground motion components but vertical ground velocity
was recorded by only one vertical geophone. Adding an-
other three vertical geophones to Prototype II enabled a
little higher precision of measuring both vertical ground
velocity and rotation rates in vertical planes (i.e. tilt
rates about two horizontal axes). All the records shown
in this paper come from Prototype II.

For the sake of simplicity, assume that the Rota-
phone is attached from above to the free surface of the
ground at the central point of its bottom base. The
Rotaphone is set to motion, both translational and ro-
tational, by the moving ground which moves as an elas-
todynamic continuum. Thanks to the rigid frame, the
Rotaphone moves as a rigid body (in a frequency range
well below the first resonance frequency of the frame)
and the geophones attached to the frame sense this
rigid-body motion.

Spatial gradients of displacement u at the central
point of the Rotaphone make the infinitesimal strain
tensor ε vanish, in particular, εxy = 1

2 (ux,y + uy,x) = 0,
εxz = 1

2 (ux,z + uz,x) = 0, and εyz = 1
2 (uy,z + uz,y) = 0,

where comma is used to separate component indices
from differentiation indices. These constraints yield that
ux,y = −uy,x, ux,z = −uz,x, and uy,z = −uz,y. Analo-
gous conditions hold for the velocity spatial gradients as
well, i.e., vx,y = −vy,x, vx,z = −vz,x, and vy,z = −vz,y.
The velocity components are measured by the corre-
sponding geophones attached to the lateral edges of the
cubic frame. Using their records we approximate the
spatial velocity gradients at the Rotaphone’s central
point by finite differences, i.e., by differential motions
from the parallel paired geophones divided by their sep-
aration distance δ. Assume that the separation distance
is much smaller than the wavelength of interest. The
above constraints on the spatial velocity gradients al-
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Fig. 1 6DOF Rotaphone (Prototype II): (a) components of the 6DOF record, (b) scheme of the cubic-shaped rigid frame,
anchored to the ground, with eight horizontal (gray cylinders, numbers 1 – 8) and four vertical geophones (white cylinders,
numbers 9 – 12) attached in parallel pairs to it, (c) photo of the instrument (datalogger not shown). Note that the eight
horizontal geophones shown in dark gray in (b) are used to determine Ωz. Similarly, the eight geophones placed in each two
parallel vertical sides of the cube are used to obtain the tilt rates around the axes perpendicular to these bases.

lows us to rewrite Eq. (1) to the form

Ω′x =
v′12 − v′9

δ
=

v′4 − v′8
δ

=
v′11 − v′10

δ
=

v′2 − v′6
δ

,

Ω′y =
v′5 − v′1

δ
=
v′9 − v′10

δ
=

v′7 − v′3
δ

=
v′12 − v′11

δ
,

Ω′z =
v′2 − v′4

δ
=

v′1 − v′3
δ

=
v′6 − v′8

δ
=

v′5 − v′7
δ

,

(5)

where the velocity components are those sensed by the
geophones (the lower indices refer to the number of the
relevant geophones in Fig. 1), i.e., the rigid-frame ve-
locity components. In (7) we use a prime to distinguish
the Rotaphone (rigid-body) motions from the motions
of the surrounding ground.

Provided the geophones are perfectly calibrated (see
the Appendix hereto), any of the finite differences on
the r.h.s of the equations in the system (7) can be used
to determine Rotaphone’s tilt and torsion rates on the
l.h.s. These rotational components refer to the center of
the Rotaphone. Translational components at that point
are obtained by averaging the corresponding geophone
records via

v′x =
1
4

(v′1 + v′3 + v′5 + v′7) ,

v′y =
1
4

(v′2 + v′4 + v′6 + v′8) ,

v′z =
1
4

(v′9 + v′10 + v′11 + v′12) .

(6)

If the Rotaphone dimensions are much smaller than
the shortest wavelength of the wavefield to be measured
we can assume that the Rotaphone velocity v′ at its
center is the same as the ground motion velocity v at

the point at which it is attached to the ground (the cen-
ter of the bottom base), v = v′. Then the free-surface
ground motion rotational components read

Ωx =
∂vz
∂y

=
∂v′z
∂y

≈ v′12 − v′9
δ

= Ω′x,

Ωy = −∂vz
∂x

= −∂v
′
z

∂x
≈ v′9 − v′10

δ
= Ω′y,

Ωz =
1
2

(
∂vy
∂x
− ∂vx

∂y

)
=
(
∂v′y
∂x

)
≈ v′2 − v′4

δ
= Ω′z.

(7)

Thus the Rotaphone translational and rotational mo-
tions at its bottom base center are identified with the
ground translational and rotational motions at that point.

The key feature, absolutely essential to our method,
is the calibration of the individual geophones relative to
each other. In many cases, the measurements cannot be
even carried out without it. The main problem in mea-
suring spatial gradients by differencing records from
proximal parallel geophones is that the geophones are
not entirely identical in their characteristics and there-
fore they do not generate absolutely identical output for
the same input. This results in a relative error of the
records which, although possibly small in itself, can af-
fect substantially the small differential record from two
proximal geophones. The only way to solve this problem
is to calibrate the individual geophones as precisely as
possible. It is not sufficient to calibrate the geophones
once in a lab because their characteristics depend on
the current physical conditions (temperature, pressure,
etc.) and the geophones are subject to aging. It is there-
fore necessary to calibrate them on an ongoing basis, si-
multaneously with the measurement (in situ). The Ro-
taphone enables such calibration as it has more pairs

Appendix E

139



6 Johana Brokešová, Jǐŕı Málek

for each rotation rate component. With Prototype II we
can use four pairs for each of the components (see (7)).
This overdetermining provides constraints which enable
a calibration to be carried out simultaneously with each
measurement. The calibration was briefly mentioned in
the papers Brokešová and Málek (2010) and Brokešová
et al. (2012). It can be performed either in the frequency
domain or the time domain as it is explained in detail,
including the corresponding formulas, in the Appendix
hereto. The calibration results in a correction of the
characteristics of the individual geophones so that they
match the characteristics of the reference geophones in
the system.

To conclude, let us present the specific design fea-
tures. The instrument’s dimensions are 35 × 35 × 43
cm and its weight is 9.5 kg. The separation distance
between the paired geophones is 30 cm. We use SM-6
geophones by Sensor Nederland b.v. with natural fre-
quency of 4.5 Hz and sensitivity of 28.8 Vs/m. When
properly instrumentally corrected, the geophones pro-
vide a reliable signal above 2 Hz. The upper limit of the
frequency range results from the first resonance mode
of the cubic frame. The first resonance mode frequency
of Prototype II, as measured in the laboratory, is 70 Hz.
In order to measure securely below these resonances, we
set the upper frequency limits to 50 Hz for the given
prototype. The signal is digitized by a Tedia Ltd. A/D
converter with a range of ± 2.5 V, so the maximum
range of detectable ground velocity is 86.8 mm/s. The
A/D converter (digitizer) has a resolution of 28 bits.
Thanks to the enhanced 28 bit digitizer used, the dy-
namic range of velocity measurement is 168 dB (Brož
and Štrunc, 2011). The Rotaphone’s dynamic range in
measuring the rotational components is typicaly 120
dB. The least detectable velocity is 0.647 nm/s. The
theoretical noise-free sensitivity limit in detecting the
rotation rate is therefore 2.16 nrad/s. Note that due
to noise in real measurements we have reached a sen-
sitivity of about 10−8 rad/s. The sensitivity and accu-
racy of the instrument is conditioned by perfect calibra-
tion of the paired geophones, see above. The instrument
has proven its proper functionality in a wide range of
weather conditions, from -17◦C to 39◦C.

4 Examples of 6DOF records of local shallow
microearthquakes

4.1 West Bohemia

In the first example we focus on a 6DOF record from the
West Bohemia/Vogtland intraplate region. This geody-
namically active region is known for recurrent earth-
quake swarm activity, CO2 emissions, mineral springs

and other post-volcanic events (Stejskal et al., 2008).
The strongest earthquake detected in the region over
the last one hundred years (ML=4.6) was recorded dur-
ing the 1985/1986 swarm. The region is characterized
by a relatively complex structure including strong sub-
surface gradients and pronounced lateral variations (e.g.
Málek et al., 2005, Koĺınský and Brokešová, 2007). In
November 2011, we deployed the Rotaphone (Proto-
type II) at the station Nový Kostel (NKC, latitude
50.2331◦N, longitude 12.4479◦E, elevation 564 m). The
station is involved in the local seismic network WEB-
NET, operated jointly by the Institute of Geophysics
and the Institute of Rock Structure and Mechanics,
Czech Academy of Sciences, under the CzechGeo/EPOS
project. The Rotaphone operated there from Novem-
ber 2011 to July 2012, when it was damaged by floods.
We have recorded ground velocity and rotation rate
from tens of microearthquakes not associated to any
distinct earthquake swarm (the last important swarm
went on there from the end of August until the middle
of September 2011). An example of one such earthquake
with the epicenter very close to the station is presented
below. The earthquake of ML=2 appeared on January
12, 2012, at 08:54:18 UTC at a very small epicentral
distance of 0.7 km and a depth of 9.2 km and backaz-
imuth 205◦ from the North (location by the Institute of
Geophysics, Czech Academy of Sciences). The hypocen-
tral distance was 9.23 km. Fig. 2 shows a map of the
epicentral area (inlay) with positions of the station and
the event. The map is zoomed-in from the map showing
the area in a broader geographical context.

The record is of a relatively high-frequency content.
Amplitude spectra of all the six components are shown
in Fig. 3. Raw spectra are provided in gray. Two band-
pass filtered (2 – 24 Hz and 2 – 14 Hz, the causal Butter-
worth filter of the 12th order applied) and instrumen-
tally corrected spectra are shown in black (solid and
dashed). The filtered records were used in further anal-
ysis. The horizontal axes were rotated according to the
geometrical backazimuth.

Unfiltered data in Fig. 3 indicate that the rotational
componets are of a significantly higher frequency con-
tent than the translational ones. This phenomenon can
be interpreted, at least qualitatively, as the consequence
of the fact that acceleration is a dominant ‘ingredient’
in the rotational components even at such a small epi-
central distance. The filtered rotational spectra display
the higher frequency content relative to translations
too, but this feature is by far not as significant as for
the unfiltered spectra. This can be naturally explained
by saying that the acceleration terms in (3), although
probably also very important, are not so dominant at
lower frequencies.

Short-period seismic rotations and translations recorded by Rotaphone
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Fig. 2 Map of a part of the West-Bohemia region showing the position of the NKC station (black square) and locus (star)
of the event of ML=2 of January 12, 2012, 08:54:18 UTC (inset) together with the broader geographic context. Certain other
stations of the WEBNET network are indicated by gray squares.

