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Comments on Baseline Correction of Digital Strong-Motion Data:

Examples from the 1999 Hector Mine, California, Earthquake

by David M. Boore, Christopher D. Stephens, and William B. Joyner*

Abstract Residual displacements for large earthquakes can sometimes be deter-
mined from recordings on modern digital instruments, but baseline offsets of un-
known origin make it difficult in many cases to do so. To recover the residual dis-
placement, we suggest tailoring a correction scheme by studying the character of the
velocity obtained by integration of zeroth-order-corrected acceleration and then see-
ing if the residual displacements are stable when the various parameters in the par-
ticular correction scheme are varied. For many seismological and engineering pur-
poses, however, the residual displacements are of lesser importance than ground
motions at periods less than about 20 sec. These ground motions are often recoverable
with simple baseline correction and low-cut filtering. In this largely empirical study,
we illustrate the consequences of various correction schemes, drawing primarily from
digital recordings of the 1999 Hector Mine, California, earthquake. We show that
with simple processing the displacement waveforms for this event are very similar
for stations separated by as much as 20 km. We also show that a strong pulse on the
transverse component was radiated from the Hector Mine earthquake and propagated
with little distortion to distances exceeding 170 km; this pulse leads to large response
spectral amplitudes around 10 sec.

Introduction

High-dynamic-range, broadband digital recordings of
ground accelerations from earthquakes have the potential to
yield ground displacements over a wide range of frequen-
cies, including those so low that the displacements give the
residual static deformation following an earthquake. These
records are of great interest to seismologists for unraveling
the complexities of fault rupture and may be of interest to
engineers designing large structures with very long-period
response. Unfortunately, accumulating experience indicates
that the digital recordings are often plagued by what we call
baseline offsets: small steps or distortions in the reference
level of motion (Iwan et al., 1985; Chiu, 1997; Boore, 1999,
2001). Although small in acceleration, these offsets can pro-
duce completely unrealistic ground displacements (derived
from the acceleration traces by double integration). There
may be numerous sources of the offsets (e.g., hysteresis in
the sensor, static buildup in the A/D converter, or tilting of
the ground), and for this reason, there is no universal cor-
rection scheme that can be applied blindly to the records.
Ideally, the physical mechanisms causing the offsets would
be known, so that a correction scheme could be tailored for
each particular record. In most cases this is too time con-
suming when dealing with many records from a particular

*Deceased, 24 March 2001.

earthquake, or is impossible because of fundamental uncer-
tainties in the source of the problems. In such cases, the very
long period motions must be sacrificed, and a combination
of baseline correction and low-cut filtering can be used to
produce motions that are accurate representations of the true
ground motions at periods of interest to engineers and to
many earthquake modelers. In this article we describe and
illustrate several simple processing schemes, including those
that we are currently using at the U.S. Geological Survey
(USGS). Our examples are primarily from the M 7.1 1999
Hector Mine earthquake (a map of the stations is given in
Fig. 1; information about the recorders is given in the cap-
tion). We are concerned with corrections at low frequencies;
the corrections at high-frequency, usually for instrument re-
sponse, are generally not necessary with the force-balance
accelerometers commonly used, at least for frequencies of
usual seismological and engineering interest (f � 20 Hz).

Examples of Baseline Problems

An example of the problem is shown in Figure 2, using
the recording of the 1999 Hector Mine earthquake from sta-
tion HEC (this is the closest station to the epicenter and rup-
ture surface). The top trace shows the recorded acceleration
after subtracting the mean of the pre-event portion of the
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Figure 1. Map showing stations from which records used in this paper were obtained.
Stations shown are only a small subset of all of the stations that recorded the earthquake (see
http://nsmp.wr.usgs.gov and Graizer et al., 2002). The record at Station 699 was obtained on
the 12th floor of a 12-story building; all other stations are considered to be free-field record-
ings. The three rectangles near the epicenter are the surface projections of the fault planes
used in Ji et al.’s (2002) fault model; the epicenter is shown by the star. The data from TriNet
station HEC was obtained through the Southern California Earthquake Data Center (SCEDC);
the rest of the data are from the National Strong-Motion Program (NSMP) of the U.S. Geo-
logical Survey. The station numbers shown on the map are actually the serial numbers of the
recorders; these numbers are used in naming the data files. 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. All but station HEC were digitized using about 4280
counts/cm/sec2; HEC was digitized at 2140 counts/cm/sec2. The sensors at all stations are
force-balance accelerometers with natural frequency greater than 50 Hz.

