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Toward Understanding Subtle Instrumentation Effects Associated
with Weak Seismic Events in the Near Field
by Jiří Zahradník and Axel Plešinger

Abstract

Broadband observations of small earthquakes at short epicentral distances
reveal a mixture of near-field effects and instrumental artifacts. We investigated these
phenomena at a station equipped with an STS-2 and CMG-40T sensor situated almost
above shallow M 3.0 to 3.8 events (peak ground acceleration 2 × 101 m=sec2 ).
The horizontal components were systematically accompanied by tiltlike disturbances,
and the tilt obtained from the STS-2 records exceeded more than 10 times the values
predicted by the source model. We also observed a so far uncommonly recognized type
of disturbance, whose shape is the first derivative of the tiltlike disturbance. The most
likely explanation seems to be clipping of high-frequency signal peaks within the sensor
system. A computational model of a broadband feedback velocimeter as a linear
dynamic system with saturation proved this interpretation on a qualitative level.
Generally, any asymmetry in the transfer of high frequencies in the feedback velocimeter would produce a long-period disturbance of this type. Users of near-fault broadband velocigrams may numerically simulate the disturbances, without any knowledge
of their physical nature, and subtract them from the records. The decontaminated
records still may have a strange, bow-shaped form, related to the near-field ramp
and the static displacement (of the order of 1 × 105 m in this article). The effects
studied in this article seem to have a general character, for apparently any feedbackcontrolled broadband velocimeter.

Introduction
Earthquake seismology relies on understanding processes taking place at rupturing faults. Of particular importance are observations in epicentral regions where specific
near-field phenomena provide invaluable insight into the
source physics. They include, for example, permanent
displacements, tilts, and rotations. With recent advances
in density and configuration of broadband networks and
with improvement of the quality of the instruments, many
valuable near-fault records have also been obtained
for weak earthquakes. Some of them are obscured by
long-period disturbances whose origin has not yet been
fully understood. Most likely they represent a mixture of
subtle ground motion and instrumental effects, whose
correct deciphering is challenging. Identification and
possible removal of the disturbances has a broader impact
than just into tiny details of the earthquake source. A
proper treatment of the disturbances should be a part of
newer data acquisition and quality control procedures. This
is particularly important in real-time applications, such as
quick moment-tensor calculations, identification of fault
planes, and release of the shake maps, where disturbed
records might bias even gross estimates of the earthquake
parameters.

Near-field effects (such as a permanent displacement,
tilt, and rotation) have been well-known in theory and also
observed during strong earthquakes for quite a long time
(Bouchon and Aki, 1982), but their observational analysis
for small earthquakes is still quite rare. This article is focused
just on small events at short epicentral distances.
Long-period disturbances have already received attention in relation to tilts (Wielandt and Forbriger, 1999; Kalkan
and Graizer, 2007), baseline corrections (Boore et al., 2002),
strong-motion data processing (Graizer 2005), coseismic
deformation and permanent displacement (Boroschek and
Legrand, 2006; Wu and Wu, 2007), nonvertical installation
of sensors (Pillet and Virieux, 2007), and sensor nonlinearity
(Delorey et al., 2008). The present article is a follow-up of
our previous investigation of weak events at near stations in
Greece, often accompanied by tiltlike disturbances on CMG3T and LE-3D/20s records (Zahradník and Plešinger, 2005).
A strong motivation for this article came from the recent
earthquake swarm in West Bohemia, on the border between
the Czech Republic and Germany. Long-period disturbances
occurred quite systematically on the Streckeisen STS-2 records of M ∼ 3 events. Fortunately, a station in the epicentral
region was equipped also with a Guralp CMG-40T instrument.
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The two collocated sensors opened a way to a better understanding of tiltlike disturbances, similar to those we observed
in Greece. In particular, we tried to answer the fundamental
question of whether we actually recorded a ground-motion
tilt, or an instrumental artifact. Even more importantly, during
the study a new kind of disturbance also emerged. Its shape
was the first derivative of the tiltlike disturbance. Considering
that the tiltlike disturbance was formally equivalent to a step in
input acceleration, the new kind was equivalent to a step in
input velocity. Because the velocity step had no plausible
physical explanation in terms of the near-field effects, it had
to be investigated as a purely instrumental artifact.
Therefore, the general objective of this article is to better
understand how subtle ground-motion effects (small permanent displacements and tilts) are mixed with subtle instrumentation effects. More specifically, we try to use two collocated
broadband feedback velocimeters, STS-2 and CMG-40T, to
study disturbances during Mw 3 to 3.8 earthquakes, recorded
at epicentral distance of 2 km. We are mainly interested in
a new kind of a long-period disturbance, called U-shaped
disturbance, whose shape is the first derivative of the tiltlike
disturbance.
As a tool, we use simple source models and synthetic
seismograms, together with modeling a broadband feedback
velocimeter as a linear dynamic system. We show in this
article that very large tiltlike disturbances on STS-2 records
are definitely due to an (unknown) instrumental effect. The
new U-shaped disturbance is interpreted as caused by instantaneous clipping of high-frequency signals within the instrument, excited by high-frequency ground motions. We also
demonstrate how to remove these disturbances from the records through their numerical modeling, even without exact
knowledge of their physical origin. As a result of subtracting
the modeled disturbance, we show that a permanent groundmotion displacement can be resolved from the near source
recordings of small earthquakes, for example, of the order of
1 × 105 m for the Mw 3.6 earthquake studied in this article.
Understanding of the disturbances gained in this article
implies that similar effects are likely to be present at near
recordings of weak events anywhere in the world, on different types of broadband feedback velocimeters. Therefore, at
the end of the article we give also two examples from Japan
for shallow crustal earthquakes M ∼ 4, recorded at epicentral
distances 1 to 13 km with a disturbance on STS-1 and STS-2.
If these effects represent an important general phenomenon, then why have they not been broadly recognized yet?
The reason obviously is that for interpreters they usually
represent merely noise, so such records are excluded from
analyses. Much worse are situations when the disturbances
are simply overlooked in routine data processing, because
then they may potentially bias any long-period source
studies. That is why newer automated data quality procedures should include identification of the disturbed records
and, possibly, also their correction. As a by-product, the
article might be a challenge also for the producers of
new instruments: intrinsic clipping due to high-frequency
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motions near the source is to be better treated even if the
instrument is primarily developed for precise recording of
weak low-frequency ground motions.