Fig. 3 Amplitude spectra of the 6DOF record of the microearthquake of January 12, 2012 (08:54:18 UTC), obtained at the
NKC station. (a) ground velocity, (b) rotation rate. Raw spectra are shown in gray. Two band-pass filtered (and instrumentally
corrected) spectra used in further analysis are shown in black (solid and dotted).
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Fig. 4 6DOF record of the microearthquake of January 12, 2012 (08:54:18 UTC), obtained at the NKC station. (a) ground
velocity, (b) rotation rate. The data were band-pass filtered between 2 and 24 Hz.

Fig. 4 provides the six-component record in the time
domain, band-pass filtered between 2 and 24 Hz. The
ground velocity components (in µm/s) are plotted on
the left, the rotational components (in µrad/s) on the
right. Due to an almost normal incidence to the Earth’s
surface, the direct P wave is clearly seen only on the
vertical velocity component. No significant rotational
signal is associated with the P-wave onset. About 30
ms after the P-wave onset, scattered/converted waves
are seen in the transverse velocity component. These
waves are manifested in the radial component too. Ro-
tational signals from them appear with approximately
the same time delay after the P-wave onset time. The
S-wave onset is read in the transverse velocity compo-
nent at t = 2.98 s. At that time, a significant rotational
signal comes also in all the rotational components. An
interesting feature is the S-to-P converted wave com-
ing shortly before the S-wave onset in the vertical ve-
locity component. This P wave, converted from S in a
near-surface structure, does not induce any visible ro-
tational signal. The maximum translational amplitude

(∼ 81 µm/s) is seen in the transverse velocity compo-
nent at t = 3.07 s. Rotational maximum of 5.7 µrad/s
appears in the radial component at t = 3.08 s. Note that
none of the translational components reaches its max-
imum at that time, i.e., the peak times of the trans-
lational and rotational components are not the same.
The fact that the radial rotational component is the
strongest of all three and its maximum does not coin-
cide in time with the maximum of the vertical velocity
indicates that equations (3) are not satisfied. The main
reason is that the frequency range is too high for the
equations, being derived for a homogeneous medium,
to be adequate for the real structure. In other words,
the influence of subsurface lateral inhomogeneities is
pronounced at higher frequencies. Another reason is
the complexity of the wavefield. The S-wave maximum
is not associated to the direct S wave alone but it is
masked by other phases in the S-wave group. However,
equations (3) have been derived under the assumption
of a single S wave. The third reason may be that the ra-
dial direction does not correspond to the direction from

Short-period seismic rotations and translations recorded by Rotaphone
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Fig. 5 6DOF record of the microearthquake of January 12, 2012 (08:54:18 UTC), obtained at the NKC station. (a) ground
velocity, (b) rotation rate. The data were band-pass filtered between 2 and 14 Hz.

which the wave really comes. This may be, in part, due
to lateral inhomogeneities, but at such a small epicen-
tral distance it is more likely that the possible error in
location, although small in itself, can cause significant
inaccuracy in the geometrical backazimuth.

In Fig. 5, the six-component record of the given
earthquake, filtered from 2 to 14 Hz, is shown. In this
case, Eqs. (3) seem to describe better the relations be-
tween the relevant rotational and translational compo-
nents, at least qualitatively. The radial rotational com-
ponent is the least of all three and it also does not
contain as high frequencies as the other two. In this
frequency window, the maximum translational motion
(40 µm/s) is seen at t = 3.17 s in the transverse com-
ponent. The strongest rotation (1.69 µrad/s) appears
at t = 3.33 s in the transverse tilt rate component.
None of the translational components reaches its peak
value at that time. Comparison of Figs. 4 and 5 sug-
gests that, when filtering out the higher frequencies, the
amplitude decrease in rotational components is more
pronounced than that of the translational components,

i.e., the RTRs (introduced in Sec. 2) are smaller in the
range 2 – 14 Hz than those in the range 2 – 24 Hz.

Fig. 6 shows in detail how the RTRs depend on fre-
quency. To obtain this figure, the rotational and trans-
lational records were subject to multiple filtering (Ko-
ĺınský and Brokešová, 2007) using a sequence of narrow-
band Gaussian filters, the central frequency of which
is on abscissa of each diagram. The half-width of the
filters progressively grows towards higher frequencies
(from 0.4 Hz at 3Hz to 2.2 Hz at 24 Hz). Note that
within the individual filters, the filtered spectrum is not
symmetrical around the central frequency so that its
prevailing frequency differs from the central frequency.
The z- and ξ-axis RTRs display almost a linear growth
above 16 and 14 Hz, respectively. This behavior can
be interpreted as a manifestation of the fact that the
relevant rotational components are dominated by accel-
eration at higher frequencies. At lower frequencies the
frequency dependence of the two RTRs is more com-
plex. None of the z- and ξ-axis RTRs exceeds 0.1 rad/m
in the range 2 – 14 Hz. The η-axis RTR behaves a lit-
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Fig. 6 RTRs in the ξ (radial), η (transverse), z (vertical) coordinates for the microearthquake of January 12, 2012 (08:54:18
UTC), obtained at the NKC station (filled diamonds). In each panel, the normalized nominators and denominators in Eqs. (2)
are shown in the black line with open circles and the gray line with open squares, respectively.

tle different. The growth towards higher frequencies is
more gradual and not linear. In the range 2 – 14 Hz it
reaches its maximum of 0.11 rad/m at about 12 Hz. In
other words, at the given frequency, the nominal peak
amplitude of the rotational motion in the radial-vertical
plane is about ten times weaker than that of the trans-
lational motion in the same plane.

In the following, we focus on data analysis in the
light of the third equation of (3). Fig. 7a shows the in-

dividual terms on the r.h.s. The terms involve the cor-
responding coefficients, calculated in a very short time
window (0.09 s) after the S-wave arrival. The window
used is shown in gray. Although the acceleration term
(dashed line) is the strongest in the amplitude, it is
not strong enough to allow the velocity terms to be ne-
glected. Fig. 7b shows the balance of the third equation
of (3) over a short-time interval around the S-wave ar-
rival. The z-axis rotation rate (solid) is compared to the

Short-period seismic rotations and translations recorded by Rotaphone
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Fig. 7 The microearthquake of January 12, 2012 (08:54:18 UTC), obtained at the NKC station: (a) The particular terms
in the third equation of (3) in a short time window around the S-wave onset: the aη-term (dashed), the vη-term (solid), the
vξ-term (dotted). All the terms include the corresponding coefficients in the equation as being calculated in the time window
shown in gray; (b) Balance of the third equation of (3) in a short time window around the S-wave onset: z-axis rotation rate
(solid) is compared to the r.h.s. of the equation (dotted). The coefficients in the r.h.s. were calculated in the window shown
in gray. The aη acceleration waveform (dashed) is shown for comparison; (c) Balance of the third equation of (3) in the whole
seismogram: z-axis rotation rate (solid) is compared to the r.h.s. of the equation (dotted).

r.h.s. of the equation, i.e., to the superposition of all the
terms including their coefficients (dotted). The coeffi-
cients were calculated within the time-window shown
in gray. Indeed in this window, the two curves correlate
very well. In the same figure, the acceleration waveform
is shown for comparison (dashed). Although it is sim-

ilar in the waveform, the acceleration term itself does
not coincide with the z-axis rotation rate because of
the obvious time shift. When we superpose all of the
terms instead of taking acceleration alone, the phase
shift is eliminated. This provides further evidence that
the velocity terms play an important role in the third
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Fig. 8 The microearthquake of January 12, 2012 (08:54:18
UTC), obtained at the NKC station: the radial-vertical par-
ticle motion immediately after the S-wave onset (black). The
particle motion of an S-to-P wave converted near the sur-
face and preceding the S-wave onset is shown in gray. The
direction of the incidence is parallel to the dashed line.

equation of (3). Fig. 7b shows the balance of the equa-
tion over the whole seismogram. It is a good example of
how short the time window for observing good correla-
tion between the l.h.s. and r.h.s. of the third equation
of (3) can be when dealing with real data. The wave-
field is very complex so that shortly after its onset the
direct S wave is masked by other phases for which no
correlation can be expected as they probably propagate
from different directions and, maybe, at different speed.
Recall that equations (3) have been derived assuming
only a single spherical S wave.

The C32 coefficient in (3) yielded the apparent veloc-
ity βa = 1809.4 m/s. The angle of incidence, determined
from the S-wave particle motion (Fig. 8), was 8◦, which
allowed us to estimate β (the wavepath phase velocity)
as 245 m/s. This value corresponds to the prevailing
frequency of 14 Hz and so the wavelength is about 17
m. We asssume that the β value is representative down
to the depth of about one wavelength.

4.2 Gulf of Corinth

From February to May 2012, we deployed our Rota-
phone at the Sergoula station (SER, latitude 38.4133◦N,
longitude 22.0566◦E, elevation 480 m) in the Gulf of
Corinth, Greece. The station belongs to the Patras net-
work PSLNET and it is operated jointly by the Charles
University in Prague (Czech Republic) and the Patras

University (Greece). It is situated on the hills above the
north shore of the Gulf.

The Gulf of Corinth is a well-known active rift, open-
ing at a rate of 1.5 cm/year, with a complex seismo-
genic fault system and frequent seismic activity. Sev-
eral earthquakes of magnitude greater than 6 are doc-
umented around the Gulf of Corinth (e.g., Abercom-
bie et al., 1995). On April 25, we recorded there six-
component seismograms of the earthquake of ML=2.4,
10:45:23 UTC at the epicentral distance of 6.3 km and
backazimuth 273◦ from the North (location by the Insti-
tute of Geodynamics, National Observatory of Athens,
NOA). The depth was 10.4 km, the hypocentral dis-
tance 12.16 km. Fig. 9 shows a map of Greece. The inset
map shows the Corinthian Gulf area with positions of
the Sergoula station (filled square) and the event (star).

The record is of much lower frequency content than
that in the previous example. Fig. 10 provides the raw
amplitude spectra (gray) and the band-pass filtered
(from 2 to 14 Hz) spectra using the same filter as for
the West-Bohemian event (black). The velocity spectra
are plotted on the left while the rotational spectra on
the right. The spectral components refer to the vertical,
radial, and transverse directions. In this case the filter-
ing almost does not affect the record. In contrast to
the previous example, in this event the frequency con-
tent of both translational and rotational components
is roughly the same, which indicates that the velocity
terms play a signicant role in Eqs. (3).

