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Abstract Two large explosions were recorded by a
dense array of strong-motion accelerometers and rota-
tional seismometers in northeastern Taiwan associated
with a Taiwan Integrated Geodynamics Research long-
range refraction experiment. The objective of this ex-
periment was to test the response of the experimental
eentec rotational seismometers against calculated array
rotations. Computed array rotation rates are seen to have
little variation across the array, but point rotation rate
measurements obtained from individual rotational seis-
mometers show significant deviations with each other
and with the array rotation rates in the ranges of 3–5 Hz

and, especially, 3–50 Hz. A cross-correlation method
was used to compare array-computed rotation rates and
point rotation rate measurements in the frequency band
of 3–5 Hz with the result that the absolute value of the
normalized maximum correlation coefficient for each
station set varied from 0.45 to 0.97 with an average of
0.84. Amplitude differences of the point rotation rate
measurements are seen to be factors of 0.2 to 1.8 times
the array rotations as well. It is not likely that the differ-
ences seen in the point and array-computed rotation
rates are due to nonlinear or heterogeneous site condi-
tions under each array element since these effects should
also be seen in the acceleration data used to determine
rotation rate. A rigorous method for accurately calibrat-
ing rotation rate instruments is needed to understand
their response in the field.
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1 Introduction

Rotational seismology is an emerging field (Lee et al.
2009a, b; Stupazzini et al. 2009). A particular concern is
being able to measure rotation rates directly. This has
been attempted using instruments such as solid-state
devices and ring lasers (e.g., Nigbor 1994; Takeo 1998;
Schreiber et al. 2009). Recently, more affordable com-
mercial rotational seismometers have become available
that can measure with great sensitivity rotational waves
produced from earthquakes, explosions, and other energy
sources. In order to effectively use these new instruments,
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further tests are required by the seismological community
to evaluate their accuracy. In this paper, we examine the
response of the eentec R-1 rotational seismometer under
field conditions that include recording strong ground
motions from nearby large explosions. Others have ex-
amined the response of eentec R-1 rotational seismom-
eters in the laboratory (Nigbor et al. 2009;Wassermann et
al. 2009), but not under field conditions that include
siting and installation variables. We will examine seismic
waves recorded by the eentec R-1 rotational seismometer
and compare them to rotation rates calculated using
seismic array “geodesy” (Gomberg et al. 1999) to deter-
mine the accuracy of the rotational seismometers. The
data come from two large explosions detonated for the
Taiwan Integrated Geodynamics Research (TAIGER)
(Lin et al. 2009) project in Taiwan on 4 March 2008.

Acceleration data from a dense array of accelerom-
eters are used to calculate wave spatial gradients and
resulting rotation and strain rates (Langston and Liang
2008). Langston et al. (2009) used these methods to
examine rotation rate as well as strain rate, wave
speed, direction, spatial amplitude variation, and stress
for the two large TAIGER explosions although they
only examined the vertical component of rotation rate
(around the local z-axis). In this article, we will com-
pute all three components of rotation rate (local x, y,
and z) compared to the three component rotational
velocity data recorded by the eentec rotational
seismometers.

The two TAIGER explosions were detonated about
500 m from the center of the small array (Fig. 1).
These explosions, N3P and N3, contained 3,000 and
750 kg of explosives, respectively. Accelerometers
and rotational seismometers were positioned close
together with 5 m between stations. We will focus on
the comparison of each component of rotation rate (or
velocity) at each of the five center array stations. There
will be 15 waveforms from the rotational seismome-
ters (which will be termed “point rotation rate meas-
urements”) and 15 waveforms from array geodesy
calculations using data from the accelerometers
(which will be termed “array-computed rotation
rates”) for each of the two explosions for a total of
30 waveforms of each type.