record from the whole trace. (As a matter of terminology,
we call this the zeroth-order correction, and it is understood
that all acceleration traces have had this correction per-
formed, even if we state that no baseline correction was
done. If no pre-event samples are available, then the mean
of the whole record is removed from the trace.) One physical
constraint on the ground motion is that the ground velocity
be zero, on average, at a sufficiently long time after an earth-
quake; for this reason, the best way to determine whether
there are baseline problems in the recorded acceleration is
to look at the velocity obtained by integrating the accelera-
tion. The middle trace in Figure 2 shows the results of doing
so. The drift away from zero clearly indicates a baseline
problem, and this problem produces a growing displacement
(more than 5 m by the end of the record) that is clearly
unrealistic. The drift in velocity appears to be a straight line.
Fitting a straight line between 37.5 and 67.0 sec yields the
line shown in the figure. The slope of the line is consistent
with a step change in acceleration of 0.33 cm/sec2. Note,
however, that the line intersects the zero line at 9.5 sec, well
before the initial motion (changing the start of the portion
being fit from 37.5 to 55.0 sec in 2.5-sec increments resulted
in intercept times ranging from 3.6 to 9.9 sec). This indicates

that if due to a simple one-time step in acceleration, that step
is not associated with the ground shaking. It is more likely
that the net baseline offset accumulated from a series of posi-
tive and negative offsets over part of the duration of strong
shaking. This uncertainty about the details of the baseline
offsets is the reason that such offsets are difficult to correct.

Further examples are shown in Figure 3. The top trace
is the same acceleration used in the previous figure (the Hec-
tor Mine earthquake recorded at HEC), and the second trace
is the other horizontal component at HEC. Both components
show baseline problems, but the problem is more severe for
the east–west component. The bottom two traces are record-
ings of small earthquakes, with much smaller ground mo-
tions than those in the upper two traces. Careful inspection
of an enlarged version of the velocity time series for the 21
February 2000 event (Fig. 3b, bottom trace) suggests that
the baseline in acceleration had at least four step-like
changes, giving rise to four connected line segments in ve-
locity. These examples indicate the difficulty of understand-
ing the true source of the offsets. There are a variety of
potential sources, including mechanical (e.g., Shakal and Pe-
tersen, 2001) or electrical hysteresis in the sensor, problems
with the analog-to-digital converter, and ground tilt and rota-
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Figure 2. Zeroth-order processing of the east–
west component of the accelerogram obtained at sta-
tion HEC. The top trace is the recorded accelerogram
after subtraction of the mean of the pre-event portion
of the record; the middle and bottom traces show the
velocities and displacements obtained by successive
integrations of the top trace. The straight line on the
middle trace is the line fit to velocity between 37.5
and 67.0 sec. The unphysical drift in the velocity trace
is a tell-tale marker of baseline problems and results
in unrealistic displacements. Various baseline correc-
tions for this record are shown in a later figure. rjb is
the horizontal distance from the station to the closest
point of the surface projection of the rupture surfaces
(see Abrahamson and Shedlock, 1997).

tion (e.g., Bradner and Reichle, 1973; Trifunac and Todo-
rovska, 2001), due either to elastic deformation close to large
ruptures or to inelastic deformation from slumping or crack-
ing of the earth beneath the recording site. Another source
of drifts in velocity and displacement is the accumulation of
the random errors in the accelerogram resulting from single
and double integration of the random noise; for the velocity
trace, this is nothing more than random walk. In the Appen-
dix we derive a formula for the standard deviation of the
final displacement, and we show that the resulting standard
deviation is much smaller than the observed final displace-
ments obtained by integrating zeroth-order-corrected accel-
erations. In other words, double integration of random noise
is not the cause of the observed drifts in velocity and dis-
placement. The only study we are aware of that tried to pin-
point the source of baseline problems is that of Iwan et al.
(1985), who found baseline problems for a particular trans-
ducer which they attributed to hysteresis occurring primarily
when the acceleration exceeded 50 cm/sec2. This type of
hysteresis cannot be the explanation for the offsets occurring
in the two recordings of small earthquakes shown at the bot-
tom of Figure 3—the peak accelerations for those recordings

are much less than 50 cm/sec2—nor is it likely to be ground
tilt.

Correction Schemes

In view of the difficulty of understanding the exact
nature of the baseline shifts for any given record, any cor-
rection scheme must necessarily be approximate and empir-
ically based. Because the problems generally manifest them-
selves at long periods, one simple correction is to apply a
low-cut (high-pass) filter to the acceleration records. In many
cases that is an acceptable solution. Such a procedure, how-
ever, clearly precludes extracting permanent, or as Graizer
(1979) calls them, residual displacements from the records.
It would seem that the high-dynamic-range and broadband
instruments currently deployed have the capability to deter-
mine the residual displacements close to large earthquakes,
and such displacements are useful to seismologists modeling
earthquake fault rupture.

In all of the correction schemes discussed here we as-
sume that the recorded trace is directly proportional to ac-
celeration; no correction is made for instrument response.
Because the corner frequency of the accelerometer sensor
is on the order of 50 times higher than the frequencies
controlling ground displacement, the instrument response
should be negligible.