Stations and Events
The West Bohemia region has been well-known for its
earthquake swarms (Neunhöfer and Meier, 2004). About
20,000 events were instrumentally recorded there during
the last crisis in October 2008. The activity is tightly
compacted in a fault segment of a 3 × 3 km size, thus providing similar, systematically repeating recordings. A 13-station
short-period permanent network, the WEBNET, monitors the
region and provides data for highly accurate locations and
focal mechanism studies (Horálek et al., 2000, 2008; Fischer
and Horálek, 2003; Fischer and Michálek, 2008). The cited
articles provide all necessary details about regional tectonics,
local site conditions, instrument installations, etc. One of the
stations, NKC (50.2331° N, 12.4479° E), is situated almost
above the October 2008 swarm. This station, belonging to
the Czech Regional Seismic Network, is also equipped with
two broadband instruments, a Streckeisen STS-2 and a Guralp
CMG-40T. Some other broadband stations have been in
operation near the source region at epicentral distances up
to 25 km, but none of them provided disturbances as large
and clear as those observed at NKC.
The 2008 data set can be briefly characterized as follows
(T. Fischer, personal comm., 2009): nine of the 9–28 October
events had local magnitudes between 3.0 and 3.8. Within an
accuracy of 1 km, sufficient for this article, the epicenter
position of all events was the same (50.21° N, 12.45° E). Their
depths varied between 8 and 10 km; the epicentral distance of
the NKC station was 2 km. Focal mechanisms were retrieved
from amplitudes and polarities at the local stations by several
approaches, providing strike 166° to 177°, dip 55° to 72°, and
rake 19° to 47° (A. Boušková, personal comm., 2009).
These ranges included both the intraevent and the intraapproach variations. Independently, our solution for two
events obtained by waveform inversion of near-regional records provided similar strike/dip/rake values; for example,
the values of 169°=59°=  41° were obtained for the
Mw 3.6 event of 28 October. From the practical point of view,
we have a set of events with almost identical hypocenters and
mechanisms, resembling a repeatable laboratory experiment.

Records
We visually inspected the records of all nine ML > 3
events and of many smaller ones (see the Data and Resources
section). We found great similarity not only among their
waveforms, but also among the disturbances. We demonstrate these effects by a representative example with a very
good signal-to-noise ratio: records of the Mw 3.6 event of 28
October 2008 at 08:30:11 UTC.
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Data Processing
We used continuous and triggered STS-2 records sampled
at 20 Hz and 100 Hz, respectively (corresponding antialias
corner frequencies fc  8 and 40 Hz), and continuous
CMG-40T records sampled at 250 Hz (fc  100 Hz). The
three-component raw files were transformed from counts to
meters per second, but neither filtering nor instrumental
correction was performed in order to keep the whole broadband spectra untouched. On the contrary, the instrumental
response was convolved with the calculated ground motions
to be compared with the records (see later discussion in the
Synthetic Seismograms section). Such a forward approach
has been strongly preferred against deconvolving the instrument response from the records. As a next step, the velocity
records were integrated in the time domain. This so-called raw
displacement is proportional to ground acceleration for
frequencies f < f0 and to ground displacement for frequencies f > f0 , where f0 is the instrumental low-frequency
corner (1=120 Hz for STS-2, 1=30 Hz for CMG-40T).
Long-Period Disturbances
Even a brief look at a typical integrated STS-2 velocigram (raw displacement record) shows an impressive pattern
(Fig. 1): Both horizontal components are dominated by a
very large long-period disturbance. It can be characterized
as a smooth baseline change, or step, lasting about 120 sec.
The amplitude of the step is much larger than the P- and
S-wave signals on both the EW- and NS-components. The
vertical component (Z) has a smaller disturbance whose
amplitude is comparable to the seismic signal. Its shape
(hereafter called U-shape) strongly differs from the horizontal components: it looks like the first derivative of the EW
and NS disturbances. The collocated CMG-40T records have
small disturbances, too (e.g., on the Z-component in Fig. 1b);
however, none of them is as large as the huge steps on the
horizontal components of the STS-2.
Ramps
The other important feature of the raw displacement
records is the steady amplitude increase between the P- and
S-wave onsets (see Fig. 2). This is a typical ramp due to the
near-field source effect (e.g., equation 4.29 of Aki and Richards, 1980). Lasting roughly 1 sec, it has nothing to do with
the considerably shorter source duration (of about 0.2 sec). At
NKC station the ramp can be easily identified on all three
components (on both STS-2 and CMG-40T records). Why
be concerned about the ramp? First, note that the ramp amplitude is by far not negligible with respect to the P- and
S-amplitudes. It represents a first-order effect of a broad spectral content. As such, the ramp brings an important piece of
information about the focal mechanism, independent of the
P- and S-wave amplitudes, because the corresponding
near-field term has its own directional dependence. It can
be used to check an assumed focal mechanism or facilitate
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its retrieval from waveforms if only few near-source stations
are available for weak events. Second, a clear ramp in the
integrated record indicates that the ground motion has a static
(permanent) displacement of comparable size, theoretically of
infinite duration after the S-wave transient signal. Usually the
static displacement cannot be readily seen. This is because it is
a low-frequency effect; at f < f0 the raw displacement record
is proportional to ground acceleration, not to ground displacement. Later we explain where the static displacement is
encoded in the original records.
Peak Values
With 20 Hz sampling we get underestimated peak
values. On the other hand, differentiating the triggered
STS-2 (100 Hz sampling) and the continuous CMG-40T
velocigrams (250 Hz sampling), we arrive at almost identical
peak accelerations of about 2 × 101 m=sec2 in the S-wave
group of the largest observed events, without any visible clip.
The peak velocities reached 3 × 103 to 5 × 103 m=sec.
Such velocities are often recorded during stronger distant
events, without any long-period disturbance; their acceleration is, however, much smaller. As an interesting example let
us mention the 26 December 2004, Mw 9 Sumatra earthquake, recorded at NKC with the same peak velocity as
the studied M 3 to 3.8 events, while the acceleration was
two orders of magnitude smaller than in the local events.
This is a typical feature of the disturbances, already discussed in relation with similar events in Greece (Zahradník
and Plešinger, 2005): the high-frequency content of the
ground motion is a prerequisite for this phenomenon.

