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SUMMARY

With increasing interest in displacement spectra and long-period motions, it is important to check the
sensitivity of both elastic and inelastic response spectra to the filtering that is often necessary to remove
long period artifacts, even from many modern digital recordings. Using two records of very different
character from the M=7.1, 1999 Hector Mine, California, earthquake, we find that the response spectra
can be sensitive to the corner periods used in causal filtering, even for oscillator periods much less than
the filter corner periods. The effect is most pronounced for inelastic response spectra, where the ratio
of response spectra computed from accelerations filtered at 25 and 200 sec can be close to a factor of
2 for oscillator periods less than 5 sec. Published in 2003 by John Wiley & Sons, Ltd.

KEY WORDS: inelastic displacement response; elastic displacement response; baseline correction; causal/
acausal digital filters; non-linear response history; Hector Mine earthquake

1. INTRODUCTION

Design of long-period structures such as bridges, storage tanks, base-isolated structures, and
very tall buildings requires knowledge of ground motions beyond the range often obtainable
from analog recordings of strong ground motion. In addition, the development of displacement-
based design has focused attention on both elastic and inelastic displacement response spectra.
The studies reported in References [1-5] are among the few that employ elastic and inelastic
spectra for design and seismic performance assessment of structures. The new generation of
digital instruments now makes it possible to obtain much longer-period motions than avail-
able before, but unfortunately, the recordings are often contaminated by very small offsets
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and transients in the acceleration time series that translate to unacceptable drifts in displace-
ment time series derived from the recorded accelerations. These are addressed in various
studies such as in References [6—8]. These drifts often cannot be removed with confidence
by baseline correction alone, and filtering to remove long periods usually is required, as it
almost always has been for digitized analog recordings. Some well-known filtering and base-
line correction procedures are described in References [9-12]. (A note on terminology: by
“filtering’ we mean a filter that removes motions at periods longer than the filter corner pe-
riod; because the corner periods of concern to us in this paper are greater than or equal
to 25 sec, we prefer to speak in terms of the period, rather than the frequency, of the fil-
ters, and because of this we cannot use the more usual adjectives ‘low-cut’ or ‘high-pass’ to
describe the filters, because these have meaning only if frequency is the independent vari-
able.) The new instruments, however, allow filtering at periods much longer than periods of
engineering interest, especially for recordings of moderate to large earthquakes [13]. Often
acausal (phaseless) filters are used, but these require pre-event pads to allow for full devel-
opment of the filter response and can produce peculiar pre-event transients, particularly in
records for which a true pre-event portion is not available (without pads, long-period content
may not be completely removed and subsequent filtering of the velocity and displacement
records may be needed). Starting with the 1999, Hector Mine, California, earthquake, the
U.S. Geological Survey (USGS) has been using causal filters in routine processing of digi-
tal records (http://nsmp.wr.usgs.gov/processing.html). In addition, the records in the strong-
motion database of the Pacific Earthquake Engineering Research Center (PEER) have been
processed using causal filters (http://peer.berkeley.edu/smcat/process.html). Causal filters do
not require pre-event pads to maintain compatibility between the acceleration, velocity, and
displacement time series, but they can produce significant phase distortions for periods in the
signal within several multiplicative factors of the corner periods of the filters. Large phase
distortions can produce considerable differences in the waveforms of displacement time series
obtained from acceleration records processed with a series of causal filters. Because inelastic
response spectra can be more sensitive to phase information than elastic response spectra, we
investigate in this paper the influence of the type of filtering on both inelastic and elastic
response spectra. Our conclusion is that inelastic response spectra are sensitive to the corner
periods of causal filters at periods much less than the corner periods of the filters. Elastic re-
sponse spectra are much less sensitive to the filter corner periods. To illustrate the conclusions,
we show results from two recordings of the M =7.1, 1999 Hector Mine, California, earth-
quake. Similar results were obtained from analysis of a limited number of other recordings
(we have yet to find a counterexample). The additional records and earthquakes producing
the motions are: the 228° component at Rinaldi Receiving Station (M = 6.7, 1994 Northridge,
California, earthquake), the EW component at stations TCU084 and TCU089 (M =7.6, 1999
Chi-Chi, Taiwan, earthquake;), and the 51° component at Pump Station 10 from the M =7.9,
2002 Denali National Park, Alaska, earthquake.