Fig. 11 shows the 6DOF record, decomposed into
the vertical, radial and transverse velocity (left) and
rotation rate (right) components in the time domain.
The P wave is seen in the vertical while the S wave
in the horizontal translational components, which in-
dicates almost normal incidence. Between P- and S-
wave onsets, there are many phases relatively strong
in amplitude. Many of them are visible in the rota-
tional records too. We interpret these phases as waves
reflected (possibly multiply reflected) and converted in
a near-receiver structure. We assume that some of those
reflections are side reflections from the steep slopes of
the hills in the vicinity of the station (see the topo-
graphic map in Fig. 9). The peak amplitudes are asso-
ciated with the direct S wave – 326 µm/s at t = 4.09 s
in the transverse velocity components and 25 µrad/s at
t = 4.12 s in the transverse rotation rate component.
Similarly to the previous example, the peak amplitudes
in the rotational components are slightly shifted in time
with respect to the peak amplitudes in the translational
components. After the direct S wave, there are other
distinct peaks in the seismograms. The strongest one
appears at t = 4.5 s in the transverse component. The
corresponding peaks, slightly shifted in time, can also
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Fig. 9 Map of the Corinthian Gulf region showing the position of the SER station (black square) and locus (star) of the event
of ML=2.4 of April 25, 2012, 10:45:23 UTC (inset) together with the broader geographic context.

be identified in the rotational records. We interpret the
origin of these waves similarly to the origin of the phases
between the P- and S-wave arrivals. They seem to be
multiple S-wave reflections in a near-receiver structure,
very likely influenced by the topography of the area.

The RTRs for this microearthquake are shown in
Fig. 12. The figure, resulting from the same multiple
filtering as was used in the previous example, provides
the frequency-dependent RTRs in the range 2 – 14 Hz.
Compared to the West-Bohemian example (within the
same frequency range), there are noticeable differences
in the behavior of the RTRs in the two cases. In the
Corinthian Gulf example, the frequency dependece of
RTRs is complicated and the curves display several
local maxima and minima. This is probably a mani-

festation of the wavefield complexity mentioned above.
However, the RTRs at the prevailing frequencies of the
rotational components are of similar values in both ex-
amples, although the prevailing frequencies themselves
are higher in the West-Bohemia example.

Let us restrict our further analysis to a short-time
window after the direct S-wave onset. The shorter the
window is, the bigger chance there is that the strong di-
rect S wave will not be contaminated too much by other
phases. Only shortly after the S-wave onset, a good cor-
relation predicted by (3) can be observed. Similarly to
the previous example, we focus on examining the third
equation in (3). Fig. 13 is analogous to Fig. 7, showing
the importance of the individual terms in the r.h.s. of
the equation (a), correlation of the l.h.s. and r.h.s. in a
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Fig. 10 Amplitude spectra of the 6DOF record of the microearthquake of April 25, 2012 (10:45:23 UTC), obtained at the
SER station. (a) ground velocity, (b) rotation rate. Raw spectra are shown in gray. The band-pass filtered (from 2 to 14 Hz)
and instrumentally corrected spectra used in further analysis are shown in black.

shorter time interval around the direct S wave (b) and
over the whole seismogram. All conclusions drawn from
Fig. 7 are valid here as well. The main conclusion is that
even at the epicentral distance of about 12 km, the z-
axis rotation rate is not proportional to the transverse
acceleration. Compared to the West-Bohemia example,
the acceleration term is even the weakest of all three
in Fig. 13a because of a considerably lower frequency
content.

The apparent velocity was found from C32, βa =
846.5 m/s. The angle of incidence, determined from the
S-wave particle motion, was 20◦ (Fig. 14), the estimated
β is 293 m/s. This value corresponds to the prevailing
frequency of 4.5 Hz so that the wavepath phase velocity
can be assigned to a depth range from 0 to about 60 m.

4.3 Katla region

Since October, 2013, one Rotaphone (Prototype II) in-
strument has been operating at the Eystri-Skógar sta-

tion (ESK, latitude 63.52503◦N, longitude -19.45080◦E,
elevation 95 m), South Iceland. The station belongs to
the South Iceland Lowland (SIL) network and has op-
erated since October 2001.

Rifting and volcanic activity in South Iceland take
place on two parallel rift segments, the Western and
the Eastern Volcanic Zones. The two segments are con-
nected through a 70 – 80 km long transform zone, which
regularly produces a sequence of large, destructive earth-
quakes of magnitudes up to M = 7 (Jakobsdóttir, 2008).
The ESK station is situated near two active volcanoes,
Katla (1512 m a.s.l.) and Eyjafjallajökull (1666 m a.s.l.),
belonging to the Eastern Volcanic Zone. Over the last
1000 years, Katla has been more active with twenty
known eruptions, while only three eruptions are known
at Eyjafjallajökull, the last one in 2010. The two volca-
noes seem to be interconnected, weak volcanic activity
at Katla was observed in 2011, after the last eruption
of Eyjafjallajökull.

Below, the microearthquake of March 22, 2014,
17:05:02 UTC (ML=2.3) is used as our third example.
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Fig. 11 6DOF record of the microearthquake of April 25, 2012 (10:45:23 UTC), obtained at the SER station. (a) ground
velocity, (b) rotation rate. The data were band-pass filtered between 2 and 14 Hz.

According to the location provided by the Icelandic Met
Office, the earthquake occurred at the epicentral dis-
tance of 14.9 km and the depth of 4.8 km (hypocentral
distance was 15.68 km). Fig. 15 shows the map of the
Katla region with positions of the station and the epi-
center (inset) and indicates the position of the region
in the map of Iceland.

The record is of a little higher frequency content
than that in the Corinthian Gulf example and of much
lower frequency content compared to the West-Bohemia
example. The amplitude spectra of all six components
are shown in Fig. 16. Comparing all three events from
this point of view, we see that the frequency content of
a local microearthquake is not primarily controlled by
the hypocentral distance (which ranges from about 10
to 15 km in our examples, i.e., it is more or less com-
parable) via attenuation but rather by source or struc-
tural effects. Similarly to the Corinthian Gulf exam-
ple, the prevailing frequencies of rotational and trans-
lational records are very similar, which again indicates
that acceleration is not the most important ingredient
in the rotational records.

The 6DOF record in the time domain is shown in
Fig. 17. The S-wave group has almost the same am-
plitude on the vertical and radial translational compo-
nents, while the amplitude of SH waves on the transver-
sal component is about two times sronger. Between the
P-wave and S-wave group, we observe a lot of converted
and reflected waves seen both on the translational and
rotational records and so we interpret them as S waves.
Several separate waves can be observed also in the S-
wave group. They indicate that several pronounced ve-
locity interfaces exist between the hypocenter and the
station. The rotational components are relatively weak
compared to the other two examples. In all six compo-
nents, surface waves are observable after the S-wave ar-
rival, which is expectable regarding the relatively larger
epicentral distance with respect to the source depth.
The most noticeable feature in this example is that the
peak amplitude of the radial-axis rotational component
is much weaker than that of the transverse-axis compo-
nent (approximately 3 times). The explanation may be
that the real backazimuth of the whole S-wavegroup is
similar to the geometrical backazimuth. The peak ro-
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Fig. 12 RTRs in the ξ (radial), η (transverse), z (vertical) coordinates for the microearthquake of April 25, 2012 (10:45:23
UTC), obtained at the SER station (filled diamonds). In each panel, the normalized nominators and denominators in Eqs. (2)
are shown in the black line with open circles and the gray line with open squares, respectively.

tational amplitude (3.3 µrad/s) is observed in the z-
component of the direct S wave at the time t = 4.08
s and, similarly to other examples, the maximum is
slightly shifted compared to translational components.

The RTRs can be studied in Fig. 18 where their
frequency dependence is shown. The same multiple fil-
tering as in the previous two examples was applied. The
RTRs do not display so complex behavior as those in

the Corinthian Gulf example. Their peak values, not
exceeding 0.09 rad/m, are the smallest of all three ex-
amples. It is up to further research to find whether the
relatively weak rotational components in the Katla re-
gion are rather due to the nature of the seismic source
(probably very different from the tectonic sources in
the other two regions) or the shallow geological struc-
ture which is likely to be also very specific in the vicin-
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Fig. 13 The microearthquake of April 25, 2012 (10:45:23 UTC), obtained at the SER station: (a) The particular terms in the
third equation of (3) in a short time window around the S-wave onset: the aη-term (dashed), the vη-term (solid), the vξ-term
(dotted). All the terms include the corresponding coefficients in the equation as being calculated in the time window shown in
gray; (b) Balance of the third equation of (3) in a short time window around the S-wave onset: z-axis rotation rate (solid) is
compared to the r.h.s. of the equation (dotted). The coefficients in the r.h.s. were calculated in the window shown in gray. The
aη acceleration waveform (dashed) is shown for comparison; (c) Balance of the third equation of (3) in the whole seismogram:
z-axis rotation rate (solid) is compared to the r.h.s. of the equation (dotted).

ity of an active volcano (we expect horizontal beds of
volcanic rocks). In contrast to the previous example,
relatively high ξ-axis RTR values in the range 3 – 3.3
Hz are observed. We interpret them as the manifesta-
tion of surface waves. They are not seen in the other
two RTR diagrams as the RTRs are evaluated from the

peak values and the direct S wave dominates the other
two rotational components even at low frequencies.

In analogy to the previous cases, we will now con-
centrate on the third equation of (3) and restrict our-
selves to a short time window (110 ms) after the S-wave
arrival, in which we calculate the coefficients Cη31, Cξ31
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and C32. Fig. 19a shows the individual terms in the
r.h.s. We see that the acceleration term (dashed) does
not dominate in the balance of the equation even for
the hypocentral distance ∼ 15 km. Note that the two
horizontal velocity components are relatively coherent
in this case, which may be an indication of a much
simpler geological structure in this example. Fig. 19b
shows the correlation of the z-axis rotation rate (solid)
and the superposition of all the terms in the r.h.s. of the
equation (dotted), compared to the acceleration alone
(dashed). The time shift between the acceleration and
the z-axis rotation rate is obvious. This time shift can
be eliminated only by involving the velocity terms. Fig.
19c shows the correlation of the z-axis rotation rate
and the r.h.s. over the whole seismogram. The most
striking difference compared to the previous example
is that the two quantities do not correlate only within
the window used to calculate the coefficients Cη31, Cξ31
and C32, where the fit is perfect, but also for the whole
record, where the fit is also surprisingly good. This is
probably due to a simple, laterally homogeneous, geo-
logical structure through which the S waves propagate.
Although in the seismograms we do not observe a sin-
gle S wave but a mixture of many S-wave phases, all
of them probably propagate at a very similar speed
from the same backazimuth. Side reflections from to-
pography or some inclined interfaces probably do not
contaminate the records.

The apparent velocity βa was calculated as 1009.6
m/s. The angle of incidence, determined from the S-
wave particle motion, was 27◦ (as shown in Fig. 20),
the estimated β is 523 m/s. This value corresponds to
the prevailing frequency of 7.5 Hz so that the wavepath
phase velocity can be assigned to a depth range from
0 to about 70 m. This β value, the largest of all three
examples, may be an indication of the presence of rel-
atively hard basaltic rocks in the shallow subsurface
structure beneath the ESK station.