Methods of Analysis of the Records
Two tools have been used to analyze the records: (1) forward simulation of a step response, and (2) synthetic seismograms.
Step Response
By step response we understand the integrated output of
the broadband velocigraph with a simple steplike input. We
may consider a step in input acceleration, velocity, or displacement (Fig. 3a). Note equivalent cases: for example, the
velocity step is equivalent to the pulselike acceleration and
also equivalent to an infinitely linearly growing displacement. The method is straightforward: knowing the poles and
zeros of the transfer function of an instrument, we calculate
its response to the unit-amplitude input step (Fig. 3b). Then,
by trial and error, or by the least-squares method, the longperiod trend of the record is fitted by manipulating just two
parameters: the onset time and the amplitude of the step.
Synthetic Seismograms
This is a tool enabling forward simulation of the records,
including ground motion and instrumental response. We use
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Figure 1. Long-period disturbances at NKC station for a Mw 3.6 event (28 October 2008 at 08:30:11 UTC). Shown is the integrated
velocity output (raw displacement). (a) STS-2 record. Note the U-shaped disturbance on the vertical component, contrasting with the
predominating steplike disturbance on the horizontal components. Seismic signals need a zoomed view (Fig. 2). (b) CMG-40T record from
the same pier; the only clear disturbance is on the vertical component. This is a typical pattern of all inspected events.
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crustal model is adopted (Novotný, 1996). A point-source
model is used because with a single near station a finiteextent model is not available and the directivity effect is not
investigated. The source is described by its hypocenter position (50.21° N, 12.45° E , depth 8 km) and focal mechanism
(strike=dip=rake  169°=59°=  41°). The slip rate is modeled by a triangle of a duration of 0.2 sec. The ground motion
is calculated up to 5 Hz. This frequency range is narrower
than in real data, but it is sufficiently broad for qualitative
modeling of the near-field ramp between the P and S phases
and for the static displacement (Fig. 4). The instruments are
described by the poles and zeros of their transfer function,
and the synthetic ground motion is convolved with it. If
the interest is only in the static ground-motion displacement
and its spatial variability, it is not necessary to calculate
seismograms. Then we use the static solution for a crack in
halfspace (Okada, 1992), code Coulomb 3.1 (Toda et al.,
2005). Horizontal gradient of the static displacement on vertical components provides a model estimate of the groundmotion tilt.
Figure 2. Detail of the same records as shown in Figure 1,
STS-2 and CMG-40T superimposed. The near-field ramp between
the P- and S-wave onsets is well developed on all three components
(time 2 to 3 sec). Note the almost identical records from both instruments until the onset of the disturbances in the S-wave group.
the discrete wavenumber method (code AXITRA of Bouchon,
1981 and Coutant, 1989; and code ISOLA of Sokos and Zahradnik, 2008), providing complete wavefield, including all
near-field terms of the Green function. A local 1D layered

Results of Analysis of the Records
Tiltlike Disturbances on Horizontal Components
It was demonstrated in Figure 1 that the main disturbances on the integrated horizontal components of STS-2
have the form of a smooth steplike baseline change. Thus,
the first approximation can be made in terms of the instrument response to a step in input acceleration. As seen
from Figure 5a, the EW and NS components can be well
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Figure 3.