We judge that the sensitivity of the inelastic response spectra to filter corner periods out-
weighs the advantage of less file storage space for compatible acceleration, velocity, and
displacement times series, as well as the lack of precursory transient motions, and therefore
we recommend that acausal filters be used in processing. This is hardly a new recommenda-
tion, as most strong-motion processing is done using phaseless filters. Lee and Trifunac [14]
explicitly state that phaseless filters ‘are required and essential’ in earthquake engineering data
processing, presumably so that the resulting records have minimal distortion and can be used
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for a wide variety of applications (as pointed out to us by one of the anonymous reviewers).
We are not aware of any publications comparing the elastic and inelastic responses of ground
acceleration processed with causal and acausal filters.

2. DATA USED

The M =7.1, 1999 Hector Mine, California, earthquake was the first earthquake in the United
States to be well recorded by digital strong-motion instruments. Figure 1 shows some of the
stations at which digital recordings were obtained, as well as an indication of the areas rup-
tured in the earthquake. From these data we have chosen to study in detail the EW component
from station HEC and the NS component from station 530. The acceleration and displace-
ment time series, as well as the 5%-damped elastic displacement response spectra are shown
in Figure 2.
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Figure 1. Map showing some of the stations that recorded the 1999 Hector Mine earthquake. Records
from stations labeled 530 and HEC were used in this paper. The three rectangles near the epicenter
are the surface projections of the fault planes used in Ji et al’s [16] fault model; the epicenter is
shown by the star. The numerical labels are the serial numbers of the recorders at the stations; these
numbers are used in naming the data files provided by the USGS. The official NSMP station numbers
are different, but they have not been used (to avoid confusion in relating a station shown on the map
with the data file for the time series recorded at that station). Records from all stations shown here were
digitally recorded. The records from station 530 were digitized using about 4280 counts/cm/s?; those
from station HEC were digitized at 2140 counts/cm/s>. The sensors at all stations are force-balance ac-
celerometers with natural frequency greater than SOHz. The data from TriNet station HEC were obtained
through the Southern California Earthquake Data Center (SCEDC); the data from station 530 are from
the National Strong-Motion Program (NSMP) of the U.S. Geological Survey (http://nsmp.wr.usgs.gov).
(This figure is from Boore DM, Stephens CD, Joyner WB. Comments on baseline correction of dig-
ital strong-motion data: Examples from the 1999 Hector Mine, California, earthquake. Bulletin of the
Seismological Society of America 2002; 92:1543—-1560 © Seismological Society of America.)
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Figure 2. Acceleration and displacement time series and elastic 5%-damped displacement response
spectra (SD). For consistency in presentation, the time series from both stations have been filtered
using a causal filter with corner period of 50sec. The pre-filtering baseline correction for the
station 530 record corresponded to the removal of a quadratic fitted to velocity; that for the HEC
record corresponded to several straight line segments in velocity between #; = 155, t, = 50s, and
the end of the record. See Boore et al. [13] for details regarding the baseline removal. We have
shown just one component of acceleration so as to avoid clutter (this paper concentrates on longer
period information, so little is lost by not showing both components of the acceleration). The time
series used in this paper are shown by black lines. Note that the NS component for the recording at
station 530 is within 4° of the purely transverse component. Also note the different scaling of the
ordinates for the plots of data from 530 and HEC.