The eentec R-1 rotational seismometer uses a non-
traditional left-handed coordinate system for the direc-
tion of positive rotation rate. Referring to Fig. 1, our
Cartesian coordinate system follows the general right-
handed rule, but the direction of positive rotation

about the Cartesian axes as recorded by the rotational
seismometers follows a left-handed rule. We adopted
this convention to make the comparison between point
and array-computed rotation rates. We show that the
point rotation rate measurements are variable when
compared with the computed array rotation rates.
The computed array rotation rates are highly correlated
with themselves when compared by component, but the
point rotation rate measurements are less correlated with
the local x components having the most variations.
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Fig. 1 Source (a) and gradiometer (b) geometry from Lin et al.
(2009). Borehole locations for the N3P and N3 explosions are
labeled in a where N3P_A3, N3P_A2, and N3P_A1 correspond
to the N3P explosion and N3_B1 corresponds to the N3 explo-
sion. Stations are labeled in b; we compared rotational wave-
forms from stations N03, N05, N06, N07, and N09 as they had
both a rotational seismometer and an acceleration sensor. Ac-
celeration data from the 11 stations were used to calculate the
computed array rotation rates. The direction of positive rotation
rate is found using the nontraditional left-handed rule around
each of the positive axes (the superimposed Cartesian coordi-
nate system of x, y, and z where z is out of the page and station
N06 is the center)
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Reasons for this result are investigated by comparing
results for the two different explosions and through
Fourier analysis.

2 Data

The experimental details, setup, and specific calibra-
tions of the TAIGER explosions and of the instrument
network are outlined in Lin et al. (2009). Two large
explosions were detonated about an hour apart on 4
March 2008; the first one consisted of three simulta-
neous 1,000 kg borehole explosions (known as N3P)
and was detonated at 17:01 UT, and the second explo-
sion contained 750 kg of explosives in one single
borehole (known as N3) and was detonated at 18:01
UT. For simplicity, a Cartesian coordinate system is
centered at station N06 (Fig. 1) with the middle bore-
hole of the N3P explosion situated about 500 m from
the center of the instrument array. Instrument locations
N03, N05, N06, N07, and N09 contain both acceler-
ometers and rotational seismometers and are the sta-
tions of interest in comparing the two data sets.
However, all 11 stations contain accelerometers and
each accelerograph of the array is used to compute
rotation rates for the five, inner array elements. The
array was specifically designed to sample less than
10 % of the target wavelength to accurately compute
the wave spatial gradients (Langston et al. 2009).
Seven of the stations had Metrozet TSA-100S accel-
eration sensors and the others had Kinemetrics Epis-
ensor ES-T sensors. The five center array elements
also had eentec R-1 rotational seismometers with
Quanterra Q330 dataloggers. The accelerometers are
both force-balanced, and their amplitude responses are
flat from 0 to 225 and 200 Hz, respectively (Lin et al.
2009). Factory specifications for the instruments and
on-site calibrations are presented in Lin et al. (2009).

3 Theoretical background

Rotation rate is computed using wave spatial gradients
obtained from observation of accelerations at each sta-
tion in the array. The spatial gradients are found by
modeling the wavefield through a Taylor’s expansion
as suggested by Spudich et al. (1995). This process is
applied to the acceleration data in order to compute
rotation acceleration for each of the three components

at each of the five stations and then integrating to obtain
rotation rate.

Rotation rate can be related to an incoming wave
through its spatial gradient. Rotation rate is calculated
relative to a reference point or ‘master receiver,’ which
will be the locations of each accelerometer at stations
N03, N05, N06, N07, and N09. The spatial gradient at
the master receiver (s0) can be related to the wavefield
at all other receivers (si) (Langston and Liang 2008;
Liang and Langston 2009):

dui ¼ ui � u0 ¼ dxi
@u

@x S0j þ dyi
@u

@y S0j þ duei
rr ð1Þ

where i01,2,…,N where N is the number of stations; u
can be ux , uy, o r u z ; and dxi ¼ xi � x0 and
dyi ¼ yi � y0. We are using the assumption that the
error, duierr, is of second order and can be neglected. In
matrix form:
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ð3Þ