Input step and instrument response. (a) Unit step in input acceleration (1), velocity (2), or displacement (3). (b) Response of two
instruments, STS-2 (solid line) and CMG-40T (dotted line) for the steps (1)–(3); shown is the integrated velocity output, also called raw
displacement, or mass channel.
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sensitivities. Nevertheless, as proved in Figure 5b, the tilt
measured by CMG-40T was three to five times smaller than
on the STS-2, if any. It corresponds to the acceleration steps
of 0:5 × 106 , 0:5 × 106 m=sec2 for the EW and NS
components, respectively, still larger than the theoretical
estimate, but these disturbances are already close to the
long-period noise level.

On the Z component of the STS-2 we observe a disturbance whose shape is the first derivative of the tiltlike disturbance (Fig. 1). It can be matched with the STS-2 response to a
step in velocity of 0:45 × 105 m=sec, if combined with a
displacement step of 2:0 × 105 m (Fig. 5a). Such a static
displacement is in good agreement with the computational
estimate previously discussed. On the other hand, the velocity
step must be an instrumental artifact. The vertical component
of the CMG-40T record yields similar estimates: 0:6×
105 m=sec and 2:0 × 105 m.
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Figure 4. Synthetic ground-motion displacement for the NKC
station, epicentral distance 2 km, and a typical Mw 3.6 event at the
depth of 8 km. The instrument response is not considered. Note the
near-field ramp between the P- and S-wave group. The strike, dip,
and rake angles were varied within their uncertainty ranges to show
that the static displacement (highlighted on Z) remains very stable.
matched by the acceleration steps of 2:5 × 106 and 1:6×
106 m=sec2 , respectively.
In principle, an acceleration step of amplitude A on a
horizontal component may be related with a step in tilt,
Θ  A=g, where g is the acceleration of gravity (Wielandt
and Forbriger, 1999). Thus, the observed steps of the order
of A ∼ 1 × 106 m=sec2 would correspond to a tilt of the
order of Θ ∼ 1 × 107 radians. The ground-motion tilt can
be estimated from the calculated synthetic motions near the
NKC station. They provided the vertical static displacement
of about 2:0 × 105 m, with a horizontal gradient around
0:6 × 108 radians. This is an order of magnitude smaller
than the Θ value derived from the recorded disturbances. It
indicates that, partially or completely, the tiltlike disturbances
on STS-2 records are an instrumental artifact.
A confirmation comes from the collocated CMG-40T
instrument. The comparison of STS with CMG is legitimate,
thanks to an experiment in which a technician stood on the

A visual inspection of the EW component of the STS-2
record in a 20-sec window after the seismic signal (Fig. 5a)
suggests a mixture of the effects dominating on NS and Z.
Indeed, a good approximation is obtained with superposition
of the acceleration step of 2:5 × 106 m=sec2 and the velocity step of 3:0 × 105 m=sec. The latter velocity step is six
times larger than on the Z component; it is perhaps surprising, not obvious from visual inspection, because the acceleration step is dominant. Other events show velocity step
responses on all three components. No disturbances of this
kind were identified above the noise level on horizontal components of the CMG-40T records.
Because the STS-2 is a symmetrical triaxial system consisting of three identical inclined pendulums yielding outputs
in the U, V, W coordinate system (Melton and Kirkpatrick,
1970), we also applied the inverse rotation to get from the
recorded (recombined) conventional E, N, and Z components back to the actual U, V, and W channels. All of them
revealed a mixture of tilt-type (acceleration step) as well as
U-type (velocity step) responses; no singular behavior of any
of the three pendulums has been found.
A Partial Conclusion
A partial conclusion is that the disturbances on the horizontal components of the CMG-40T may relate to true tilt, but
a poor signal-to-noise ratio makes this conclusion uncertain.
Unfortunately, no events were found in the analyzed data set
to make a more specific conclusion of this kind. On the other
hand, quite certainly the STS-2 experienced a much larger
tilting, definitely not due to the earthquake ground motion.
We can only speculate about possible reasons; for example,
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Figure 5. (a) Forward modeling, STS-2, and (b) forward modeling, CMG-40T, are the same records as in Figure 1 (solid line), with
disturbances formally matched by various step responses detailed in the text (gray line). (c) Deconvolution, CMG-40T, Z component. Left
panel is deconvolution of the raw-displacement to the input velocity, filtered by a 4-pole 1 Hz low-pass filter; a spurious permanent step is
revealed. Middle panel is the raw-displacement deconvolved to input displacement; static displacement is masked by the ramp due to the
spurious velocity step. Right panel is the same as in the middle, but after removal of the ramp; now the static displacement is revealed.
an additional local tilt might have been provoked by the highfrequency ground vibrations in the instrument feet, or perhaps
even inside the case; all this remains hitherto unclear. The big
advantage is the collocation of the two instruments; the absent
evidence of a large tilting in the CMG-40T records excludes
many possible speculations about the large disturbances in the
horizontal components of the STS-2. For example, there is no
reason for the speculation about a tilt due to local effects provoked by the high-frequency vibrations in a small underlying
block of rock, such as we made in our study in Greece (Zahradník and Plešinger, 2005). There is also no need to speculate
in western Bohemia about large tilting due to underground
fluid motion (such as magma motion studied by Gambino
et al., 2007), or due to liquefaction of the sand around the
seismometer base (Kinoshita, 2008). The U-shaped distur-

bances are new. They are most clear on the vertical components of the STS-2 and CMG-40T, where they are not
masked by tilt, but generally they may exist on all three
components. Being equivalent to the instrument response
to a step in velocity (pulse in acceleration), for which we have
no theoretical explanation in terms of the source effect, the
U-shaped disturbances are understood as a pure artifact,
calling for an explanation.