The displacements from station 530 show a substantial pulse in the transverse direction (this
direction is within 4° of north—south, and therefore we analyze the north—south component).
This pulse produces a peak in the displacement response spectrum at a period exceeding
10 sec. Although not shown here, this pulse was also on the other stations to the west and
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southwest of the fault rupture [13]. Such a pulse is often associated with near-fault, fault
normal motions due to directivity. We emphasize that this station is not near the fault, nor is
the north—south direction normal to the fault (in fact, it is more nearly parallel to the rupture
planes). In addition, the azimuth to the station relative to the direction of fault rupture is
such that directivity should have little effect on the motion. Because this large pulse is on the
transverse component and in view of the very small motion in the radial direction, we are
confident that this motion represents essentially pure SH waves radiated from the earthquake.
The path to the station traverses the Mojave Desert, with a thin veneer of sediments, and
therefore effects of near-surface structure are unlikely to have affected the motion at periods
controlling the displacement waveform. No pre-event samples were obtained for the data
recorded at station 530, but the similarity of the waveforms with other nearby stations for
which pre-event samples were available suggests that nothing essential was lost in the record.

In contrast, more than 10sec of pre-event samples were obtained for the recording at station
HEC. More importantly, station HEC is close enough to the faults that the ground motion
should include significant residual displacement due to the dislocation across the fault sur-
faces (these displacements are estimated from InSAR satellite data analyzed by Y. Fialko,
personal communication, 2001, to be about 29 cm to the southwest). The north—south com-
ponent (which, if anything, is a fault-parallel component) has a large pulse in displacement,
but we chose instead to study the east-west component because it differs substantially in
character from the north—south component at station 530, thus providing a wider range of
waveforms for our study of the effect of filter types and corner periods on the elastic and
inelastic response spectra.

EFFECT OF BASELINE CORRECTIONS ON ELASTIC AND INELASTIC
DISPLACEMENT RESPONSE SPECTRA

Before presenting results for various filters, we take the opportunity to study the effect of
various baseline corrections, without filtering, on the near-fault motion obtained at station
HEC. As shown in Boore et al. [13], a number of baseline correction schemes result in
displacement waveforms that appear realistic in that the dynamic shaking is followed by a
more-or-less constant residual displacement. Unfortunately, the level of the residual displace-
ment can be a sensitive function of the baseline correction parameters, particularly for the
east—west component. This is shown in Figure 3, which displays the displacements from the
three acceleration time series that we have analyzed. We have chosen the processing to span
a range of residual displacements, from essentially no residual to residual displacements in
opposite directions. Note that none of the residual displacements are close to the indepen-
dently derived estimate from InSAR satellite observations—for this reason we do not endorse
a particular correction, but only use them to illustrate the sensitivity of the response spectra
to the various corrections. The displacements on the north—south component are less sensitive
to the baseline correction scheme and are in better agreement with the estimate from InSAR
measurements.

In both this and a following section, we compute inelastic response using the program
Utility Software for Earthquake Engineering (USEE, developed by M. Aschheim, D. Abrams,
and E. Bretz for the Mid-America Earthquake Center, and available at no cost from http://
mae.ce.uiuc.edu/usee/; we checked some of the results using the program NSPECTRA from
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Figure 3. HEC for various types of baseline processing (see Boore et al. [13] for details). No filtering
was used in the processing. Analysis of InSAR satellite data provided the estimate of co-seismic ground
displacement (Y. Fialko, personal communication, 2001).

http://civil.eng.buffalo.edu/nspectra/). We show results for an elastoplastic force-deformation
curve (we also used bilinear models with positive post-yielding stiffness, with similar results).
The elastoplastic oscillator is used because it is well accepted and is used as a benchmark in
almost all studies related to non-linear deformation demand on simple structures. Elastoplastic
behavior is generally used to represent the non-degrading hysteretic behavior for both multi-
and single-degree-of-freedom systems. For example, it can represent the inelastic behavior of
steel moment frames with compact members and no joint fracture. It is also used in many
simplified non-linear methods that estimate the maximum inelastic deformation demand on
non-degrading SDOF systems; these methods are important tools for the simplified non-linear
seismic analysis procedures in performance-based seismic engineering. We show results for a
strength reduction factor R (ratio of the elastic to the yield strength of the oscillator) equal to
3.0; results were also computed for R=1.5 and R=15.0, with similar conclusions. We com-
puted constant displacement ductility spectra as well, but found that they had discontinuities
(due to multiple values of the strength reduction factor for the target value of ductility; Inel
et al. [15] studied this in some detail). For this reason we have chosen to show spectra for
constant strength reduction. Another possible advantage of using the constant R spectra is
that it does not limit the inelastic displacement and thus may better reveal drawbacks of the
method of filtering. The essential conclusions are not affected by the type of inelastic spectra
used.