The least-squares solution for the spatial gradients
is:

m ¼ ðGTGÞ�1
GTd ð4Þ

The three components of rotation rate about the x-, y-,
and z-axes at the Earth’s surface are (Lin et al. 2009):

wx ¼ @uz
@y

wy ¼ @uz
@x

wz ¼ � 1
2

@ux
@y � @uy

@x

� �
:

ð5Þ

Inserting the proper component of the spatial gradient
into Eq. (5) gives the rotation rate about each axis.
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4 Data analysis

Units for observed rotation rates are in milliradians per
second. The derived array rotation rates start from
differencing acceleration using the theory listed in
the previous section, in centimeters per square second
to obtain radians per square second. The original ac-
celeration records are presented in Langston et al.
(2009) in the bands 3–5 and 3–50 Hz. Langston
(2007) provides a discussion on the error level
associated with calculating spatial derivatives. Ro-
tation acceleration is then time-integrated to obtain
rotation rate using the Fourier integral theorem and
then scaled to obtain milliradians per second. We
then convolved the nominal eentec R-1 rotational
sensor instrument response into the computed array
rotations to compare them with the point rotation
rate data. We also applied a 3–5 Hz frequency
bandpass filter after multiplying them by negative
one to account for the nontraditional direction of
positive rotation.

Ideally, the point rotation rate measurements should
be identical to the computed array rotation rates as
they both are recordings of the rotational waves from
the two large explosions. The rotation rates at each of
the five stations should have the same shape because
the horizontal seismic wavelength in our assumed
bandpass is greater than the array aperture of 10 m.
For example, a 4-Hz P wave with a horizontal phase
velocity of 4,000 m/s would have a horizontal wave-
length of 1,000 m which is much greater than the array
diameter (Langston et al. 2009). This is the reason for
choosing the 3–5 Hz bandpass. This relatively low
frequency bandpass is well within the responses of
both the accelerometers and the eentec R-1 rotational
seismometer while preserving the requirement that the
array aperture be 10 % or less than the observed
seismic wavelengths.

Point and array rotation rates were plotted by ex-
plosion (N3P and N3) and then by the local x-, y-, and
z-axes (Fig. 2). The point rotation rate measurements
have noticeable amplitude and phase differences. The
superimposed computed array rotation rates, on the
other hand, show very little variation. This indicates
two things: First, the array-computed rotation rates are
quite stable because they show almost no variation
over the array. This consistency of rotation rate esti-
mates, even using different reference points for the
Taylor series inversion, is consistent with the expected

wave propagation. Long-wavelength seismic waves
should not change amplitude or phase over relatively
short distance ranges. Secondly, but much more
problematical, the rotational sensor waveforms have
small time shifts and amplitude variations among
themselves and when compared to the “correct”
array-derived rotation rates. Largest waveform var-
iations occur for the x components of stations N06
and N09.

In an attempt to quantify the differences in the
point rotation rate measurements, cross-correlation
of the point and array rotation rates was applied
to the filtered waveforms for each component of
each station. We were interested in waveform sim-
ilarity, given by the maximum of the normalized
cross-correlation, the time shift that gave the max-
imum normalized cross-correlation, and the ampli-
tude of the un-normalized cross-correlation at zero
time shift (Table 1). The absolute values of the
normalized cross-correlation coefficients range
from 0.45 to 0.97 with an average of 0.84. The
optimum, least-squares estimate of the amplitude
variation of the un-normalized cross-correlations is
represented by:

A ¼ OðtÞ � SðtÞ½ �t¼0

SðtÞ � SðtÞ½ �t¼0

ð6Þ

where the circled cross denotes the cross-correlation,
O(t) is the point rotation rate measurement, and S(t)
is the computed array rotation rate (Langston et al.
2002).

Our first comparison was to simply divide each
point rotation rate measurement by its inferred
amplitude variation value. The new, “corrected”
waveforms were then superimposed on the com-
puted array rotation rates (Fig. 3). With these
corrections, the waveforms become more similar
for the y and z components, but the x component
waveforms still vary wildly.