5 Discussion and conclusions

In this paper we have verified that the Rotaphone is
a suitable instrument for 6DOF monitoring of micro-
earthquakes in the near-source region. We presented
three case studies with three earthquakes of compa-
rable magnitudes (between ML 2.0 and 2.4) in vari-
ous seismotectonic regions. Their hypocentral distances
vary between 9.2 to 15.7 km, however, there are con-
siderable differences in epicentral distances, from 0.7 to
14.9 km. In the frequency range of 2-14 Hz, we have
recorded rotational peak values of 1.7 to 25 µrad/s.
The RTR coefficients are of the order of magnitude

Fig. 14 The microearthquake of April 25, 2012 (10:45:23
UTC), obtained at the SER station: the radial-vertical par-
ticle motion immediately after the S-wave onset (black). The
particle motion of an S-to-P wave converted near the sur-
face and preceding the S-wave onset is shown in gray. The
direction of the incidence is perpendicular to the dashed line.

of 10−2 – 10−1 rad/m. In this respect, our observa-
tions are in agreement with those published by Takeo
(1998), who measured seismic rotations at a hypocen-
tral distance of ∼ 6 km near Cape Kawana in Japan.
Observations confirming that rotation rates in near-
source regions may be significantly larger than those
expected according to theoretical predictions (e.g., Bou-
chon and Aki, 1982) increase in number. The causes of
this phenomenon are the subject of scientific debate.
Possible explanations include site effects, different geo-
logical conditions in general, heterogeneity of slip veloc-
ity on the fault (Takeo, 1998), some near-field effects,
influence of topography, fault zones of finite thickness
radiating torque waves (Knopoff and Chen, 2009) or
effects connected with nonlinear elastic models like the
Cosserat (micropolar) medium (Pujol, 2009). Besides
these effects we have found that a high-frequency con-
tent (common in near-source regions) itself can streng-
then the rotations. It is shown on the RTR coefficients
which generally increase with frequency. In the com-
panion paper (Brokešová and Málek, 2014a, this issue)
we have derived rotation-to-translation relations appli-
cable to near-source region. Our data are in agreement
with these equations at least in a qualitative way: the
radial tilt rate is the smallest of all three, we observed
high correlation between the relevant rotational and
translational components as predicted by the equations,
etc. We have observed a time shift between the relevant
rotational and acceleration terms, which can be elimi-
nated only by taking the velocity terms into account.
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Fig. 15 Map of the Katla region showing the position of the ESK station (black square) and locus (star) of the event of
ML=2.3 of March 22, 17:05:02 UTC (inset) together with the broader geographic context.

This is evidence that in the near-source region the ve-
locity terms cannot be, in general, neglected.

All the case studies had their specific features. In
the West-Bohemia example, very small epicentral dis-
tance (< 1 km) and relatively high frequencies caused
difficulties in data analysis. In the Corinthian Gulf ex-
ample, the S wavegroup was very complex due to a
complicated 3D geological structure and distinct topog-
raphy. In the Icelandic example, surface waves occurred
in the records, which are not involved in our equations.
Thanks to the fact that we restricted our analysis to
a short time window after the direct S-wave onset, we
obtained results in full agreement with our theory even
in this case. An interesting feature at this locality was
a good correlation of the l.h.s. and r.h.s. of the third
equation of (3) over the whole seismogram. We did not
observe such correlation in any other locality in which
we made our 6DOF measurements, but a similar ef-

fect was observed in the synthetic calculation with a
1D layered vertically inhomogeneous model containing
a thin surficial layer (Brokešová and Málek, 2014a, this
issue). In all the case studies, we determined the appar-
ent S-wave phase velocities βa along the Earth’s sur-
face and the incidence angle from the S-wave particle-
motion diagrams. From these quantities we estimated
the wavepath S-wave velocities β beneath the stations.
Due to relatively high prevailing frequencies in the ro-
tational records, these β values are representative for
relatively shallow depth ranges (from 17 to 70 m from
the surface). The estimated β values fit within the VS30
values (S-wave velocity down to 30 m), used to evaluate
site conditions (Willis et al., 2000). The aim of this pre-
sented study was only to demonstrate the near-source
rotation-to-translation relations and the possibility to
retrieve β, including the difficulties encountered when
working with real data. The accuracy of the obtained
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Fig. 16 Amplitude spectra of the 6DOF record of the microearthquake of March 22, 2014 (17:05:02 UTC), obtained at the
ESK station. (a) ground velocity, (b) rotation rate. Raw spectra are shown in gray. The band-pass filtered (from 2 to 14 Hz)
and instrumentally corrected spectra used in further analysis are shown in black.

β values is a topic for future research. To resolve this
issue, a systematic and statistical processing of data
from various epicentral distances in each region would
be necessary.
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Appendix: In-situ calibration of the Rotaphone

The Rotaphone has approximately a cubic shape and
the geophones are situated in the center of each edge

(Fig.1). Rotations are computed from the parallel pairs
of geophones at the same base. First, we will describe
the calibration of geophones in one of the horizontal
bases to obtain the z-axis rotation rate. Let us label
the geophones in this baseG11, G21, G12 andG22. These
geophones create two parallel geophone couples G11 −
G12 and G21 −G22. The rotation around the axis per-
pendicular to the base (in this case the z-axis) is deter-
mined from the equation

Ωz = v11 − v12 = v21 − v22, (8)

where vij is the true movement of the geophone Gij
(i, j = 1, 2). The geophones, however, do not provide
the records of the true movement. Their records are
affected by their transfer function. In the time domain,
we can express the seismogram recorded by the given
geophone using its impulse response function rij(t) as

sij(t) = vij(t) ∗ rij(t), (9)

where sij(t) stands for the real record and ∗ denotes
convolution in time. As the geophones are mechanical
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Fig. 17 6DOF record of the microearthquake of March 22, 2014 (17:05:02 UTC), obtained at the ESK station. (a) ground
velocity, (b) rotation rate. The data were band-pass filtered between 2 and 14 Hz.

devices with dumping near the critical value, we can as-
sume that rij(t) is a causal function with a finite length,
i.e., rij(t) = 0 for t < 0 and t > t0. The problem of
the in-situ calibration lies in finding impulse responses
rij(t) using measured seismograms sij(t) to fulfill the
equation (8) for every time t.

Let us convolve Ωz in (8) with the impulse response
of a reference geophone, e.g., r11(t). Taking into account
Eq. (9) we obtain

Ψz,11(t) = Ωz(t) ∗ r11(t) = s11(t)− s12(t) ∗ r11(t)⊗ r12
= s21(t) ∗ r11(t)⊗ r21 − s22(t) ∗ r11(t)⊗ r22,

(10)

where the sign ⊗ is used to denote time deconvolution.
Ψz,11(t) is the record of the z-axis rotation rate with the
same response function as the reference geophone G11.
In our calibration method, an important role is played
by the ratios of the given geophone response function
to the reference one. In the time domain, these ratios
correspond to the functions pij(t) = r11⊗rij , i, j = 1, 2.

Using this notation, Eq. (10) reads

Ψz,11(t) = s11(t)− s12(t) ∗ p12(t)

= s21(t) ∗ p21(t)− s22(t) ∗ p22(t).
(11)

Note that the functions pij(t) are non-zero only in a
finite interval of time (t1, t2) where t1 can even be neg-
ative.

Geophone records are sampled with a time step ∆t
(typically 4 ms). Let us denote the k-th sample of the
record from Gij as sijk. Thus, the convolution in (11)
can be expressed as the sum over time-shifted samples,
which leads to a system of linear equations for the sam-
pled seismogram from the G11 geophone

s11
i =

j2∑

j=j1

(s21i−jp21
j − s22i−jp22

j + s12
i−jp12

j), (12)

where the i-th sample corresponds to time t, j1-th sam-
ple to time t1 and j2-th sample to time t2.
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Fig. 18 RTRs in the ξ (radial), η (transverse), z (vertical) coordinates for the microearthquake of March 22, 2014 (17:05:02
UTC), obtained at the ESK station (filled diamonds). In each panel, the normalized nominators and denominatosr in Eqs. (2)
are shown in the black line with open circles and the gray line with open squares, respectively.

The number of equations in (12) is given by the
number of samples in seismograms m and it is typi-
cally several thousands. The number of unknowns is
n = 3k = 3(j2 − j1 + 1) where k is the number of sam-
ples of p. The system of equations (12) can be solved by
Newton’s method. We introduce a rectangular matrix
A and vectors x and y

Aji = −s22i−j and xj = pj22 for 1 ≤ j ≤ k,

Aji = s21
i−j−k and xj = pj−k21 for k + 1 ≤ j ≤ 2k,

Aji = s12
i−j−2k and xj = pj−2k

12 for 2k + 1 ≤ j ≤ 3k,
yi = si11 for 1 ≤ i ≤ m.

(13)

The optimal vector x is then obtained by solving the
linear system

ATAx = ATy. (14)
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Fig. 19 The microearthquake of March 22, 2014 (17:05:02 UTC), obtained at the ESK station: (a) The particular terms in
the third equation of (3) in a short time window around the S-wave onset: the aη-term (dashed), the vη-term (solid), the
vξ-term (dotted). All the terms include the corresponding coefficients in the equation as being calculated in the time window
shown in gray; (b) Balance of the third equation of (3) in a short time window around the S-wave onset: z-axis rotation rate
(solid) is compared to the r.h.s. of the equation (dotted). The coefficients in the r.h.s. were calculated in the window shown
in gray. The aη acceleration waveform (dashed) is shown for comparison; (c) Balance of the third equation of (3) in the whole
seismogram: z-axis rotation rate (solid) is compared to the r.h.s. of the equation (dotted).

In some cases the determinant of matrix ATA can
be nearly zero and the system is ill-conditioned. In this
case we use regularization by adding a small positive
constant to the diagonal elements of the matrix. The
physical meaning of the regularization is that we pre-
fer the solutions for which the impulse functions of all

geophones are similar to the impulse function of the
reference geophone.

The computation described above is fully performed
in the time domain. Alternatively, we can use our method
of the in-situ calibration in the frequency domain, which
is more intuitive. Let us use a hat above the given
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quantity to denote its complex Fourier spectrum, e.g.,
ŝij(f) = F(sij(t)) with f being ordinary frequency.
Note that for a given geophone Gij , p̂ij(f) = r̂11/r̂ij(f)
has the meaning of the Gij-to-G11 transfer function ra-
tio. Then the Eq. (11) can be rewritten as

Ψ̂z,11(f) = ŝ11(f)− ŝ12(f)p̂12(f)

= ŝ21(f)p̂21(f)− ŝ22(f)p̂22(f).
(15)

Its discrete version is

ŝ11
i = ŝ21

ip̂21
i − ŝ12ip̂12

i − ŝ22ip̂22
i. (16)

For every discrete frequency i we thus have one lin-
ear equation with three unknowns, so the problem is
underdetermined. There are several methods to find the
optimal solution. The simplest method is to divide the
whole seismogram in the time domain into several (l)
parts and work with the spectra of these parts. As the
functions p̂ij(f) are time independent, they should be
the same for all the l parts of the record. Thus we come
to a system of l linear equation for three unknowns
(for each discrete frequency i). We can again use the
Newtons method to solve them and the regularization
explained above if the determinant is very small.