The elastic and inelastic spectra are shown in Figure 4. This figure also shows the ratio
of the spectra, using as a reference the baseline scheme that resulted in the least residual
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Figure 4. Spectra and spectral ratios for HEC (using quad fit as reference). The legend for the ratios
is somewhat cryptic, but it should be clear that ‘4, =15/quad’ means that the response spectrum ob-
tained from the acceleration processed using #, =15 was divided by the response spectrum from the
acceleration processed using the ‘quad’ baseline correction (see Boore et al [13] for an explanation
of the baseline corrections). Results for elastic and inelastic oscillators are shown in the left and right
columns, respectively. The accelerations used to drive the oscillators were not filtered.

displacement (what we term the ‘quad’ scheme, because it is based on fitting a quadratic
polynomial to the velocity time series—see Boore et al. [13]). The figure shows that the
processing scheme can influence the motions at periods less than about 10 sec, and that the
sensitivity is greater for the inelastic than for the elastic spectra. Chopra and Lopez [1] also
conclude that the type of baseline correction can have a large influence on the long-period
motions.
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EFFECT OF FILTERING ON DISPLACEMENT TIME SERIES

A major concern of this paper is the sensitivity of elastic and inelastic displacement response to
the type of filter and to the corner periods of the filters, particularly for oscillator periods much
less than the corner periods of the filters. Before showing the response spectra, however, we
first describe the characteristics of the filters and discuss the dependence of the displacement
time series on the type of filter and the values of the corner periods. We consider two types
of filter: causal and acausal Butterworth filters. Acausal filtering is done by running a time-
domain causal filter forwards and backwards through the time series, with the number of poles
of the causal filter chosen so that the filter responses of both the causally and acausally filtered
data are the same at long periods (in our examples the long-period responses go as 7—*). The
time-domain impulse responses and the amplitude and phase spectra are shown in Figure 5
for the filters considered in this paper. The essential difference in the filters is that the causal
filter will produce no precursory motion when applied to a time series, but at the expense of
a significant distortion in the phase of the time series. Furthermore, the phase distortion is
highly dependent on the corner period of the filter, and the distortion is relatively broadband.
If the ground motion has much spectral content within several multiplicative factors of the
corner period, then there should be significant differences when processed using causal filters
with different corner periods. On the other hand, if the spectral content is limited to periods
much less than the corner period, then the difference between causal and acausal filters should
decrease with increasing corner periods of the filters. These predictions based on the character
of the phase responses shown in Figure 5 will be borne out in subsequent figures.

The displacements resulting from the filtered accelerations are shown in Figure 6. The
left column shows results for the causal filter, and the right for acausal filters. In applying
the filters we followed the guidance of Converse and Brady [12] in adding pre- and post-
event pads of sufficient length to allow for the filter response, starting at the first and last
zero crossings of the recorded motions to avoid steps. The transient earthquake motion has
subsided enough for padding with zeros after the event to be a reasonable procedure, and
because pre-event motion is available, no assumptions are needed in adding pre-event zeros.
Because on physical and observational grounds the earthquake motion is a transient with a
finite duration, the acceleration time series is effectively known for as long a time as necessary
to perform filtering, and there is no inconsistency in filtering at periods long compared to the
finite duration of the recording (if in doubt about this, consider an accelerogram composed of a
single cycle of a sine wave; that motion will have a step in displacement, but the accelerogram
can be filtered at arbitrarily long periods by adding zeros as indicated). Only the large-
amplitude portions of the waveforms are shown in Figure 6 to allow better comparison of the
waveforms resulting from the filtering. As expected, the causal filters produce no precursory
filter transients, but the waveforms are quite dependent on the filter corner periods, particularly
for the motion recorded at station 530. The waveforms from the acausal filters have just the
opposite characteristics, with large precursory transients, but rather similar waveforms. (As
a side note, we were accurate in describing the displacements shown in Figure 6 as being
derived from filtered accelerations, but the process of filtering and integration is independent
of the order in which the operations are performed if adequate pads have been used, and we
could equally well have described the displacement time series as resulting from filtering of
a doubly integrated, unfiltered acceleration time series. More briefly, we could refer to this as
a ‘filtered displacement time series’.)