We then investigated spectral amplitude ratios of the
observed point rotation rates compared to the array
rotation rates to see if there were consistent character-
istics that could be attributed to differences in spectral
instrument response among the rotational seismometer
channels. First, all of the waveforms were transformed
into the frequency domain using an FFT. The number of
points in the time series is 6001, so the corresponding
frequency resolution is 0.03 Hz. The amplitude spectra
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were smoothed using a running average of 10 points (or
0.3 Hz) on either side of the center frequency (Fig. 4) in
order to avoid irregularities and zeros which would cause
spectral ratios to have spurious peaks. After smoothing,

spectral ratios of the point to array rotation rates for each
component of each station were computed (Fig. 5).

Most z channels show a resonance peak at about
4.1 Hz that can increase observed rotation rate amplitudes
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Fig. 2 Local x, y, and z components of rotation rate for each of
the explosions with the measurements at the five stations super-
imposed in the frequency range 3–5 Hz. Point rotation rate
measurements (a) show considerable variations and are

distinguishable from each other while the computed array rota-
tion rates (b) show such little variation that the five waveforms
plotted are almost indistinguishable
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by factors of 2 to 4 (Fig. 5). Y channels seem best
behaved with more subdued resonance peaks and spectra
that suggest a response within 50 % of advertised values.
X channels show the greatest variation in spectral ratios
with the appearance of large resonance peaks near 4.3 Hz
that amplify rotational motions by up to factors of 10.
Notably, station 3 x component spectral ratios are com-
parable to the better y components. Spectral ratios for
each event are similar, but the smaller explosion, N3,
seems to have greater resonance peaks than the larger
explosion, N3P.

5 Discussion

A field experiment of this type potentially contains many
more variables that may affect seismic recordings than
would normally occur in more controlled laboratory
conditions. It is natural to suspect that very local site
and wave coupling conditions under each instrument
could affect both the acceleration and rotation rate meas-
urements. The experiment was performed in the Lan-
Yang river valley with hills, roads, and a cultivated field

nearby (Lin et al. 2009). Photographs of individual array
elements show that concrete pads were poured over a
heterogeneous mix of river gravels and large cobbles.
Perhaps this kind of site heterogeneity gave rise to very
local wave scattering, base resonance, or some other
unknown, nonlinear condition to cause substantial varia-
tions between rotational seismometer recordings.

The eentec rotational sensors themselves were tested
before the experiment, and the sensitivity values
obtained were off by as much as 30 % from the factory
specifications (Lin et al. 2009). However, the method
used was approximate; Lin et al. (2009) states that “…
this method determines the average sensitivity over
several frequency bands, so that the total frequency
response cannot be obtained.” Nominally, the response
of the eentec R-1 is flat to rotation rate between 0.05 and
20 Hz. The data comparisons of Figs. 2, 3, and 5 show
that there is considerable variation among the rotation
channels of the array. What is the most likely source of
these variations?

The array accelerations offer a strong clue. The wave-
field in the 3–5-Hz frequency band is very consistent
over all elements of the strong-motion array (Langston

Table 1 Quantifying waveform similarity

Explosion N3P Explosion N3

Station+
component

Normalized maximum
cross-correlation
coefficient

Lag at maximum
cross-correlation
coefficient (s)

Amplitude
ratio at
zero lag

Station+
component

Normalized maximum
cross-correlation
coefficient

Lag at maximum
cross-correlation
coefficient (s)