When there is very low noise, both time and fre-
quency domain approaches lead to very similar results.
In such a case, we prefer to use the method in the spec-
tral domain, because it consumes less computer time.
However, in the presence of noise, the spectral method
does not guarantee that the resulting impulse response
functions rij(t) vanish outside the interval (0, t0). In
that case, false oscillations can occur before the begin-
ning of the seismogram.

The Rotaphone, as described in this paper, contains
twelve geophones which we use to determine six quan-
tities – three components of translation and three com-
ponents of rotation. That means, we can formulate six
conditions similar to (11) to determine functions pij(t)
for eleven geophones (one geophone is considered as the
reference one). Equations analogous to (11) can be writ-
ten for each base of the Rotaphone. In this way, the lin-
ear system (12) consists of 6m equations (m is the num-
ber of samples in one record) and 11k of unknowns (k is
the number of samples in the functions pij(t) which are
usually much shorter than the geophone records). After
computing the eleven pij(t) functions, we can compen-
sate for the different impulse responses of the individ-
ual geophones and obtain virtual seismograms with the
same frequency response function as the reference geo-
phone. Then we can obtain the translation in the center
of the cube as the arithmetic average of all records of
geophones with the same orientation (four geophones
for each translational components). The resulting rota-
tion rate components are determined as the arithmetic

Fig. 20 The microearthquake of March 22, 2014 (17:05:02
UTC), obtained at the ESK station: the radial-vertical par-
ticle motion immediately after the S-wave onset (black). The
particle motion of an S-to-P wave converted near the sur-
face and preceding the S-wave onset is shown in gray. The
direction of the incidence is perpendicular to the dashed line.

average of rotation rates obtained from all relevant geo-
phone pairs (four pairs for each rotational component).
All the translational velocity and rotation rate com-
ponents correspond to the frequency response of the
reference geophone.

Fig. 21 demonstrates the importance of the in-situ
calibration on real records from a close vicinity (368 m)
of a quarry blast. The charge was ∼ 3 t of explosives.
The translational and rotational records are discussed
in detail in Brokešová and Málek (2013). The obser-
vation site was equipped with two 6DOF Rotaphones,
separated by a distance of 40 cm. In Fig. 21a, the two
z-axis rotational records are shown in the top and bot-
tom panels. In each panel, four gray curves represent
differential motions from the four geophone pairs of the
given Rotaphone. The black dashed curve corresponds
to their average and the black solid curve to the cal-
ibrated z-axis rotational rate. All the records in Fig.
21a are raw data without the instrumental correction
and any filtering. Fig. 21b shows the z-axis rotational
records (calibration applied) from the two instruments,
instrumentally corrected and band-pass filtered from 2
to 30 Hz. The two calibrated rotational records match
each other well, because the two instruments were sep-
arated by a very small distance. The agreement of these
two records is evidence of the correct calibration result.
The two calibrated curves are very similar despite the
fact that the differential motions from the individual
geophone pairs deviate significantly from each other.
The figure clearly demonstrates that the correct result
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Fig. 21 z-axis rotational records of the quarry blast at the epicentral distance of 368 m, obtained from two 6DOF Rotaphones
(A and B), 40 cm apart. (a) The rotational record after calibration (solid black) is compared to uncalibrated differential motions
from the relevant geophone pairs (gray) and their average (dashed). Raw data are shown. (b) Rotational records from the two
instruments after calibration, instrumental correction and band-pass filtering from 2 to 30 Hz using the causal Butterworth
filter of the 10th order.

cannot be obtained by averaging the differential mo-
tions.
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Seismic Survey Method
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Published in Věstník Úřadu průmyslového vlastnictví in 2009
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2The official document (in Czech) is replaced by English translation containing higher-quality figures.
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Rotational Seismic Sensor System, Seismic Measuring Set Containing That System,
and Seismic Survey Method

Field of Technology

In general, the invention concerns the field of seismic measurements. Specifically, the invention
concerns a rotational seismic sensor system and a measuring set containing a generator pursuant
to the invention (hereinafter referred to as âĂĲthe generatorâĂİ). It also concerns the method of
seismic measurement, which makes use of the generator and the rotational seismic sensor system.
Seismic measurements using the generator and the seismic rotational sensor system pursuant to
the invention enable seismic prospecting using rotational ground motion, which helps in making
more accurate determinations of the rock structure at depth.

Present State of Technology

In principle, two types of ground motion can be measured in seismic measurements: translational
motion (displacement and derived quantities such as velocity and acceleration of such motion) and
rotational motion (rotation and derived quantities such as velocity and acceleration of such rota-
tion). Translational motion is traditionally recorded in the course of seismic measurements, but
publications emphasizing the importance of rotational motions have appeared in recent years (see,
e.g., Takeo, M., Rotational Motions Excited by Earthquakes, In: Earthquake Source Asymmetry,
Structural Media and Rotation Effects, Teisseyre, R., Takeo, M., Majewski E. (Eds.), Springer,
2006, and a number of other papers therein).

Three fundamental methods of measuring rotational seismic motion are known:

1. Gyroscopes and tiltmeters used, e.g., in aviation, or commercially accessible tri-axial rotational
sensors, operating on the electro-chemical principle (Nigbor, R.L. (1994). Six-degree-of-freedom
ground motion measurement, Bull. Seis. Soc. Am., Vol. 84, 1665-1669). The disadvantage of
these instruments for seismic measurements is their sensitivity, which is at least one order of mag-
nitude lower than that of the submitted invention and, therefore, restriction to short distances from
the source (of the order of tens of meters, but no more than a few hundred meters).

2. Seismic arrays (e.g., Huang, B.S. (2003), Ground rotational motions of the 1991 Chi-Chi, Taiwan
earthquake as inferred from dense array observations, Geophys. Res. Lett., Vol. 30, 1307-1310)
which record rotational motion by approximating spatial derivatives of translational seismic motion
measured by the separate seismographs of the array.

3. Laser gyroscopes based on measuring the interference of counter-directed laser rays (see, e.g.,
Schreiber, K.U. et al., Ring Laser Gyroscopes as Rotational Sensors for Seismic Wave Studies,
In: Earthquake Source Asymmetry, Structural Media and Rotation Effects, Teisseyre, R., Takeo,
M., Majewski, E. (Eds.), Springer, 2006). These gyroscopes provide very accurate measurements.
Their disadvantage is that they are very expensive and bound to a single location, because they are
very large and must be mounted in specially modified conditions (special structures, underground
spaces, etc.). These gyroscopes measure rotational motion about one axis only.

For the purpose of seismic prospection, a relatively small, mobile device is required, which is
able to generate rotational seismic motions with sufficient sensitivity. The rotational seismic sen-
sor system according to the invention is able to do this. An advantage is to have the rotational
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seismic sensor system in a set with the generator of rotational seismic waves. Such set, thanks to
its small size and weight, is easily portable and installable in any area of interest. The new pro-
cessing method applied enables the identification of weaker reflected rotational seismic waves than
other procedures used and known to experts. That reduces the energy needed by the generator
for exciting one pulse. Therefore, the smaller weight and size of the generator is sufficient. That
also makes the mobility of the whole measuring set even easier. When applying the measurement
procedure and evaluation described herein, field prospection may be carried out using rotational
ground motion with a sensitivity orders of magnitude higher than the sensitivity of measurements
made with the state-of-the-art instruments.

Substance of the Invention

The object of the invention is the rotational seismic sensor system which contains at least one
pair of identical parallel seismic sensors, each pair being fixed to the non-deformable frame of the
system, measuring rotational motion generated naturally or artificially and the rotational motions
related to the reflected and/or refracted waves which have passed through the rock. The sensor
system may also contain a control unit.

The term rotational seismic waves in this description represents rotational motions which are re-
lated to the propagation of seismic waves in the ground, and which need not necessarily be of a
wave nature. The names rotational waves and rotational motions may be interchanged in the sense
given above.

The specific object of the invention is the rotational seismic sensor system which contains one
or more pairs of identical seismic sensors, each pair being fixed to the non-deformable frame of the
system, and the sensors being located so that they measure seismic oscillations along two parallels,
these parallels being at a distance from one another which is much smaller than the wavelength
of the P waves in the ambient rock, and the line connecting the sensors of a given pair must be
perpendicular to the axis of the rotational motion which is to be measured, and must not be par-
allel with the axis, along which the translational motions are measured. For reasons of the above
mentioned arrangement of the longitudinal axes of the sensors, the sensors in a pair are called
parallel sensors.

A convenient object of the invention is the rotational seismic sensor system which contains one
or more pairs of vertical and/or horizontal sensors which lie in parallel planes, and the horizontal
as well as vertical sensors are located at the apexes of regular polygons with even numbers of apexes.

The rotational seismic sensor system according to the invention can be used to measure seismic
rotational motions induced by a natural source, e.g., an earthquake. It may also be used to measure
seismic rotational motions induced by an anthropogenic source, e.g., by a blast, advantageously by
the generator of rotational seismic motions, as described below in the Application.

As an advantage, the rotational seismic sensor system may contain a control unit to control the
measurement and especially to process and evaluate the measurement performed by the rotational
seismic sensor system.

Another object of the invention is a seismic measuring set, containing the above described ro-
tational seismic sensor system and the generator of rotational seismic motions. The generator of
rotational seismic motions suitable for a joint use with the rotational seismic sensor system accord-
ing to the invention contains a fixed part, a revolving part and a braking mechanism for immediate
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braking of the rotational part, in which rotational seismic motions are generated by immediately
stopping the revolving part, whereby energy is transmitted into the rock massive. The generator
contains the following fundamental parts: the fixed part which anchors the generator to the ground
and serves as an axis for the revolving part; the revolving part which rotates about a vertical axis
where weights representing most of the weight of the generator may be placed at the end remote
from the axis of rotation, and, where applicable, a motor which drives the revolving part, and the
braking mechanism which enables the revolving part to be stopped instantaneously. A preferable
embodiment of the generator described above is equipped with a braking mechanism which oper-
ates so that rotational arms impact braking rods . Alternatively, the braking mechanism can be
formed, for example, by the cogs of the cog wheel of the revolving part engaging the cogs of the
cog segment of the fixed part. An expert will easily find an analogous braking mechanism, which
will be able to stop the revolving part instantaneously.

The control unit may also measure the generator’s revolutions, issue the command to start and
stop the motor and activate the braking mechanism, or to return the whole device to its initial
condition prior to repeated measurement, and record the waveform of the signal from one or more
rotational seismic sensor systems. The control unit may also be used to control the generator, but
also to control the whole process of the seismic measurement. The signals from repeated mea-
surements may also be combined in the control unit in order to achieve high sensitivity, and the
complete mathematical processing of the measurements until the resultant seismogram, which is
then available in both an analogue and a digital form, may be carried out in the unit as well.

As an advantage, the sensor system or the measuring set according to the invention contains a
computer program installed in the control unit performing the method of measurement and data
processing, which increases the sensitivity of measuring rotational seismic motions significantly.