Graizer (1979; written comm., 2000) proposed a scheme
in which he fit a series of polynomials to the velocity trace,
subtracted the derivative of each polynomial from the ac-
celeration, and then looked at the resulting displacement
trace. He made a subjective judgment about which polyno-
mial gave the best results.

Boore (2001) discusses a slight generalization of a
scheme published by Iwan et al. (1985). The Iwan et al.
scheme is based on the notion that the baseline may have
complicated and perhaps random shifts during the interval
of strong shaking, but that these shifts can be represented by
an average baseline correction over this interval. This
scheme is illustrated in Figure 4. With the constraint that the
average velocity at the end of the record be zero, the scheme
involves fitting a straight line to velocity for some portion
after the strong shaking has ceased and then connecting this
straight line with another line starting from zero velocity at
time t1 near the beginning of the motion and joining the fitted
line at the later time t2. Figure 4 shows the lines for three
values of t2 for an actual application. As shown in Figure 5,
the correction of the acceleration is given by subtracting the
slopes of the velocity lines. If the latter part of the uncor-
rected velocity time series is well represented by a straight
line, then this correction procedure guarantees that the latter
part of the displacement time series derived from the cor-
rected acceleration trace will be flat. It will then look realistic
(a portion of strong shaking followed by a constant residual
level), but the realistic appearance of the time series does
not mean that it is correct. The residual level can depend
strongly on the processing parameters (for example, Figure
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Figure 3. (a) horizontal-component acceleration traces, after zeroth-order correc-
tion, for one large and two small earthquakes; (b) velocity traces derived from integra-
tion of the accelerations shown in (a). The drifts in the velocities indicate baseline
problems. Note that the baseline problem is different for the two horizontal components
of the HEC recording and that the problems can occur for very small as well as large
ground accelerations. rep is the epicentral distance; rjb is as defined in the caption to
Fig. 2.

6 shows that the residual displacement can be sensitive to
parameter t2).

From our experience with records from a number of
earthquakes, the baseline corrections might be more com-
plicated than given by the simple two-level correction. For
example, fitting four lines to the bottommost velocity time
series shown in Figure 3b yields a reasonable displacement
time series (we demonstrate this at the end of the article).
When many records are suddenly made available, however,
such as following a large earthquake, it is not feasible to
tailor the baseline correction to each recording. This hap-
pened to us after the 1999 Hector Mine earthquake, and we
adopted the following simple scheme for processing those
records; variations of this scheme have been used in pro-
cessing the records from subsequent earthquakes. The
scheme involves fitting a quadratic to the velocity and then
filtering, as outlined below:

1. Compute mean of the pre-event portion of the record
(stopping a second or so short of the estimated first ar-
rival) and subtract that mean from the whole record (the
zeroth-order correction).

2. Integrate to velocity.

3. Fit a quadratic to velocity, starting at the time of the first
arrival and constrained to be 0.0 at the start time.

4. Remove the derivative of the quadratic from the zeroth-
order-corrected acceleration.

5. Apply a causal, low-cut Butterworth filter with a subjec-
tively chosen corner frequency.

6. Integrate to velocity and displacement.

An important advantage of digital records is that for
most recordings pre-event samples are available, and thus
the initial conditions for velocity and displacement are ap-
proximately known. In this case it makes sense to use a
constrained quadratic. Data obtained from triggered analog
instruments or from digital instruments that triggered late
enough into the record do not have this advantage, and the
choice of initial velocity is a vexing problem not discussed
in detail here.

Some care must be used in specifying the portion of the
velocity record for which the quadratic is to be fit, particu-
larly if the record is very long. For a long record, a quadratic
may be a poor approximation of the drift in the velocity trace
over the whole duration of the motion, and forcing a fit over
the whole duration will likely result in unacceptable distor-
tions in the important portion of record.
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Figure 4. Shaded line: velocity from integration
of the east–west component of acceleration recorded
at TCU129, 1.9 km from the surface trace of the fault,
from the 1999 Chi-Chi, Taiwan, earthquake, after re-
moval of the pre-event mean from the whole record.
A least-squares line is fit to the velocity from 65 sec
to the end of the record. Various baseline corrections
are obtained by connecting the assumed time of zero
velocity t1 to the fitted velocity line at time t2. Three
values of t2 are shown: 30, 50, and 70 sec. The dashed
line is the quadratic fit to the velocities, with the con-
straint that it is 0.0 at t � 20 sec. (Modified from
Boore, 2001.) The acceleration time series are ob-
tained from a force-balance transducer with natural
frequency exceeding 50 Hz, digitized using 16.7
counts/cm/sec2 (16,384 counts/g).