Amplitude
ratio at zero lag

3 X 0.92 −0.02 0.86 3 X 0.84 0.00 0.91

3 Y 0.97 0.02 0.73 3 Y 0.94 0.00 0.94

3 Z 0.94 0.01 1.41 3 Z 0.85 0.01 1.24

5 X 0.88 −0.04 0.89 5 X −0.74 −0.13 0.81

5 Y −0.89 −0.12 1.22 5 Y −0.86 −0.12 1.15

5 Z 0.85 0.01 0.53 5 Z 0.84 0.01 0.60

6 X −0.60 0.21 −0.99 6 X 0.45 −0.10 −0.47
6 Y 0.76 0.01 0.35 6 Y 0.83 0.01 0.45

6 Z 0.95 0.01 1.81 6 Z 0.88 0.01 1.37

7 X 0.82 −0.02 0.70 7 X −0.76 0.07 0.62

7 Y −0.92 −0.12 1.01 7 Y 0.85 0.00 0.89

7 Z 0.95 0.02 1.03 7 Z 0.89 0.01 0.97

9 X −0.77 −0.07 0.26 9 X 0.70 0.03 0.22

9 Y −0.93 −0.11 1.06 9 Y −0.88 −0.11 1.00

9 Z 0.93 0.00 1.46 9 Z 0.87 0.01 1.22

This table presents a quantifiable comparison of the rotation rate waveforms of each component and explosion using normalized
maximum cross-correlations and amplitude variations. The lag at the maximum normalized cross-correlation gives the time shift of the
waveforms
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et al. 2009). Furthermore, the computed array rotation
rates using the geodetic technique are equally consistent
over each rotation element of the array (Fig. 2). If there
were some local site resonance or nonlinear effect at
each station of the array, these effects should be seen in
causing variation among the computed array rotation
rates. Instead, both the accelerations and array rotation
rates show what would be expected if ground motions
are sampled over distance scales much less than a seis-
mic wavelength. Even in the presence of site heteroge-
neity, the horizontal seismic wavelengths are simply too
large to detect small-scale heterogeneity of a few meters
or less. The acceleration and array rotation rate data are
consistent with long-wavelength wave propagation.

For completeness, we also applied a 3–50 Hz fre-
quency bandpass filter to the rotation rate data to show
the high frequency component of the waveforms
(Fig. 6). This gave the results that we expected: The
waveforms are less correlated in the higher band than
in the 3–5 Hz range. This is because the waves includ-
ed in the 3–50 Hz band are shorter period, so the

original requirement that the array aperture sample
less than 10 % of a wavelength is not honored. The
point rotation rate measurements show large amounts
of variability within the small time window of 0.4 s in
Fig. 6. This is the reason the 3–5 Hz bandpass fre-
quency was used in the analysis of this paper: The
waves being sampled are greater than ten times the
array aperture, so the array-computed waveform cal-
culations are accurate, and they can be correctly com-
pared to the point rotation rate waveforms.

We considered the effect that rotation could have on
the acceleration recordings themselves to estimate any
bias that might occur in using acceleration data con-
taminated with tilts and rotations. It is well-known that
horizontal seismographs are sensitive tilt meters. Hor-
izontal component strong-motion accelerometers will
be directly affected by a component of gravity through
g where g is the gravitational acceleration and ≪1 is
the tilt or rotation about a perpendicular horizontal
axis. However, the horizontal rotations are functions
of the vertical acceleration through Eq. (5). Vertical

0

Fig. 3 Superimposed corrected point rotation rate measure-
ments (corrected by dividing the original point rotation rate
measurements by the amplitude ratio value from Table 1) and
computed array rotation rates for explosion N3P (a) and explo-
sion N3 (b). The blue waveforms are the corrected point rotation

rate measurements, and the red waveforms are the computed
array rotation rates. Notice the similarities of the y and z com-
ponents and the wild amplitude variations of the x component
waveforms, specifically at stations N06 and N09
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acceleration is insensitive to tilt, to first order but
would be more sensitive to contamination with a small
component of horizontal acceleration being detected
by the tilted vertical accelerometer. However, the larg-
est rotation rates are of the order of 1 mrad/s which
would only cause a contamination of approximately
0.1% in cross axis groundmotion. Furthermore, Grazier
(2005) showed that within a limited frequency band, the
long-period errors introduced by tilting are eliminated.