Physical Model of the U-Shaped Disturbance
Seismograph: Dynamic System with Nonlinearity
A physical model potentially producing long-period disturbances is the seismograph understood as a time-invariant
dynamic system with internal nonlinearities. We used
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MATLAB Simulink (2002) for modeling such a system.
Seeking for a plausible nonlinear behavior we assume that
saturation in the forward path is a possible mechanism.
To validate this assumption we analyze possible saturation
effects in a simplified model of a 30-sec force-feedback velocimeter with a 1-sec inertial sensor, proportional-integralderivative (PID) feedback, and an upper cut-off frequency
of 100 Hz. The instrument setup is schematically shown
in Figure 6. The setup could be easily rescaled to any other
analogical system, for example, a 120-sec to 80 Hz PIDfeedback velocimeter with a 6-sec inertial sensor, the results
would qualitatively remain the same.
To demonstrate how a PID-feedback velocimeter reacts
to impulsive near-field ground motions comprising static displacement and a tilt in situations without and with saturation,
we show in Figure 7 the respective responses to the synthetic
seismogram for the N-component of the 28 October 2008,
Mw 3.6 event. The synthetic ground displacement signal
(Fig. 7a) produces at the output of the amplifier of the massto-ground transducer output a high-frequency signal (Fig. 7b)
with peak amplitudes 2:1 and 1.7 (dimensionless). No saturation occurs, and the long-period component in the integrated velocigram (raw displacement record, output of the
mass position channel) (Fig. 7d) represents the natural, linear
response of the system to the static displacement in the synthetic seismogram. Figure 7c shows the output of the amplifier in the case of symmetric saturation on a level of 1:5.
The asymmetric signal peaks exceeding this level are cut off,
and the system reacts to this subtle internal asymmetry very
sensitively by producing a spurious long-period, U-shaped
disturbance (Fig. 7e). The natural system response to the
static ground displacement is masked by this disturbance.
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In most situations typical for observations near the seismic
source it is impossible to reveal the clipped peaks responsible
for this disturbance in the original broadband velocigram. If a
tilt is added to the input, regardless whether of natural or
instrumental origin, its effect is also invisible in the velocity
output but becomes apparent in the raw displacement record
(Fig. 7f), as a long-period disturbance with permanent offset
gradually predominating the saturation disturbance.
In very special situations, saturation does not necessarily
yield the effect demonstrated in Figure 7e. This is the case of
perfectly symmetric saturation of perfectly symmetric input
signals, when spurious pulses of equal amplitude in both
polarities appear and their effects mutually cancel each other.
Therefore, when speaking about disturbances due to saturation, we implicitly mean asymmetric saturation. Asymmetry
caused by the signal, of course, not asymmetrical saturation
of some active element in the system, because this is very
unlikely if not entirely impossible.
Simulation of saturation in the feedback loop has shown
that its consequence is qualitatively quite the same as that of
saturation in the forward path, but its effect is much stronger.
The explanation is simple. Denote the frequency response of
the feedback and forward path by βf and Kf, respectively. The overall frequency response of the closed-loop system is Sf  Kf=1  βfKf. In the frequency band
in which jβfKfj ≫ 1, we have jSfj ∼ 1=jβfj;
hence, the transfer properties are governed by the feedback.
Up to seismic frequencies for which jβfKfj ≫ 1, any
nonlinearities in the forward path (for instance, those of the
mechanical inertial sensor) are efficiently suppressed, but
any nonlinearities in the feedback manifest themselves undiminished. In reality, nonlinearity in the feedback is unlikely

Figure 6. Schematic diagram of a 0.033–100 Hz force-feedback velocimeter with PID feedback. The feedback path is considered to be
linear. In the forward path, the largest high-frequency signals appear on the output of d.c. amplifier A; saturation is therefore modeled in this
point. The setup allows recording of the individual outputs for any sort of theoretical, synthetic, and actual input ground motions. Tilt is
simulated by a parabolic ramp of input displacement.
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Figure 7. Responses (integrated velocigrams) of the system simulated in Figure 6 to a near-field ground motion. (a) Input ground displacement (N-component of the synthetics shown in Fig. 4); (b) amplifier output, no clipping; (c) same as (b), amplifier output symmetrically
clipped; (d) natural (linear) system response to ground motion comprising a static displacement, no clipping; (e) same as (d), slight instantaneous symmetric clipping according to (c), producing a U-shaped disturbance, such as that in Figure 1a; (f) combined effect of symmetric
saturation and a tilt.