In some cases the baseline correction alone yields rea-
sonable-looking displacements (a subjective judgment, to be
sure, but one that we see no way of avoiding), but in other
cases undesirable long-period oscillations occur. We find
that the displacement traces for the USGS digitally recorded
data from the Hector Mine earthquake were improved by
applying a filter with 0.02-Hz corner frequency. This is a
frequency low enough that essentially no information of im-
portance to the engineer is lost. (We could use such a low
frequency because the earthquake was large enough to be
rich in long periods and because the digital instruments have
a large dynamic range.) We use a causal filter because it
avoided peculiar-looking precursory transients that exist if
an acausal filter is used. As shown later, the price paid is
that the detailed shape of the waveforms can be quite sen-
sitive to the filter corner frequency. We also use a fourth-
order Butterworth filter, with a response decaying as f 4 at
low frequencies. The response of a lower-order filter might
not decay rapidly enough to overcome the increase of noise
with decreasing frequency (which for a step in acceleration
goes as 1/f 3 for displacement); a higher-order filter might
produce ringing. To our knowledge, the filter used for the

USGS digital data from the Hector Mine earthquake has a
much lower corner frequency used in any processed strong-
motion data previously made available to the public for this
or any other earthquakes. In our procedure, the acceleration,
velocity, and displacement time series are each filtered only
once, unlike some other processing schemes (e.g., Lee and
Trifunac, 1984; Huang et al., 1989; Chiu, 1997).

Figure 4 shows the quadratic fit to the velocity trace in
that figure, and Figure 5 shows the resulting correction to
the acceleration trace. The displacement resulting from both
the two-line and the quadratic schemes for the record in Fig-
ure 3 are shown in Figure 6. Also shown in Figure 6 are the
displacements resulting from removing only the mean (the
zeroth-order correction) and from only low-cut filtering
the record, as well as the permanent displacement from a
GPS station 2.3 km from the seismic station. Obviously, the
range of residual displacements is enormous, and lacking
GPS or some other independent measurement of the residual
displacement at a site, it is not possible to choose the optimal
correction scheme (and what is correct for one station most
likely is not correct for other stations). Fortunately, as Boore
(2001) shows, the response spectra for the accelerations cor-
rected as in Figure 6 are almost identical for oscillator pe-
riods less than about 20 sec. There are few engineering struc-
tures affected by such long periods, and therefore the choice
of which correction scheme to use is largely irrelevant for
most engineering purposes, at least for most recordings of
large earthquakes recorded on high-quality instruments.
(Boore [2001] shows an exception for a record whose spec-
trum is unusually enriched in energy around 1-sec period,
either because of a local site response or because of an in-
strument malfunction.)

Modifications of the constrained quadratic scheme are
almost endless. For example, the quadratic can be fit to a
portion of the record after the strong shaking has ceased.
Another obvious modification is to use higher-order poly-
nomials; this is essentially Graizer’s method (Graizer, 1979),
with the difference that the polynomial is constrained to be
zero at the first-arrival time. As a final example, an uncon-
strained, rather than a constrained, quadratic might be used.
For a few digital recordings of the 1999 Hector Mine earth-
quake at USGS stations, the instruments triggered late
enough that no pre-event samples were available. For the
processing of these USGS data for public distribution we
sometimes used an unconstrained fit because it gave better-
looking motions near the beginning of the record; in such
cases, the initial velocity is determined by the quadratic fit
and is not zero. If an unconstrained quadratic is used for a
record with pre-event samples, it requires adding an impulse
to the acceleration trace at the time t1 for which the correc-
tions are first applied (usually the first-arrival time). In lieu
of this, we use the negative of the zero-time intercept of the
unconstrained quadratic as an initial velocity in the accel-
eration to obtain velocity and displacement. Furthermore, to
capture the effect of the initial velocity, the filtering must be
done on the acceleration, velocity, and displacement traces
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Figure 5. Basis of Iwan et al. (1985) baseline-correction scheme, as discussed in
Boore (2001). The light and heavy lines are for two choices of t2. The dashed line in
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Figure 6. Displacements obtained by double in-
tegration of the east–west component of acceleration
recorded at TCU129 from the 1999 Chi-Chi, Tawian,
earthquake and modified using a variety of baseline
corrections. The GPS level was obtained at a station
2.3 km from TCU129, above the footwall of the fault
(as is TCU129). (Modified from Boore, 2001.)

individually (where the velocity and displacement are ob-
tained from the unfiltered acceleration). Except for this spe-
cial case, experiments show that the order of filtering and
integration is not important, as expected for operations on
linear systems.

Examples from the 1999 Hector Mine Earthquake

We now show a number of examples of the results of
processing records from the M 7.1 1999 Hector Mine earth-
quake, using data primarily from the U.S. Geological Survey
(available from http://nsmp.wr.usgs.gov). The first example
shows the result of baseline correction with no filtering, and
the rest of the examples show the results of the quadratic-
plus-filtering scheme discussed above.