Copyright © 2003 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2003; 32:1729-1748
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Figure 5. Results of filtering an impulse with amplitude of 256 with both causal and acausal filters, with
corner periods of 200, 100, 50, and 25 sec. Time-domain responses as well as the Fourier amplitude and
phase spectra are shown. The time series for the causal filters have been shifted to the left, compared
to the location of the responses for the acausal filters, in order to capture most of the tails of the
responses. Note that the time-domain impulse responses shown in the top row are plotted at a greatly
expanded scale to show details; the responses are actually dominated by impulses of amplitude 256.
The legend for corner periods (7.) shown in the upper left plot is the same for all plots. The plots
of the amplitude and phase responses combine both the causal and acausal filter responses; the acausal
responses are plotted using gray lines. The phase spectra have been corrected for the linear phase
due to placing the impulse at a time not equal to 0.0, and the corrected phase spectra have been
normalized by dividing by n. Note the large phase shifts for the causal filters, even for periods away
from the corner periods, and the difference in the phase shifts for the different filters. In contrast, the
phase shifts for the acausal filters are zero.
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Figure 6. Displacements obtained by integrating accelerograms processed with a series of causal and
acausal filters for both stations HEC and 530. The left-hand and right-hand columns contain results
from records processed using causal and acausal filters, respectively. The legend relating the line type
to the corner period of the filter is the same for all plots. The causal filters are 4th order Butterworth
filters, and the acausal filters are produced by passing the time series in opposite directions through two
2nd order Butterworth filters (so that the roll-off at long periods is the same for both filters). Pre-event
zero pads have been added to the accelerations at both stations, although this was necessary only for

the acausally filtered data. Because of the added pads, the time axis for the causally filtered waveforms
have been shifted relative to that shown in Figure 2.

Some insight into the sensitivity of the displacement waveforms to the filters can be obtained
by considering the apparent period content of the dominant part of the waveforms. From Figure
6, the dominant period for the HEC displacements appears to be less than 10 sec, whereas the
more pulse-like motion on the 530 record has a peak—peak period near 20 sec. The Fourier
displacement spectra for the unfiltered motions are shown in Figure 7. To emphasize the
relative shape, the spectra have been normalized so as to be similar near periods of 1sec. It is
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Figure 7. Fourier displacement for the unfiltered records from stations 530 and HEC, normalized to be
similar near a period of 1 sec to emphasize the relative shape of the spectra.

clear that the 530 record has a relatively large amount of motion near the 25 sec corner period
used for the filter, and therefore the record processed using a 25 sec causal filter should be
quite different in shape than when processed using causal filters with longer period corners.
This is apparent from Figure 6 but, to make the case in a different way, in Figure 8 we
compare directly the causal and acausal results for a single corner period in each panel. The
acausal displacements are similar in shape for the various filter corner periods, but the causally
filtered displacements show a pronounced change in waveform as the filter corner period is
decreased. For a very long corner period, the displacement waveform is similar in shape to
that obtained from an acausal filter (as expected from the nature of the phase response shown
earlier), but this similarity degrades rapidly as the filter corner period is decreased. The change
in shape for the HEC record (easily assessed from Figure 6 and not replotted here) is much
smaller, because the dominant period of the main part of the motion is less than 10 sec; the
waveform of the HEC displacement time series changes significantly if smaller corner periods
are used (we do not show this here, but applying a 5 sec filter confirmed this statement).