Another object of the invention is the method of seismic survey, which consists in generating
rotational seismic motions by the generator described above, and measuring the response to those
generated motions by the rotational seismic sensor system and, finally, processing and evaluating
the measurements by the control unit. The method according to the invention is specifically per-
formed by measurements a) of the waveform of the exciting seismic signals, and b) of the waveform
of the reflected and/or refracted seismic signals. The evaluation of the measurement includes the
following steps: 1) Computing the correlation function using formula V1 (for details see example
3) and 2) summation carried out over separate experiments (index i in formula V2) and 3) Summa-
tion carried out over pairs of sensors (index j in formula V2), where the summing means a regular
summing or generalized non-linear summing where and if the summation is non-linear, Steps 2)
and 3) are carried out in the order given.

As an advantage, the whole measuring and data processing is carried out with the aid of a computer
program installed in the control unit.

For example, a commercially available laptop can be used as the control unit. The control unit can
also communicate, wireless or via conductors, with a distant computer, in which the said program
or part thereof has been installed. The control unit may also contain a device for storing the
measured data (e.g., RAM, a hard-disc type device, data DVD, etc.) which are then processed.

The rotational seismic sensor system is also easy to move and install in any region of interest
thanks to its small size and weight. An important advantage of the rotational seismic sensor sys-
tem described is that it enables a simultaneous measurement of both rotational and translational
components of seismic motion, which is necessary if a complete description of the ground motion
at a given point is to be provided.
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The rotational seismic sensor system described above can be used to measure seismic rotational
motions induced by a natural source, e.g., an earthquake, or generated by an anthropogenic source,
e.g., a blast.

The generator described is advantageously used in seismic survey to generate rotational seismic
waves. After the immediate stopping of the revolving part of the generator, its kinetic energy is
transferred to the fixed part, anchored in the ground, and transformed to the energy of rotational
seismic waves, which propagate downwards into the rock massif. The source pulse is recorded by
the rotational seismic sensor system, which is located under the generator. The rotational seismic
waves propagate through the rock structure and are reflected from the inhomogeneities in the rocks
and/or they become refracted so that part of the energy of these waves reaches the Earth’s surface
again, where they are recorded by one or more rotational seismic sensor systems measuring the
rotational components of seismic motion. The processing of the measured data yields the times
of propagation of the reflected and/or refracted waves and their amplitudes. Together with other
data, these data are necessary for determining the rock structure at depth.

In combination with the sensor system described, advantageously with the measuring set, a special
method for measuring and data processing is used, which considerably increases the sensitivity
of the measurement. The generator described has a substantially higher efficiency in generating
rotational ground motion than all state-of-the-art man-made sources used to date. This enables
new methods of seismic prospection, based on the rotational components of seismic motion, to
be developed. These components should be processed together with traditionally measured trans-
lational components. The description of seismic motion cannot be complete without that of the
rotational components, because, according to generally accepted physical conceptions, the motion
of a general mass point has 6 degrees of freedom and can be uniquely described only if three trans-
lation and three rotational components are considered. For the given purpose, it is essential that
the pulse of the rotational seismic waves be generated at a relatively high frequency (tens of Hz)
which then has a resolution for the inhomogeneities of the rock massif. This is achieved by stopping
the revolving part instantaneously without reverse impact. Moreover, the solution pursuant to the
invention enables the generator to be used for sequentially repeated experiments, as essentially the
same pulse of rotational seismic waves is generated.

Description of Figures in the Drawings

Fig. 1: Schematic illustration of prospection measurement using the invention.

Fig. 2: One of the possible designs of the rotational seismic sensor system.

Fig. 3a: Side-view of the generator with revolving arms under motion.

Fig. 3b: Ground-plan of the generator with revolving arms under motion.

Fig. 4a: Side-view of the generator with revolving arms after braking.

Fig. 4b: Ground-plan of the generator with revolving arms after braking.

Fig. 5. Block diagram of the functioning of the control unit.

Fig. 6: Diagram of the measurement processing by the processor of the control unit.
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Fig. 7: Photograph of one model of the sensor system.

Fig. 8a: Signals measured by geophones.

Fig. 8b: Rotational seismograms.

Examples of Models of the Invention

Example 1 Rotational seismic sensor system

Prospection measurement using the invented rotational seismic sensor system is schematically
shown in Fig. 1, where rotational seismic waves generated by the generator G and reflected from
individual interfaces in the rock structure are measured, for example, by the set of three rotational
seismic sensor systems S1, S2, and S3.

For the sake of illustration, one embodiment of the rotational seismic sensor system S accord-
ing to the invention is schematically shown in Fig. 2. In this embodiment, the rotational seismic
sensor system S contains five pairs of sensors 12 and 13, measuring in three mutually perpendicular
directions, two pairs of sensors 12 in a vertical direction and three pairs of sensors 13 in a horizontal
direction. In this embodiment, the vertical sensors 12 as well as the horizontal sensors 13 are fixed
to a rigid metal frame 14 at apexes of imaginary polygons 15 with even numbers of apexes, where
the centers of all pairs of sensors 12 and 13, imaginary polygons 15 and the rigid frame 14 have the
same projection 11.

The rotational seismic sensor system S pursuant to the invention contains one or more pairs of
identical seismic sensors 12 and 13 (the term "identical" is meant in the sense of the characteristics
of the output signal) e.g., currently available geophones (i.e., seismic sensors which are based on
electromagnetic sensing of the motion of an inertial mass suspended on a specially shaped spring).
The pairs of sensors 12, 13 are in each case fixed to the rigid frame 14 of the system S and are
located so that their axes lie in two parallel lines, and the line connecting the sensors of a given
pair 12 or 13 is perpendicular to the axis of that rotational motion component to be measured, and
at the same time it must not be parallel with the axis along which the translational motions are
measured ((such placement is shortly called "parallel sensors" in the description ). These parallel
straight lines are at a distance much closer than the wavelength of longitudinal seismic waves (P
waves) in the ambient rock. Usually a distance of a few decimeters is involved.

The number of the pairs of sensors 12, 13 depends on the number of components of the rotational
motion (the number of rotation axes about which the measurement is taking place simultaneously),
and also on the maximization of the sensitivity-to-cost ratio. A sensor system with a larger number
of pairs of sensors 12 or 13 is more sensitive, but also more expensive. The individual sensors 12
or 13 measure one translational component of seismic oscillations.

The principle of measuring the rotational components with a pair of identical parallel sensors
12, 13 is in computing the difference between the signals from the two sensors 12 or 13 (differential
motion). If the signals do not contain the rotational component, the signals from the two sensors
12 or 13 would be identical, because they are fixed to the rigid frame 14, which cannot be deformed.
The differential motion from a pair of sensors 12 or 13 with parallel axes, therefore, corresponds
to the rotational motion in the plane defined by these axes. The sensitivity of the measurement of
a given pair of sensors 12 or 13 is directly proportional to the sensitivity of the individual sensors
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12, 13 and to the distance between their axes. The distance between the sensors 12 or 13 of a
given pair, however, cannot be increased too much, because the condition that the frame 14 is
non-deformable and that its dimensions are essentially negligible with respect to the wavelength of
P waves, must be satisfied.

An advantageous embodiment of the above sensor system S is the rotational seismic sensor system S
for measuring the rotational motion about a vertical or horizontal axis (axes). The terms "vertical
" and "horizontal" are related to the position (orientation) of the instrument with respect to the
gravitational field in the course of the measurement with the sensor system fixed to the ground.
If the system S is not fixed to the ground, these terms are used only to differentiate between two
mutually perpendicular directions, along which the axes of the sensors 12, 13 making up the sensor
system, are oriented.

The rotational seismic sensor system pursuant to the invention contains pairs of vertical sensor
12 and horizontal sensors 13. The advantageous setup of the sensor system S is such that sensors
12, 13 of the vertical 12 and horizontal pair sensors 13 are located in parallel planes. The hori-
zontal, as well as vertical sensors 12, 13 are located at the apexes of a regular polygon 15 with an
even number of apexes (in the special case of two sensors, this polygon reduces to a line section).
The horizontal and vertical sensors 12, 13 are fixed to the frame, e.g., of a metal structure 14, the
essential property of which is that it is non-deformable.

For measuring the rotation about a single axis, at least one pair of sensors 12 or 13 with axes
in the plane perpendicular to this axis, is required. Simultaneous measurements about three mu-
tually perpendicular axes of rotation thus require no less than three pairs of sensors 12 or 13, the
sensor axes of each pair lying in one of the three mutually perpendicular planes. To achieve high
sensitivity of measurement, more pairs of sensors 12 or 13 are mounted on the frame than the
minimum numbers given above. The rotational seismic sensor system S thus contains at least one
pair of sensors 12 or 13, preferably at least three pairs of sensors 12 or 13, more preferably more
than three pairs of sensors 12 or 13 in the specific configuration described above.

Example 2 Seismic measuring set containing the rotational seismic sensor system and the gener-
ator of rotational seismic waves

Another object of the invention is a seismic measuring set, containing the rotational seismic sensor
system S and the generator G of rotational seismic waves.

The advantageous generator G contains the following basic parts (Fig. 3a, 3b): Fixed part P,
revolving part O, and braking mechanism B.

The fixed part P of the generator G consists of at least two, preferably three, arms 1, which
are anchored in the ground and fixed to the central column 2. For anchoring, the ends of the arms
1 are embedded perpendicularly in holes in the ground, which are pre-drilled by an auger. The
central column 2 is located in the axis of rotation of the revolving part O of the generator G, which
are fixed to the column 2 by two bearings 4 with little friction under rotation.

The revolving part O of the generator G has, as an advantage, the form of two or more revolving
arms 3 located at regular angular intervals around the axis of rotation, i.e., of the central column 2.
Each arm 3 is formed, e.g., of two rods 3.1, which are obliquely fixed to the central column 2 using
bearings 4. The braking mechanism B is fixed to the central column 2 between the bearings. At
the end of the rods 3.1, there is a fixed weight 3.2 which may have many forms. An advantageous
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solution is the use of a hollow cylindrical tank as the weight, which is, e.g., filled with water or
sand. This makes transportation easier, and the weight 3.2 can be filled only at the measurement
site. The cylindrical shape of the weight 3.2 is advantageous due to small air resistance under fast
rotation.

The revolving part O may consist, e.g., of a disc or ring, rotating in a plane perpendicular to
the central column 2 of the fixed part P, which is also the axis of rotation. The disc or ring is fixed
to the central column 2 by arms 3.1 and bearings 4 which enable rotational motion with minimum
friction.