Attempting to Recover Permanent Displacements:
Station HEC

Residual displacements obviously are impossible to ob-
tain if low-cut filtering is used. In most cases, this is of no
consequence, but when a high-quality recording is obtained
close to an earthquake, an attempt should be made to recover
the residual displacement. Such a case is the HEC recording
of the 1999 Hector Mine earthquake (see Fig. 1). The station
is operated by the Southern California Seismic Network, part
of TriNet (Graizer et al., 2002). We show in Figures 7 and
8 the consequences of the constrained quadratic and the two-
line correction schemes for the two horizontal components
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Figure 8. Unfiltered displacements at station HEC
derived from the east–west component of acceleration
corrected according to a constrained quadratic fit to
the velocity for the indicated times and to the two-
line correction with a number of choices of t2, with
the linear fit to velocity from 37.5 to 67 sec for all
cases. The short, heavy bars plotted along with each
trace is the estimate of the ground displacement ob-
tained from analysis of InSAR data (courtesy of Y.
Fialko, written comm., 2001). The InSAR value is the
average of 9 pixels centered on HEC.

obtained at this site. Also shown in the figures are the esti-
mates of the displacements obtained from analysis of inter-
ferometric synthetic aperture radar (InSAR) data. These dis-
placements are from Y. Fialko (written comm., 2001; see
also Fialko and Simons, 2001), who considers them to be
coseismic; he estimates that the error is less than 5 cm, with
the east–west displacement being more accurate than the
north–south displacement. Because they level out to a more-
or-less constant residual value, all of the baseline-corrected
displacements look correct, but that is not an adequate reason
to accept the results of a particular correction. The north–
south component is more stable, and the residual displace-

ments are close to the InSAR-derived value; such is not the
case for the east–west component, however. It may be re-
called from Figure 3b that the east–west component had the
more obvious drift in the velocity trace. If the InSAR-
derived displacement is correct, then none of the baseline-
correction schemes is a good approximation of the actual
baseline distortions on the east–west component.

As we mentioned earlier, a consequence of the baseline
correction scheme used to produce the displacements in Fig-
ure 8 is a flat residual displacement, even if long-period
noise is present. Experiments that we have done with low-
cut filtering of a step function suggest that, to define an ap-
parently level time series of duration T, the period content
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Figure 9. Comparison of displacements derived using a con-
strained quadratic fit to the whole velocity record, and filtered using
a causal fourth-order, low-cut Butterworth filter with a 0.02-Hz
corner frequency. This is the same processing used for the data
available on the USGS NSMP Web site (http://nsmp.wr.usgs.gov/).
The traces are aligned using time shifts derived by aligning the
large pulse to the south on the north–south component. The two
stations are separated by 6.9 km. The north–south, east–west, and
vertical displacements are shown in parts (a), (b), and (c), respec-
tively. Note difference in amplitude scales, particularly horizontal
vs. vertical.

of the ground motion must extend to at least 20T (for ex-
ample, T for the HEC displacements is about 40 sec, so pe-
riods of almost 1000 sec are needed to define the step). Any
noise at these long periods will map into the level of the
residual displacements. One possible source of such noise is
the rotation and torsion of the ground associated with elastic
wave propagation, as pointed out by Trifunac and Todorov-
ska (2001). These ground motions will cause baseline dis-
tortions in recorded accelerations, even in the absence of
other sources of distortions, and Trifunac and Todorovska
(2001) conclude that “it is not possible to compute accu-
rately and reliably permanent displacements of the ground
. . . without simultaneously recording rotations during strong
motion.” Figure 7 in Trifunac and Todorovska (2001), how-
ever, shows that the effects of rotation and torsion should be
negligible for frequencies greater than 0.001 Hz (1000 sec)
at a distance of 10 km from a magnitude 7 earthquake (es-
sentially the situation for the HEC recording). This is barely
at the period limit mentioned for the definition of an appar-
ently flat residual displacement of 40 sec duration. In addi-
tion, we note that the rotation- and torsion-induced distor-
tions should be very small after the strong shaking has
ceased; for this reason, the accumulated effect would be a
finite-duration offset in the acceleration, which would inte-
grate to a postshaking flat velocity trace and not to the ramp
seen for the HEC data (Fig. 3b). We conclude that, although
they are undoubtedly present, distortions due to rotations and
torsions are not as important as other causes of baseline off-
sets for the HEC recording.

Comparison of Waveforms

We now turn to examples for stations farther from the
fault. In these cases we made no effort to recover residual
displacements, and we filtered all records using a corner fre-
quency of 0.02 Hz. One way of checking the results is to
compare the displacements at stations located close to one
another (Hanks, 1975). We do this for three sets of stations,
at generally increasing distance from the fault.

The first comparison is for stations 514 and 588, sepa-
rated by 6.9 km (see Fig. 1 for locations of these and other
stations discussed in this section). Figure 9 shows the results.
The north–south component shows the best comparison, and
the comparison provides some confidence in the choice of
processing used for the records. Both horizontal components
are similar in shape, indicating that the ground displacement
has a strong linear polarization in the northwest–southeast
direction, and thus they are largely SH waves. The vertical
displacements at the two stations also compare well; they
are much smaller and have a much different waveform than
the horizontal displacements.