Both the variation in waveform and variation in
spectral characteristics among the channels of the ro-
tational seismometer array strongly suggest that the
variation is due to variations in the instrument
responses (Figs. 2, 3, and 5). The x and z component
data show similar spectral resonances near 4.0–4.3 Hz
for both explosion sources. It is also interesting to
observe that spectral ratio data for the smaller event
that occurred 1 h after the large explosion show higher

amplitude ratios with the array-computed rotation
rates. Perhaps the sensors sustained mild damage dur-
ing the large explosion. Investigating these conjectures
is beyond the purpose of this report.

Another reason for the waveform variation that
needs to be explored in future studies is amplitude
distortion. The output response we are analyzing in
this paper could be a nonlinear function of the input
wave amplitude. If these were the case, just removing
the linear instrument response would not fix the var-
iations seen in the point rotation rate measurements.
Investigating nonlinearity requires controlled input
signals where amplitude and signal phase can be var-
ied to explore the resulting output. It has been sug-
gested that there might be distortion effects in the
rotational seismometers that starts at 20–40 % of full
scale (Nigbor, personal communication, November
12, 2011) . The clip level of the rotat ional
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Fig. 4 Component y from station N06 is shown to illustrate the
benefit of using a smoothing operator. For this figure and Fig. 5,
a running average of ten points on either side of the center
frequency was applied (Goldstein et al. 2003). Amplitude spec-
tra (a, b, d, e) are shown with (right-handed column) and
without (left-handed column) smoothing applied where the thick
lines are the array-computed rotation rates and the thin lines are

the point rotation rate measurements. Notice how a smoothing
routine filters out the discontinuities. The spectral ratios (c, f) are
shown with and without smoothing where the thick line repre-
sents explosion N3P and the thin line represents explosion N3.
The spectral ratios were calculated with the point rotation rate
measurements divided by the array-computed rotation rates
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seismometers is 1 rad/s at 1 Hz (eentec specification
sheet). The waveforms shown in this paper have
amplitudes of up to 1.5 mrad/s which is only 1.5 %
of full scale, far from 20 % to 40 % of the maximum
output of the instrument.

After correction by the inferred amplitude ratio found
from the zero-lag cross-correlation (Table 1), the point
data waveforms generally agree with the array rotation
rates, except for the x components at stations N06 and
N09 (Fig. 3). This suggests that a rigorous testing pro-
gram is required before fielding these instruments to
determine more accurate instrument responses. One

such method might involve a long-duration “huddle”
test where instruments are grouped closely to each other
on a solid pad. Recordings of high amplitude ambient
noise could be used to determine accurate relative rota-
tion rate responses using techniques suggested by Pavlis
and Vernon (1994).

6 Conclusions

Acceleration-derived geodetic rotation rates and point
rotation rate data recorded by eentec R-1 rotational

Spectral Ratios
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seismometers after two large explosions in northeast-
ern Taiwan were successfully compared. Computed
array rotation rate showed little variation over the five
array stations, consistent with long-wavelength

seismic wave propagation. However, the point rotation
rate measurements showed considerably more varia-
tion among themselves and when compared to the
array rotation rates quantified by normalized cross-
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Fig. 6 Local x, y, and z components of rotation rate in the 3–50-
Hz range with the five waveforms at each station superimposed.
The waves shown are the first 0.4 s of motion, and there is a
change in the times from the N3P to N3 explosions. The point
rotation rate measurements (a) show large variations with one

another—even more than in Fig. 2. The array-computed rotation
rates (b) show more variations with each other compared to the
low frequency bandpass because these short period waves have
wavelengths that are less than ten times the array aperture,
which increases the error in computed array rotation rates
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correlation coefficients, amplitude variation at zero
cross-correlation lag (Table 1), and ratios of the spec-
tra of point to array rotation rates.

The absolute value of the normalized cross-
correlation values between the two sets of rotational
waveforms in the frequency band 3–5 Hz had an average
of 0.84. Spectral analysis showed that the spectral ratios
varied by component and often had large resonance
peaks near 4.0–4.3 Hz. The x components of two stations
(N06 and N09) were particularly problematical. Varia-
tions in the observed point rotation rate data are attribut-
ed to variations in instrument response and not site
heterogeneity.
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