because PID feedback is implemented, except the integrating
operational amplifier, exclusively by passive, linear elements
(capacitors, resistors). We perhaps could consider possible
subtle nonlinearities in the magnet-coil assembly of the

force-feedback transducer at high frequencies, but that would
be pure speculations. Even if there were any, we have no
knowledge about their nature nor do we know how to quantify them.
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Although producing huge long-period disturbances, the
instantaneous saturation itself is a tiny effect that cannot be
recognized in the output as a series of cut peaks, a pattern
commonly known in the observatory practice as clipping.
Note also that the saturation we propose for explanation
of the observed records is not simply related to the standard
clip level (such as routinely estimated from the frequency
dependence of the instrumental sensitivity to displacement,
velocity and acceleration), because the peak motions of the
disturbed records are well below such a level. In fact the
velocity clip level, VCL, of a feedback velocimeter is not a
frequency independent parameter but decreases with the first
power of frequency beginning at some threshold frequency,
fCL . For example, for the 40 Vpp version of a KS-2000,
the standard VCL  10 mm=sec, fCL ∼ 4 Hz, and for f 
40 Hz the clip level is 10 times lower, that is, 1 mm=sec.
According to the technical specifications of a standard
STS-2 and CMG-40T, fCL ∼ 20 Hz and VCL ∼ 13 mm=sec
for both instruments, and the clip level drops to about
5 mm=sec at 50 Hz. These values are not much higher than
our observed peak velocities. It is also quite possible that
parasitic resonances in the inertial sensor at very high frequencies, at which jβfKfj approaches 1 and the transfer
properties of the system are no more governed by the feedback, are the cause of saturation at even lower levels than the
presumed high-frequency (f > fCL ) clip level. The complex
nature of intrinsic saturation cannot be better investigated on
this phenomenological level.
To summarize the section on simulation, the physical
model has one main advantage: compared with the formal
modeling in the preceding sections, where an additional spurious pulse (of unknown nature) had to be added to the ground
motion, here the input motion remains completely realistic.
We just allow for an internal nonlinearity (instantaneous
saturation) at high frequencies (f > ∼10 Hz); the resulting
signal asymmetry introduces a small spurious d.c. component
into the system. The response of the system to this d.c. component appears in the integrated velocigram (raw displacement record) as a U-shaped disturbance which heavily
destroys the very low (f < 0:01 Hz) seismic frequencies.
Any Other Effect?
To explain the U-shaped disturbance in the integrated
output, we need an acceleration pulse (velocity step) in
the input. We provided a possible explanation of such a pulse
as due to intrinsic instrumental saturation at high frequencies.
Is there any other physical effect that could act on the seismograph in the same way as an acceleration pulse? Considering the horizontal components, equation (3) of Pillet and
Virieux (2007) seems to suggest two possible cases: (1) a
transient tilt, and (2) transient rotation (the second time
derivative of the rotation angle with respect to the vertical
axis). The transient tilt may have similar time variation as
ground velocity, and there are two possible pulselike velocity
transients: those due to the near- and intermediate-field terms

of the Green function. By the near-field pulselike velocity
transient, we mean the trapezoidal velocity ramp. Simple
point-source calculations show that (similarly to the permanent tilt) this transient tilt is too small, unable to explain the
observed U-shape disturbances. By the intermediate-field
pulselike velocity transient, we mean pulses at the P- and
S-wave arrival, with the duration comparable to the source
duration or smaller. We cannot rule out relatively large
amplitudes of such tilt transients, but modeling the highfrequency tilt (and rotation) goes already beyond the scope
of this article. Moreover, the fundamental problem with such
an interpretation would be the systematic occurrence of the
U-shaped disturbance on the vertical component. Its explanation through the transient tilt would imply a nonvertical
installation (equation 6 of Pillet and Virieux, 2007), which
had not been clearly indicated in our observations.