The next comparison is for stations 513, 521, and 530,
which are arranged more or less along a line of constant
azimuth from the source. While not particularly close to-
gether (22.5 km for the 513–521 pair and 15.3 km for the
521–530 pair), the stations are underlain by roughly similar
geologic materials. The stations are along the northern base
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Figure 10. Comparison of displacements from three stations separated by larger
distances (22.5 and 15.3 km) than that in the previous figure. (a) North–south displace-
ments from accelerograms with zeroth-order processing; (b), (c), and (d) displacements
for all components, from accelerograms processed using the constrained quadratic fit
to velocity and causal low-cut filtering with a 0.02-Hz corner frequency. Note the large
difference in peak amplitudes between the three components, with the north–south
component being much larger. The traces are aligned using time shifts derived by
aligning the large pulse to the south on the filtered north–south component.

of the San Gabriel Mountains at the southwestern edge of
the Mojave Desert. The comparisons of displacements are
shown in Figure 10. Uncorrected displacements for the
north–south components are shown in Figure 10a, and com-
parisons of displacements derived from the corrected accel-
erations are given in Figure 10b–d for the three components
of motion. The displacements at stations 513 and 521 sug-
gest that the recorded motions are remarkably free of base-
line-offset problems; on the other hand, the displacement
trace for station 530 shows a clear drift. This drift looks
linear, which could be produced by a single spike in the
acceleration. The slope of the linear trend in displacement is
about 0.25 cm/sec. Given the time spacing of 0.005 sec, a
step of 0.25 cm/sec would be produced by a single accel-

eration spike of 0.25/0.005 � 50 cm/sec2. This is compa-
rable to the peak acceleration for this record (51.9 cm/sec2).
Plots of the acceleration time series (not shown here) using
a series of narrow time windows, however, indicate no in-
dividual spikes. Thus, the drift must be produced by some
other feature.

As in the previous comparison (stations 514 and 588),
the displacements for each component are reassuringly simi-
lar. What is remarkable, however, are the differences in
waveforms between components. Both the east–west and the
vertical components have an early phase that has an apparent
velocity higher than the phase on which the traces are
aligned. As these components are more favorably oriented
to be affected by P energy than is the north–south compo-
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Figure 11. (a) Displacements and (b) velocities for one of the stations used in the
previous figure, showing the effect on the waveforms and spectra of different filter
corner frequencies (f c). The heavy line in panel (a) shows the data available from the
NSMP Web site. The velocities are much less sensitive to the baseline correction and
low-cut filtering than are the displacements.

nent (which is probably dominated by the SH radiation from
the source), it is likely that this earlier phase contains a sig-
nificant amount of P energy. What is also striking is the
dissimilarity of the east–west and vertical components at
these stations and those at stations 514 and 588 (although
the north–south components are similar). It may be that the
line of stations crosses radiation pattern nodes, a subject be-
yond the scope of this article. We suggest that these data
will be of interest to those modeling the earthquake source.

One caution for those modeling the U.S. Geological
Survey’s processed data from the Hector Mine earthquake
(data from http://nsmp.wr.usgs.gov): the causal filter pro-
duces significant phase distortions that can make the shape
of the displacement waveforms quite sensitive to the corner
frequency of the filter. This is illustrated in Figure 11a. As
shown in Figure 11b, however, the velocity waveforms are
much less sensitive to the baseline corrections and filtering.
Most modeling studies invert the velocity waveforms and
therefore will not be strongly affected by the filter distor-
tions. Nevertheless, it would be prudent for modelers to ap-
ply the same filter used in the data to their synthetic motions.

In spite of the large differences in the displacement
waveforms shown in Figure 11a, the response spectra de-
rived from the accelerations from which the displacements
in Figure 11a were derived are similar for periods less than
about 20 sec (Fig. 12). The differences in the 2- to 6-sec
range are related to a hole in the Fourier amplitude spectrum
for this range of periods. An oscillator of a given period
responds to other ground-motion periods if the ground mo-
tion is lacking energy at the oscillator period. Because both
the oscillator frequency response and the ground-motion
spectrum have complicated shapes, this can make it difficult
to predict the relative behavior for a series of ground mo-
tions.

The final example of a comparison of waveforms is for
stations 596 and 1099. These stations are separated by only
1.6 km and are sited on similar geologic conditions. The
comparison is only for the north–south component. The
zeroth-order-corrected acceleration trace and the velocity
and displacement traces derived from this acceleration trace
are shown in Figure 13. As with the previous comparison,
the displacement for one station (1099) shows a drift, while
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For reference, the two gray lines are drawn for periods
of 20 and 50 sec.

that from the other station (596) is well behaved. The ve-
locities and displacements for the corrected accelerations are
compared directly in Figure 14. The comparison is very
good, again attesting to the effectiveness of the processing
scheme and to the high quality of the data.