The braking mechanism B of the generator serves for instantaneous braking of the revolving part.
An advantageous alternative of braking the revolving part O is the impact of revolving arms 3, or of
their rods 3.1, on braking rods 5. Figures 3a, 3b show the generator G with revolving arms 3 prior
to braking, Figures 4a, 4b after braking. The braking mechanism B, in this case, consists of two or
more braking rods 5. A suitable setup is the same number of braking rods 5 and revolving arms 3.
Braking rods 5 are positioned so that they will not hinder the motion of the arms and are secured
by means of a split pin 6, which is controlled, e.g., electromagnetically by means of relay 7 and tie
bar 8. Upon command from the control unit, the split pin is released and the braking rod crosses
the path of the lower part of the arm. After being released, the braking rods fall downwards due to
their own weight, and the motion is, at the same time, accelerated by spring 9. The lower parts of
the braking rods 5 mesh together with the grooves in disc 10 which is a part of the fixed part P and
is connected with central column 2. After braking, it is necessary to prevent reverse impact. This
can be done in several ways, e.g., by a rubber suction adapter or an electro-magnet ( specialists
are sure to find other equivalents easily). It is advantageous to use a mechanical latch. In braking
rod 5, at the point of impact on rod 3.1, there is an orifice into which the latch, connected with
the lower rod 3.1 of the revolving arm 3, falls upon impact. The latch mechanism may, e.g., be
designed as a latch, which is equipped on both sides by triangular segments, held apart by a spring.
Upon passing through the orifice, the segments are compressed, after passing through they expand
and prevent the reverse impact. It is preferable if the latch is also operated electromagnetically.
This allows the control unit U, after terminating the experiment, to return the device to its initial
condition without manual intervention of the operator. This is convenient because high sensitivity
is achieved by multiply repeated measurements.

Another alternative of braking the revolving part, especially if it is formed by a rotating ring
or disc, is the engagement of the cogs of the cog wheel fixed to the revolving part O with the spaces
between the cogs of the cog segment firmly attached to the fixed part P. Both cog elements lie in
the plane perpendicular to the axis of rotation. The system is activated, e.g., by releasing a latch
so that the mobile part moves vertically downwards due to its own weight and pushes the cog wheel
to contact the cog segment.

The generator motor (not shown in Fig. 3) rotates the revolving part O, to which the rotational
moment is transferred, e.g., with the aid of a V-belt. It is an advantage to use a motor which is able
to rotate the generator clockwise or counter-clockwise. Another advantage is to equip the motor
with a battery to start the motor, to feed the control unit U and the electromagnetic control 7 of
the braking mechanism B.

The control unit U is essentially a computer which records the data from sensors 12, 13, switches
the motor on and off, activates the braking mechanism B and returns the generator G to its original
condition. The control unit U is connected to the motor, electromagnetic relay 7 of the generator
G, seismic rotational system S and a revolution counter, e.g., an optical revolution counter. The
principle of the optical revolution counter is in that an optical ray is interrupted by the passage
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of rotating arms 3. The braking mechanism B is activated, e.g., when the rotating arms 3 are
in a suitable position with respect to the braking rods 5. An advantageous embodiment of the
control unit U also processes the measured data in the manner described below. As an advantage,
the control unit U contains a computer program which processes the data and is described by the
flow chart in Fig. 5, and one of its specific embodiments is described in the next Example. The
computer program mentioned may also be installed in a distant computer which is used to process
the data.

The control unit U equipped with a computer program for data processing can be used simi-
larly for the seismic rotational sensor system S itself in the case that another source of seismic
motions is applied (earthquake, blast).

Example 3 Measurements of anthropogenically generated rotational motions with the prototype of
the sensor system

An experiment has been carried out with the prototype (Fig. 7), basically identical with the device
in Fig. 2, which has proven the technical qualification and correct function of the device.

The rotational seismic sensor system S consisted of four horizontal geophones 13 of the LF-24
type (by Sensor Nederland B.V.) with a flat frequency response for frequencies in excess of 1 Hz.
Sensors 13 were fixed to a non-deformable (steel) frame 14 of a cylindrical shape with 40 cm di-
ameter (Fig. 7). The sensor system S was located on the surface, close to the fixed part P of the
generator of rotational ground motion G. A laptop computer with a UDAQ 1408 (Tedia) converter
card was used as the control unit U.

The rotational seismic ground motions were generated by generator G which basically corresponds
to the diagram in Fig. 3a, 3b and represents a simplified version of the prototype described below,
that has also been constructed. The fixed part P of generator G was embedded in the ground.
There were four revolving arms 3. The braking mechanism B was made of iron pipes 5 which were
originally kept in a horizontal position and, at a suitable moment, blocked the revolving of the
arms 3 by dropping into groves dug in the ground. Thereby the rods 3.1 of the revolving arms
3 impacted the braking rods 5, the revolving arms 3 stopped practically instantaneously and so
rotational seismic motions were generated.

Five experiments were carried out, during which the revolving arms 3 of the generator G were
rotated clockwise and five experiments in which the arms 3 were rotated counter-clockwise.

The results of both of these experiments are shown in Fig. 8. The top figure shows the out-
puts from 4 geophones 13 (curves a, b, c, d). The differences between these records are due to
the rotational components shown in the bottom figure for 2 pairs of geophones 13 , (a, c) and (b, d).

Calculation of the sensor system sensitivity

A calculation has been made for a particular embodiment of the sensor system S, which was
used to carry out the above experimental measurement. Sensitivity higher by orders of magnitude
can be achieved if components of a higher quality are used.

Geophones by Sensor Nederland B.V., type LF-24, which have a basic sensitivity of 15 V/(m/s),
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were used as sensors 13. The signal is amplified 100 times, so that the overall sensitivity is 1500
V/(m/s). This analogue signal is digitized by means of an A/D converter (by Tedia, s.r.o.) with a
range set to ±5 V. It follows that the maximum range of the recorded oscillation velocity is approx-
imately ±3.33 mm/s. The converter has dynamics of 21 bites, which means that its overall range
is divided into approximately ±106 levels. The lowest oscillation speed which can be distinguished
(LSB) is, therefore, 3.33 nm/s. The diameter of the frame 14, to which the geophones are fixed,
is 20 cm. It follows that the LSB expressed in radians is 16.65 nrad/s. This can be considered
the basic sensitivity of this particular sensor system. This sensitivity is constant in the frequency
range of 1 to 200 Hz.

Prototype of the generator of rotational seismic motions

In this particular model, the generator G has two revolving arms 3, located opposite to one another
with respect to the axis of rotation. Tanks 3.2 of cylindrical shape, volume 16 litres, are fixed to
rods 3.1 of the arms 3. Prior to activation, holes are drilled with an auger to anchor the generator
G, and the underground part of the fixed part P is buried. The tanks 3.2 are filled with water and
each of the weights thus weighs 21 kg. Their horizontal positioning is checked with a level. The
measurement is then activated by means of the control unit U. This unit U then controls the whole
procedure. It switches on the motor and thereby the arms 3 begin to revolve. Once the required
speed is achieved, it switches the motor off. After a pause of a few seconds, it activates the braking
mechanism B. Simultaneously it ensures that the braking rods 5 are dropped at a suitable moment
so that they become engaged in the grooves before they are impacted by the rods 3.1 of the revolv-
ing arms 3. Upon impact, the rods 3.1 of the revolving arms 3 become attached to the braking rods
5, the revolving arms 3 are stopped, and rotational seismic waves are generated. From the moment
of impact, the output from the rotational seismic sensor system S begins to be recorded. First,
small amplification is applied to record the strong exciting pulse truly, and then the sensitivity is
increased (e.g., a hundred times) for recording the reflected waves. Once the recording is stopped,
the latches 6 are released and the revolving arms 3 are turned back by several tens of degrees.
The braking rods 5 are pulled up and secured by split pins. The generator G is then prepared for
further use. To distinguish very weak reflections, the whole procedure is repeated many times, and
the results are summed up (see above). In half of the cases, the revolving part O of the generator
G is rotated clockwise, in the other half counter-clockwise.

Method of Measurement and Data Processing

It is an advantage to measure and process the results with one or more control units U con-
trolling the generator G together with one or more sensor systems S according to the invention
and carrying out the processing described below. Figure 5 shows the embodiment, all activities
being carried out by a single control unit U which controls generator G (this embodiment contains
revolving arms 3 and braking rods 5) and an SOS set of the sensor systems S. Control unit U
consists of operation unit U1 and processor U2. This unit issues command 111 to generator G to
assume the starting position (initialization G1). The unit then issues command 112 to motor G2
to switch on. Optical bar G3 issues signals 113 on the speed of rotation and the current position
of the arms 3, these data being evaluated in the control unit U on a continuous basis. After the
arms 3 achieve sufficient speed, the unit issues command 114 to switch the motor off. When the
arms 3 are in optimum position, the unit issues command 115 to activate braking system G4, and
also command 116 to decrease the sensitivity of sensor system S1, located just below generator
G. This sensor system S1 records the exciting rotational signal and sends command 117 to the
control unit U. Immediately afterwards, the unit U issues command 118 to increase the sensitivity
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of sensor system S1. Sensor system S1, and possibly other systems S2 to SN then record rotational
signals 119, 110, which are reflected from the rock massif (e.g., by inhomogeneities). Thereafter all
accumulated data are transferred 111 to processor U2, where they are processed continuously or
at a later time. It is advantageous to repeat the whole process of initialization, switching on and
stopping the generator G many times in order to increase the sensitivity of the measurement. The
result of the measurements and processing in processor U2 are output rotational seismograms 112
(Fig. 8a, 8b), corresponding to the individual sensor systems S1 to SN.

The processor U2 carries out the processing according to the scheme in Fig. 6, where G is the
generator, S1, S2, ..., SN are the rotational seismic sensor systems, and C1 to C3 the three com-
ponents of rotational motion. The scheme corresponds to a situation where more than one sensor
system S is used and each of them measures rotational motion about three mutually perpendicular
axes (parallel for all sensor systems). An expert will understand the modification of controlling the
generator G and measuring device S, e.g., with a different braking mechanism.

The following time series are available for processing the seismic measurement:

a) exciting signals Bik(t) (first few tenths of a second of the record),

b) reflected and/or refracted signals Xik(t) (the balance of the record),

where i is the number of the experiment and k the number of the seismic sensor.

The processing is carried out in several steps:

I. Depending on the orientation of the sensors 12 or 13 in the pair, the signals of the opposite
sensors 12 or 13 are either subtracted or summed. Thereby the translational components are sub-
tracted and only the rotational ones remain. This yields the exciting signals Bij(t) and the reflected
and/or refracted rotational signals are sought in the time series Xij(t), where i is the number of
the experiment and j the number of the pair of sensors 12 or 13.

II. One makes use of the fact that the reflected and/or refracted waves should display the same
waveform as the exciting signal. The correlation functions according to formula V1 are then com-
puted:

Kij(t) =
∫ ∞

−∞
Bij(τ)Xij(τ + t)dτ (V1)

In practice, however, the exciting signal is non-zero only within a short time interval, and it is
sufficient to integrate just within these limits. If the reflection arriving at time t has the same
orientation as the exciting signal, function Kij(t) is positive, otherwise negative. If no reflection
arrives, Kij(t) is zero (assuming an ideal case with no noise). The reflections may thus be identified
by finding the local maxima of function |Kij(t)|.