Removing the U-Shaped Disturbance, and Retrieving
the Permanent Displacement
Put aside for a while any possible cause of the U-shaped
disturbances, try to remove them from the record, and ask
whether the decontaminated record is compatible with the
synthetic ground motion of Figure 4 as regards the near-field
ramp and the static displacement. For brevity, we concentrate
on the (simpler) vertical component.
Such an experiment is demonstrated in Figure 8. Based
on the preceding analysis, we know that the vertical component of the STS-2 integrated record is disturbed by the velocity step 0:45 × 105 m=sec. We calculate the instrument
response to such a step and subtract it from the record; this
is what we call the decontaminated record. At the same time,
we use the synthetic ground motion of Figure 4, convolve it
with the STS-2 response, and compare it with the decontaminated record. As a result (Fig. 8) the near-field ramp
is matched fairly well, thus validating the assumed focal
mechanism. The following part of the synthetics (after S
wave) is much simpler than the true record, due to the simple
structural model, but the long-lasting trend of the record is
well approximated, too.
This figure brings an important message to practical
users of the broadband records: Although the disturbance
has been removed, and the decontaminated record is well
fit by the synthetics, it has a strange, bow-shaped form. Such
a form is nothing abnormal. It is simply the instrument
response to the near-field ramp and the static displacement,
similar to the response to a displacement step (Fig. 3).
A careful look at the record also shows that its bow-shaping
starts at the S-wave arrival (after the ramp), at the level of the
theoretically predicted static displacement, 2:0 × 105 m.
This is easy to explain: Onset of the static displacement
is relatively abrupt, representing a high-frequency displacement feature (f ≫ fo ), thus it is reproduced in the
output. On the contrary, the following constancy of the
static displacement, representing a low-frequency displacement feature, is naturally distorted by the instrument quite
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Figure 8. (a) STS-2, (b) CMG-40T. Demonstration of a bowshaped record (solid line) obtained by removing the U-shaped
disturbance from the vertical component of the studied earthquake
(cf. Fig. 1). It is well fitted by the synthetic record (gray). The
unusual, bow-shaped form of the record comes from static displacement, seen in the synthetic ground motion (dotted), and from
the instrument response.
considerably. This example illustrates that some apparently
strange records, such as the bow-shaped record previously
described, might be completely free of any disturbance, and
do provide information about the static displacement.
The reason why we were so much interested in the static
displacement, and appreciated its agreement with the theoretical source model, is simple. It validated usability of the
source model to estimate realistic values of the tilt in the preceding sections.
Finally, we have to answer the legitimate question why
the forward simulation has been preferred against deconvo-
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lution of the instrument effect. The answer should be given
separately for the studied steps in acceleration, velocity, and
displacement. The simplest task is to recognize presence and
size of acceleration steps; the integrated output of the broadband instrument (raw displacement), if properly rescaled to
acceleration, shows them directly. This is what we can see at
a first glance in Figure 1a; the scale shown to the right of that
plot enables direct reading of the size of the step, because at
very low frequencies the raw displacement is proportional to
input acceleration. In other words, just the integration of the
broadband output and multiplication by a constant factor is
sufficient to get the equivalent permanent input acceleration.
Regarding the permanent velocity and permanent displacement input, the broadband output can be deconvolved using
the frequency response of the instrument, but success of this
inverse problem strongly depends on the signal-to-noise ratio
and presence of disturbances. For instance, the vertical component of the CMG-40T record shown in Figure 1b could
successfully be deconvolved to the input velocity (see the
left panel in Fig. 5c): the deconvolution revealed the same
size of the velocity step as inferred by forward modeling
(0:6 × 105 m=sec). However, in the record deconvolved
to input displacement (middle panel in Fig. 5c), the coseismic static displacement was hidden in the superimposed
ramp corresponding to the spurious velocity step. After cautious retrieval of the onset time of the ramp and its removal
(1.22 sec after the P-onset; this time exactly corresponded to
the maximum amplitude in the original broadband velocigram), the deconvolution provided a permanent displacement of the same order as in our forward modeling (see
the right panel in Fig. 5c). In this sense forward modeling
and deconvolution have thus been equivalent approaches.
However, in any case we have to distinguish carefully between superimposed effects (spurious steps and the natural
static displacement) and to interpret them correctly. In situations with lower signal-to-noise ratios, deconvolution tends
to instabilities so that forward modeling uses to be the preferable choice.

Examples from Other Earthquakes
Disturbances such as those discussed in this article can
be found in many earthquake records from various broadband feedback velocimeters. As a rule, to make them visible
during routine inspection of the records, it suffices to integrate the original velocigrams, and/or to low-pass filter them.
Here we present two examples from the Japan F-net network
(see the Data and Resources section).
Japan, 11 March 2002
At 06:54 UTC on 11 March 2002 (Fig. 9a), a shallow
crustal event of Mw 3.9 (34.1° N, 134.5° E) was recorded at
ISI station (34.06° N, 134.45° E) by an STS-1 sensor at an
epicentral distance of about 1 km. This was a case where the
tiltlike disturbance dominated the integrated record, making
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the seismic signal almost invisible. The duration of the disturbance was consistent with the corner period of the STS-1
instrument (360 sec). A puzzling feature was the presence
of a similar disturbance on the vertical component. Similar
cases elsewhere (Pillet and Virieux, 2007) were interpreted
as due to a nonvertical installation.
Japan, 14 May 2006
At 16:42 UTC on 14 May 2006 (Fig. 9b), a shallow
crustal event of Mw 4.3 (34.2° N, 135.2° E), was recorded
at NOK station (34.16° N, 135.34° E) by an STS-2 sensor
at an epicentral distance of about 13 km. The integrated record looked undisturbed; however, application of the 0.01 Hz
low-pass filter revealed a clear U-shaped disturbance on the
vertical component and a superposition of an U-shaped and
tiltlike disturbance on both horizontal components.
We have no examples of these effects from stronger
and/or more distant events (e.g., M6 events at near-regional
distances of the order of ∼100 km); these events rather produce obvious clipping at small distances, or the records at
more distant stations are free of clip, but the high-frequency
waves are attenuated, so the records are free of the disturbances. In this sense, the range of distances (∼ < 10 km) and
magnitudes (< 4) typical for these phenomena is quite
narrow. There might be exceptions from this simple rule, so
the records should always be analyzed with caution.
We also have no data to systematically investigate possible effects of the local geological conditions. It seems that,
ironically, rock sites might rather support the disturbances
than to suppress them, because the high-frequency ground
motions propagate on rock sites with less attenuation than
on soft sites.