The previous figures show a pronounced pulse in dis-
placement on all of the stations. This pulse is a pervasive

feature of the earthquake, as shown in Figure 15. That figure
contains plots of the displacements rotated into a direction
transverse to the path between the station and the epicenter.
The radial displacements (Fig. 16) are neither as uniform in
shape nor as large as the transverse displacements. Appar-
ently most of the ground displacement is carried by SH
waves. The SH pulse leads to pseudovelocity response spec-
tra that do not start to decay toward the long-period
displacement-controlled asymptote until periods of about 10
sec are reached (Fig. 17). This period is significantly larger
than the 4-sec transition period included in some recent
building codes (e.g., BSSC, 1998; see also Bommer and El-
nashai, 1999). Until the recent digitally recorded earth-
quakes, strong-motion data have not had sufficient signal–
noise amplitudes to allow trustworthy estimates of ground
motion beyond about 5 sec. As a result, ground-motion pre-
diction equations have been limited to response spectra less
than about 5 sec. The predictions for the Abrahamson and
Silva (1997) equations are given in Figure 17; their predic-
tions are consistent with the Hector Mine earthquake data.

A Record of Structural Response

The last example of data from the 1999 Hector Mine
earthquake is a record obtained on the 12th floor of a 12-
story building. The acceleration is shown at the top of Figure
18a. Note that the decision to stop recording was based on
the output of a sensor in the basement of the building. Ob-
viously, the algorithm for determining when to cease re-
cording was not appropriate, for much of the response of the
top floor of the building was lost. This record illustrates why
baselines should be determined by fitting curves to velocity
rather than acceleration. The second and third traces from
the top show the velocity traces obtained by removing the
mean and the best-fitting straight line to the acceleration,
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Figure 13. Zeroth-order-corrected accelerations and associated velocities and dis-
placements at two closely spaced (1.6 km) stations: (a) station 596; (b) station 1099.



1554 D. M. Boore, C. D. Stephens, and W. B. Joyner

0 20 40 60

-3

0

3

6

Time (sec)

V
el

oc
ity

(c
m

/s
ec

)
--

N
or

th
-S

ou
th

C
om

po
ne

nt
Station 596
Station 1099

a)

0 20 40 60

-10

-5

0

5

Time (sec)

D
is

pl
ac

em
en

t(
cm

)
--

N
or

th
-S

ou
th

C
om

po
ne

nt

Station 596
Station 1099

b)

Figure 14. Comparison of (a) velocities and (b) displacements for the two closely
spaced (1.6 km) stations of Fig. 13. The recorded accelerations from which the veloc-
ities and displacements are derived were processed using a constrained quadratic fit to
velocity, followed by causal filtering with a corner frequency of 0.02 Hz. The traces
are aligned using time shifts derived by visually aligning the large pulse to the south
on the displacement trace.

-10

0

10 544: rjb = 52 km
205

-20

0

20
584: rjb = 104 km 240

-10

0

10
1405: rjb = 62 km 208

-20

0
514: rjb = 106 km 249

-10

0

10

D
is

pl
ac

em
en

t(
cm

)
-

T
ra

ns
ve

rs
e

C
om

po
ne

nt

587: rjb = 76 km 212

-20

0
588: rjb = 112 km 251

-20

0

20
1436: rjb = 75 km 227

-10

0

596: rjb = 172 km 257

-20

0
1434: rjb = 85 km 232

-10

0
513: rjb = 119 km 259

-20

0
1417: rjb = 92 km 234

-10

0

521: rjb = 136 km 264

0 20 40 60

-20

0

Time (sec)

205: rjb = 88 km 235

0 20 40 60

-6

0

Time (sec)

530: rjb = 147 km 268
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respectively. By doing so, it is guaranteed that the overall
mean of acceleration equals 0.0, and therefore velocity is
equal to 0.0 at the end of the record. This obviously is not
what is desired in this case. The bottom three traces show
the velocities derived from accelerations corrected by sub-
tracting from the zeroth-order-corrected acceleration trace
the derivative of first- and second-order polynomials fit to
the uncorrected velocity trace. These corrected velocity
traces are very reasonable, oscillating about 0.0 at the end
of the record. The displacements derived from the corrected
accelerations are compared directly in Figure 18b, and the
response spectra are compared in Figure 19. Again, we find
that large differences in the ground displacements due to
various processing schemes have little effect on the ground
motions at periods of engineering interest.