III. All functions Kij(t) should theoretically be identical. In practice, however, there is always
noise which causes these functions to differ and some of the weak reflections to become extinct due
to the noise. The differences between the separate pairs of sensors 12 or 13 are larger than the
differences between the separate experiments, because the error caused by the different character-
istics of the separate sensors 12 or 13, e.g., geophones, imperfect rigidity of the frame 14 of the
sensor system S, etc., is added. That is why the summation is carried out first over the separate
experiments (index i). This suppresses the noise and one arrives at the sum function S(t):

S(t) =
∑

j

∑

i

Kij(t) (V2)
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Non-linear combination of signals can be applied in this formula, e.g., using the GAS method
(Málek, J., Kolínský P., Štrunc J., Valenta J. 2007: Generalized average of signals (GAS) – a new
method for detection of very weak waves in seismograms, Acta Geodyn. et Geomat., 4, No. 3, 5-10).
In using this method, it is necessary to carry out only a smaller number of experiments, however,
a certain distortion of the signal does occur. The advantage of using the non-linear combination,
therefore, varies in different cases. The order of summation is important if non-linear addition is
applied.

IV. The times and amplitudes of the reflected and/or refracted waves are recorded.

V. The recorded amplitudes and times of propagation of the reflected and/or refracted waves
enter the computation of the structure of the geological medium. This computation is not a part
of the submitted invention.

The process described differs from the processes used so far, particularly as regards the order
of executed operations using non-linear summation:

1) Calculation of the correlation function using formula V1,

2) Summation over separate experiments (index i in formula V2),

3) Summation over sensor pairs (index j in formula V2).

The order of executing steps 2 and 3 is important.

The advantage of the process described above is that the correlation functions are much more
similar, although the separate rotational seismograms recorded are not quite identical (due to
noise, the characteristics of the sensors 12, 13 used not being quite the same, e.g., of geophones,
etc.). Also the records of different experiments are more similar than the records of different pairs
of sensors 12, 13. In combining them, therefore, the signal is greatly amplified, particularly if
the non-linear GAS method is used. Thereby the sensitivity of the whole device is considerably
increased.

As schematically illustrated in Fig. 6, the summation of the correlation functions is thus first
carried out for all repeated activations and subsequent stoppages of the generator, and only then
are the correlation functions, corresponding to the given component of the rotational motion, added
up for all pairs of sensors 12, 13 of the given sensor system Sm, m = 1, 2, ..., N.

P A T E N T C L A I M S

1. The rotational seismic sensor system (S), c h a r a c t e r i z e d b y containing one
or more pairs of identical seismic sensors (12, 13) each pair of the sensors being fixed to the non-
deformable frame (14) of the system (S), and sensors (12, 13) being located so that they measure
seismic oscillations along two parallels, these parallels being separated by a distance much smaller
than the wavelength of the P waves propagating through the ambient rock, and the line connecting
the sensors (12, 13) in the given pair being perpendicular to the axis of the rotational motion which
is to be measured, but not parallel with the axis along which translational motions are measured.

2. The rotational seismic sensor system described in Claim 1, c h a r a c t e r i ze d b y con-
taining also the control unit U to measure rotational seismic motions with high sensitivity and to
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process the data obtained from the measurement.

3. The rotational seismic sensor system pursuant to Claim 1 or 2, c h a r a c t e ri z e d b y con-
taining one or more pairs of vertical sensors (12) and/or horizontal sensors (13) which lie in parallel
planes, and the horizontal (12) as well as vertical sensors (13) are located at the apexes of regular
polygons (15) with even numbers of apexes.

4. The seismic measuring set, c h a r a c t e r i z e d b y containing the rotational
seismic sensor system (S), described in Claim 2 or 3, and the generator (G) of rotational seismic
waves consisting of fixed part (P) to be embedded in the ground, revolving part (O), and braking
mechanism (B) for instantaneous stopping of the revolving part.

5. The seismic measuring set described in Claim 4, c h a r a c t e r i z e d b y
the fact that the generator (G) of rotational seismic waves contains a motor.

6. The method of seismic survey, c h a r a c t e r i z e d b y the use of the seis-
mic measuring set described in Claim 4 or 5 for generating rotational seismic motion by means of
the generator (G), the response to the generated rotational seismic motions being measured by a
rotational seismic sensor (S), and measurements being processed and evaluated by control unit (U).

7. The method described in Claim 6, c h a r a c t e r i z e d b y measuring the
waveform of exciting seismic signals generated by the generator (G) of rotational seismic motions,
and the waveform of reflected and/or refracted seismic signals.

8. The method of seismic survey described in Claim 6 or 7 c h a r a c t e r i z e d
b y including the following steps in seismic measurement evaluation:

1) Calculation of the correlation function Kij(t) using formula V1,

Kij(t) =
∫ ∞

−∞
Bij(τ)Xij(τ + t)dτ,

where Bij(t) is the exciting signal at the time τ , Xij(t) is reflected or refracted signal at the time
τ + t, i is the number of the experiment and j the number of the sensor pair. 2) Addition is carried
according to formula V2 to calculate the sum function S(t):

S(t) =
∑

j

∑

i

Kij(t)

over index i, where i and j have the same meaning as in formula V1,

3) Addition is carried according to formula V2:

S(t) =
∑

j

∑

i

Kij(t)

over index i, where i and j have the same meaning as in formula V1, and the summation means
ordinary summing or non-linear generalized summing, and if the summation is non-linear, steps 2
and 3 are carried out in the order given.

9.The seismic measuring set described in Claim 4 or 5, c h a r a c t e r i z e d b y
the control unit (U) containing a computer program installed to apply the method of measurement
described in any of Claims 6 to 8.
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8 drawings

Fig. 1

Fig. 2
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Fig. 3a

Fig. 3b
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Fig. 4a

Fig. 4b
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Fig. 5

Fig. 6
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Fig. 7
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Fig. 8a

Fig. 8b
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Brokešová J., Málek J.

Rotaphone: two functional prototypes according to patent CZ 301217. Technical specification and
parameters.

Prototypes according to Patent CZ 301217
Owner: MFF UK, ÚSMH AVČR

Development supported by GAČR, Czech Science Foundation,
Project P210-10-0925 "Rotational components of seismic waves for local shallow earthquakes and

artificial sources"
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Appendix G1

Functional Prototype of the

3DOF Seismic Sensor System Rotaphone

according to patent CZ 301217 B6

Purpose: short-period collocated measurement of two perpendicular horizontal ground velocity
components and the vertical-axis seismic rotation rate component

Figure 1: (a) 3DOF Rotaphone with 8 geophones on a concrete pillar (station measurement), (b) 3DOF
Rotaphone with 8 geophones in field measurement, (c) scheme of an older version of 3DOF Rotaphone with
4 geophones.

Parameters of the instrument:

frequency range 1 - 100 Hz

sampling frequency 250 Hz

LSB for translational components 3.33 nm/s

LSB for rotational components 16.65 nrad/s

maximum translation velocity 3.33 mm/s

maximum rotation rate 10 mrad/s

dynamic range 100 dB

paired sensor spacing 30 cm
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Dimensions:

disc diameter 25 cm

height 10 mm

Weight: 4.5 kg

Material of the frame: AL PLECH 10.0/1000/2000 AlCu4Mg ČSN 42 4201.61

Basic components:

8 horizontal geophones LF-24 P/N 1100242 (Sensor Nederland B.V.)

2 A/D converters 21bit AD16021 (Tedia, Ltd.)

GPS receiver and antenna Garmin GPS 18

datalogger

amplifier amplification 100x (Tedia, Ltd.)

Geophone parameters:

natural frequency 1 Hz

sensitivity 15 Vs/m

open circuit damping 100 %

dynamic range 120 dB

diameter 34 mm

height 65 mm

weight 170 g

connector Amphenol – Series C91-M IP65, 5-pin

operating temperature range -20 – +60 ◦C
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Figure 2: (a) Detail of the metal support plate with holes and pre-drilled dimples (top view),
(b) detail of the sensor mounting

A/D converter parameters:

bits 21

channels 4

range ± 5 V

Software:

program for registration RUP (ÚSMH, author J. Štrunc)

program for processing and calibrating KUK (ÚSMH, author J. Málek)

Year of construction: 2010

Owner: Institute of Rock Structure and Mechanics, AS CR (ÚSMH AVČR)

Inventory No: DH-502158-0000, DH-502159-62
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Figure 3: Drawing of the metal support plate with radii of the basic circles.

Figure 4: Drawing of the metal disk with slots and eight sensors (the lay-out of the slots
enables equal spacing of four, six or eight sensors).
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Appendix G2
Functional Prototype of the

6DOF Seismic Sensor System Rotaphone

according to patent CZ 301217 B6

Purpose: short-period collocated measurement of three perpendicular ground velocity components
and three seismic rotation rate components

Figure 1: Scheme and photograph of the 6DOF Rotaphone, prototype I, with eight horizontal and one ver-
tical geophones (top), and 6DOF prototype II, with eight horizontal and four vertical geophones (bottom).
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Parameters of the instrument:

frequency range 2 - 60 Hz

sampling frequency 250 Hz

LSB for translational components 0.647 nm/s

LSB for rotational components 2.16 nrad/s

maximum translation velocity 86 mm/s

maximum rotation rate 287 mrad/s

dynamic range 120 dB

paired sensor spacing 30 cm

Dimensions:

length 35 cm

width 35 cm

height 43 cm

Weight: 9.5 kg

Material of the frame:

Profile Alutec 45x45 104545E (Alutec K&K, a.s.)

Fixing angle brackets Alutec 302540 (Alutec K&K, a.s.)

Basic components (Prototype II):

8 horizontal geophones SM-6 P/N 1006100 (Sensor Nederland B.V.)

4 vertical geophones SM-6 P/N 1006060 (Sensor Nederland B.V.)

4 A/D converters 28bit (Tedia, Ltd.)

GPS receiver and antenna Garmin GPS 18

datalogger

196



Appendix G

Geophone parameters:

natural frequency 4.5 Hz

sensitivity 28.8 Vs/m

dynamic range 140 dB

diameter 25.4 mm

height 36 mm

weight 81g

moving mass 11.1 g

maximum coil excursion p.p. 4 mm

standard coil resistance 375 Ω ± 5%

open circuit damping 0.56 ± 5%

operating temperature range -40 – +100 ◦C

A/D converter parameters:

bits 28

channels 3

range ± 2.5 V

Software:

program for registration RUP (ÚSMH, author J. Štrunc)

program for processing and calibrating KUK (ÚSMH, author J. Málek)

Year of construction: 2010

Owner: Faculty of Mathematics and Physics, Charles University in Prague (MFF UK)

Inventory No: 01âĹŠ0013804/00ROTACNI SEISMICKYSENZOR24.11.10 52498.00 111
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Figure 2: (a) Detail of the sensor mounting, (b) detail of the bottom base of the instrument
(prototype I) with three A/D convertors and an additional battery.

Figure 3: Profile Alutec 104545E and fixing angle brackets 302540, specification (from Alutec
K&K catalog).
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