EFFECT OF FILTERING ON ELASTIC AND INELASTIC DISPLACEMENT
RESPONSE SPECTRA

The elastic and inelastic response spectra corresponding to the filtered acceleration time series
are shown in Figure 9 for station HEC. The left and right columns correspond to causal and
acausal filters, respectively. The elastic response spectra are given in the first row, and the
inelastic response spectra are given in the second row. For both the elastic and the inelastic
spectra, there is much less sensitivity to the filter corner period for the acausally filtered
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Figure 8. Direct comparison of records from station 530 filtered using acausal and causal filters (the
same traces are shown in Figure 6, but comparing the results of different types of filtering rather than
different corner periods for the same type of filter).

accelerations than for the causally filtered motions. For both types of filters, the inelastic
spectra are more sensitive to the corner periods than are the elastic spectra. These comparisons
are better shown by the ratios of spectra (Figure 10). We have used the accelerograms obtained
using a filter corner of 200 sec as the reference. The widths of the lines in Figure 10 are
proportional to the corner periods of the filters. It is important to note that the differences
between the inelastic spectra from causally filtered data can exceed a factor of 1.3 for periods
much smaller than the corner periods used in the filtering (the smallest corner period was
25 sec) (these excursions are for narrow ranges of periods, however).

The results for station 530 are shown in Figures 11 and 12, using an identical presentation
to that used in Figures 9 and 10 for station HEC. Here the inelastic responses corresponding
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Figure 9. Elastic and inelastic 5%-damped displacement response spectra for the recordings at station
HEC, filtered using causal and acausal filters. The dashed line (for a corner period of 200 sec) was the
reference spectra for the ratios shown in the next figure.

to the causally filtered acceleration time series show much more sensitivity to the filter corner
periods than they did for station HEC. This is similar to the pattern seen in the shapes of
the displacement waveforms, and probably for the same reason: phase distortions produced
by the causal filtering. To try to gain some understanding of the substantial differences in
inelastic response spectra for causally filtered records, even for oscillator periods much less
than the filter corner periods, we show in Figure 13 the relative displacement of a 3 sec inelas-
tic elastic—perfectly plastic oscillator, with R = 3, as a function of time, driven by accelerations
filtered using causal filters with corner periods of 200 sec and 25 sec. The oscillator response
for the 200 sec filter shows a distinct local shift in the quasi-equilibrium position of the oscil-
lator at around 28 to 29sec. The oscillator driven by acceleration filtered with the 25sec causal
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Figure 10. Ratios of response spectra for station HEC. The legend for the ratios is somewhat cryptic,

but it should be clear that ‘R025/200° means that the response spectrum obtained from the acceleration

time series filtered with a corner period of 25 sec was divided by the response spectrum from the
acceleration time series filtered with a corner period of 200 sec.

filter also shows a shift in equilibrium position, but the shift is not as large, and the time of the
shift is later (around 31 to 32sec). It is difficult to predict these differences in response from
the acceleration time series, which are very similar in shape (but sufficiently different that the
velocities and displacements derived from these accelerations are substantially different, as also
shown in the figure). The velocity time series, however, seem to show a correlation with the
change in quasi-equilibrium position, with the change occurring at a time near that of the peak
pulse in velocity. These peaks, of course, correspond to rapid transitions in the displacement
time series from peaks to troughs, and vice versa, and as discussed in the previous section, the
nature of the displacement time series is strongly controlled by the phase shifts of the causal
filters if these shifts are in a period range for which there is energy in the unfiltered motions.
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Figure 11. Elastic and inelastic 5%-damped displacement response spectra for the recordings at sta-
tion 530, filtered using causal and acausal filters. The dashed line (for a corner period of 200 sec)
was the reference spectra for the ratios shown in the next figure.

So, as for the displacement time series, it perhaps is not unexpected that the inelastic spectra
are sensitive to the filter corner periods (although we are still surprised that motions of rela-
tively short-period oscillators are as sensitive as they are to much longer filter corner periods).