Discussion and Conclusion
Near-fault observations have to be interpreted with great
caution. High-frequency ground motion in the proximity of
the source may create instrumental artifacts. For example,
they include permanent (static) tilts exceeding by an order
of magnitude the values estimated by the source models. This
article brings new examples of this phenomenon from M 3 to
3.8 events recorded at an epicentral distance of 2 km by a
120-sec STS-2 sensor. The collocated 30-sec CMG-40T
sensor measured a considerably smaller tilt, if any. A new
type of disturbance, so far not well recognized, has been
studied. It is a long-period disturbance corresponding to a
spurious step in input velocity, equivalent to a pulse in acceleration. This disturbance has been found in the integrated
broadband velocigrams of more than nine ML > 3 events,
with almost identical U-shape. In general it has been present
on all three components of both the STS-2 and CMG-40T
records. Theoretically, there is no room for such an effect in
the translational earthquake ground motions. A likely explanation of this phenomenon in terms of an instrumental artifact is instantaneous saturation of high-frequency signals in

the feedback instruments. Such a saturation produces narrow,
one-sided (nonzero mean value) pulses to which the feedback
system responds like a spurious step in ground velocity
(pulse of ground acceleration). In the integrated velocigram
(raw displacement record), this response manifests itself in a
shape called U-disturbance for brevity in this article. In general, any asymmetry in the transfer of high-frequency signals
in the force-feedback system, possibly conjoined with intrinsic parasitic resonances, may produce a U-type disturbance.
Once we correctly recognize the type of disturbance,
we can formally simulate it independently of the unknown
details of internal processes in the seismograph. This task
is relatively easy because all disturbances we faced were formally equivalent to a very simple perturbation of the input,
just steps in acceleration or velocity. Therefore, the standard
frequency response represented by poles and zeros enables
straightforward modeling of the onset time and step size of
the disturbance, by trial and error, or the least-squares
method. In general, the step size varies among events, as well
as from one component to the other, which is why the
procedure should be applied independently to all three components of each event. The simulated disturbance can be subtracted from the record. Quality of the decontaminated record
obviously depends on its signal-to-noise ratio.
An important practical message for the analysts is that
even instrumentally uncorrected records free of any disturbance may have an apparently strange, bow-shaped form.
Just these records bring important information about nearfield effects, including the static displacement (of the order
of 1 × 105 m in this article). The bow-shaped form of the
record comes from the instrument response to the ramp and
(infinitely long-lasting) static displacement; as an essentially
zero-frequency effect, it cannot be directly seen on the integrated broadband output, because the output is proportional
to displacement only above the instrumental low-frequency
corner.
The long-period disturbances seem to be a general
phenomenon accompanying almost any type of broadband
recordings close to the source of weak events. During this
and previous work we encountered it on CMG-3T, STS-1,
STS-2, and KS-2000M. Each record might have a different
appearance due to the instrument pass-band and due to a
combination of various types of disturbances. It is a matter
of training to properly recognize and simulate records such
as this, in particular to properly distinguish between nearfield effects and instrumental artifacts. Collocated instruments of different types are very helpful for this task.
Removal of the disturbances is absolutely necessary
before any use of the records in source studies using frequencies of the order of the instrumental corner frequency or
lower. That is why future work should concentrate on identification and removal of the disturbances in the frame of
automated procedures of the data acquisition and quality
control, with special importance for real-time determination
of the source parameters. It is clear that routine removal of
the disturbances for applications not particularly interested in
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Examples of long-period disturbances at other stations and instruments. (a) Integrated STS-1 velocigram of an Mw 3.9 event
(Japan, ISI station). (b) Low-pass filtered integrated STS-2 velocigram of an Mw 4.3 event (Japan, NOK station).
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source details may have an even simpler form than we
discussed in this article: just denoising the record by subtraction of the whole time-varying long-period trend (without
classifying the individual disturbance types); then, however,
subtle source effects, such as permanent displacement, will
be lost.
It is very well-known that the STS-2 is a highly sensitive
instrument useful for recording small near or distant events at
station locations with very quiet background noise conditions (McNamara et al., 2005). Does the presence of the disturbances mean that this instrument is not a proper choice for
near events with magnitudes up to Mw 3.8? First of all, we
emphasize that none of the analyzed records had been saturated in the standard sense, that is, in the form of a series of
equal-sized cut peaks directly visible in the broadband
record. Second, if we want to recognize and study the nearfield effects of small earthquakes, we need a broadband
sensor with very low intrinsic noise at low frequencies. All
this means that an instrument such as the STS-2 (or CMG-3T,
Trillium 120, etc.) is not a bad choice; or, better speaking, it
is the only possibility. The problem is, in fact, that contemporary instruments highly sensitive at low frequencies
apparently have not been constructed in a way to avoid
instantaneous internal electronic clipping due to ground
motions including very high frequencies. And, ironically,
just these instantaneous high-frequency saturations may result in distortion of the low-frequency content of the records,
as shown in the present article (U-shaped disturbances).
Maybe a new generation of broadband sensors will be free
of these problems.

Data and Resources
The STS-2 seismograms from NKC station of the Czech
Regional Seismic Network are available from the web page
of the Institute of Geophysics, Academy of Sciences of the
Czech Republic, http://www.ig.cas.cz/en/seismic‑service/
waveform‑request/. The CMG-40T seismograms from the
same station were obtained from the WEBNET group belonging to the same institute. Data from Japan, stations ISI and
NOK, were downloaded from the F-net (NIED) web page
www.hinet.bosai.go.jp/fnet/. Focal mechanism of the main
studied event was calculated by waveform inversion with
software ISOLA (http://seismo.geology.upatras.gr/isola/).
Details of the solution, agency code UPSL, can be found
in the Moment Tensors section of the European-Mediterranean Seismological Center (http://www.emsc-csem.org/).
All web pages referenced here were last accessed October 2009.
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