RELATIVE ADVANTAGES AND DISADVANTAGES OF CAUSAL AND
ACAUSAL FILTERS

The results from the previous section suggest that filtering should always be done using
acausal filters. These conclusions should be given careful consideration, however, for acausal
filters do have some disadvantages, primarily related to the pre-event and post-event zero pads
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Figure 12. Ratios of response spectra for station 530. The legend for the ratios is somewhat cryptic, but

it should be clear that ‘R025/200” means that the response spectrum obtained from the acceleration time

series filtered with a corner period of 25sec was divided by the response spectrum from the acceleration
time series filtered with a corner period of 200 sec.

that need to be added to the records before filtering [12], and the consequent filter transients.
This is especially true for records that triggered after the P-wave arrival (as was the case for
all of the analog recordings providing most of the pre-1999 strong-motion data). In spite of
various attempts to taper the end portions of the records before padding, the filters can pro-
duce large filter transients (some processing schemes even use completely artificial methods to
improve the ‘look’ of these waveforms). Often the zero-padded portions of the filtered acceler-
ations and the velocities and displacements derived from these filtered accelerations have been
removed from the data provided to the public (this is true of pre-1999 data provided by the
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Figure 13. The time series response of inelastic 3 sec elastoplastic oscillator, with R = 3, (bottom row)
and various representations of the motion from station 530 driving the oscillator. The left column and
right columns are for records filtered with 200 sec and 25 sec filters, respectively. The first, second, and
third rows show acceleration, velocity, and displacement time series.
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Figure 14. Displacements obtained by integrating accelerograms from stations 530 and HEC processed

with an acausal, 25 sec flter. The black line was obtained from the accelerogram with the leading and

trailing pads; the gray line was obtained from the accelerogram obtained by truncating the portion

that was padded with leading zeros before filtering. The joins of the pads and the original data
are indicated by the short vertical lines.

U.S. Geological Survey, at least since 1984). This procedure saves storage space, and was
an important consideration before the advent of inexpensive disk storage. The acceleration,
velocity, and displacement time series, however, are then no longer compatible, in the sense
that straightforward integration of the acceleration time series will not reproduce the velocity
and displacement time series that are provided to the public [17, 18]. The difference in dis-
placement waveforms is shown in Figure 14. Shown are the waveforms obtained from the
padded data, and those obtained by simply stripping off the portion that was padded from the
filtered accelerations, before double integration (to make the point, a bit more was stripped
off of the HEC record because it already had some pre-event samples). It is clear that fur-
ther baseline correction or filtering would be needed to eliminate the long-term trends in the
displacements obtained from the shortened records. This is not to say that the velocity and
displacement data provided to the public are erroneous; if the processing was done properly,
those velocity and displacement time series were obtained with proper consideration of the
zero pads. The only way to provide truly compatible data, however, would be to provide the
complete time series used in the processing, including the padded portions (which can be a
significant fraction of the overall length of the time series, particularly if filters with relatively
long corner periods are used).

SUMMARY AND CONCLUSIONS

Using two digital records, of very different character, from the 1999 Hector Mine, California,
earthquake, we found that both the elastic and inelastic response spectra are sensitive to
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the corner periods used in causal filtering at periods much shorter than those corner periods.
Although not shown here, the same results were found from the analysis of several recordings
from other large earthquakes. The effect is more important for inelastic than for elastic response
spectra and seems most important for causally-filtered records for which the period content of
the major part of the unfiltered motion is within several multiplicative factors of the corner
periods of the causal filters. The sensitivity of the results to the filter corner periods is due
to the strong phase distortions associated with causal filters. Users of data obtained using
causal filters should be wary of these effects. (Recent data from both the USGS and from
PEER have been processed using causal filters, although as a result of our study, the USGS
is now using acausal filters in its processing.) The question of whether to use causal or
acausal filters depends on the intended use of the data, desirability for compatible processed
acceleration, velocity, and displacement time series, and considerations of computer storage
space. On balance, we think that the advantages of acausal filters outweigh the disadvantages,
especially for digital data with pre-event samples.
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