Example from the 21 February/2000
Loma Linda Earthquake

We now discuss processing of the bottom trace shown
earlier in Figure 3, for which the velocity trace suggests a
series of small step changes in acceleration. Our motivation
is to see how well the generic quadratic-fit, filtering ap-
proach, or just filtering alone, will work on a record such as

this. The comparisons of the derived velocities and displace-
ments are shown in Figures 20a and 20b. Filtering alone, or
in combination with removal of a constrained quadratic fit
to velocity, gives unrealistic-looking waveforms. This is not
surprising in view of the character of the uncorrected veloc-
ity, which indicates that a series of four steps occurred in
the acceleration. Choosing the times of these steps from vi-
sual inspection of the top trace in Figure 20a, we made cor-
rections based on a sequential series of constrained linear
lines fit to the velocity traces (this correction could be de-
termined in one step by finding the coefficients of a series
of hinged straight line segments). The bottom two traces in
Figure 20 show the results of this correction with and with-
out filtering. Subjectively, the bottom trace looks the best,
although we have no way of knowing if the oscillations in
the displacement trace are real or not. The period of the late
oscillation in the bottom trace is about 10 sec, whereas the
filter period is 14.3 sec; thus, the oscillation probably is not
a filter transient. Note the low amplitude of the peak dis-
placement: about 0.01 cm.

It is interesting to note that, although the velocity wave-
forms are somewhat different, the peak motions are rather
similar (except for the uncorrected velocity shown as the top
trace of Fig. 20a). This is good news, for it means that rou-
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tine processing can yield peak velocity values that can be
used for the construction of ShakeMaps (Wald et al., 1999);
corrections tailored to the data may not be needed. This can-
not be said for the peak displacement, however. As shown
in Figure 20, the waveforms and the peak displacements are
quite different (the traces are plotted with individual scal-
ing). The response spectra for the corrected accelerations are

shown in Figure 21. As judged from Figures 20 and 21, the
tailored correction based on fitting a series of line segments
goes a long way toward removing the baseline problem,
even without filtering. Note that, even for such a small earth-
quake, the digital recording seems to give good information
for periods as long as about 10 sec and for displacements as
small as 0.01 cm.
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Figure 17. Five-percent-damped pseudo-relative-velocity response spectra com-
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and the epicenter-to-station azimuth, in degrees clockwise from north, is given above
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Also shown is the response spectrum from the north–south recording at station HEC
(short-dashed line in upper left graph). All response spectra are from accelerations low-
cut filtered at 0.02 Hz. In addition, predictions from the empirical equations of Abra-
hamson and Silva (1997) are shown, assuming both rock (solid triangle) and soil (open
triangle) site conditions. No predictions are available for periods greater than 5 sec.
The Abrahamson and Silva (1997) predictions are for the median of the horizontal
spectral amplitudes at a given period, not the larger of the two horizontal amplitudes.
We use velocity response in order to show the comparison over a wide period range
with a minimum range of the ordinate.
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Discussion and Conclusions

Contrary to what might reasonably be assumed, digi-
tally recorded data usually need corrections for offsets in the
acceleration baseline. Unfortunately, there is no universal
cure for baseline afflictions. A correction scheme can be tai-
lored by studying the character of the velocity obtained by
integration of zeroth-order-corrected acceleration, and then
seeing if the residual displacements are stable when the vari-
ous parameters in the particular correction scheme are var-
ied. We find that in many (but not all) cases the displace-
ments are too sensitive to the parameters used in making the
corrections for the residual displacements to be trusted. It is
our opinion that low-cut filtering is usually needed, and in
fact is often all that is needed, to obtain realistic-looking
displacement time series. Although ground-displacement
waveforms and peak motions can be sensitive to the type of
correction, we find that the response spectra at periods of
most engineering interest usually are not sensitive to the
specific correction. Also, simple corrections to the digitally
recorded accelerations often yield good estimates of ground
motions at periods at least comparable to the duration of
rupture, and therefore the corrected recordings are useful for
modeling fault rupture.

Most of the data in this largely empirical study are from
the M 7.1 1999 Hector Mine earthquake. We show that with
simple processing the displacement waveforms for this event
are very similar for stations separated by as much as 20 km.
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Figure 21. Five-percent-damped relative-displace-
ment response spectra from the accelerations pro-
cessed as in Fig. 20.

Although this was not a prime focus of the study, we find
that a large pulse of SH energy with duration around 10 sec
radiated from this earthquake, leading to velocity-response
spectra that exhibit a pronounced peak at about 10-sec pe-
riod.
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Appendix

Effect of Random Errors in Acceleration
on Derived Displacements

Assume that the digital acceleration time series with
time spacing Dt comprises random, uncorrelated noise hav-
ing zero mean and a standard deviation ra. Velocity at time
tk � (k � 1)Dt then can be approximated by

k

v(t ) � a(t )Dt.k � i
i�1

(A1)

(This formula ignores the values of 0.5 for the first and last
points for trapezoidal integration; the analysis here has been
done for the more exact integration formula, but for the num-
ber of digital points of interest, the results are the same.)
This equation expresses a classic random-walk stochastic
process. Integration to displacement can then be approxi-
mated by

N

d(t ) � v(t )Dt.N � k
k�1

(A2)

Combining the two summations and then grouping the co-
efficients of each acceleration term a(ti) yields the following
equation:

N
2d(t ) � (N � i � 1)a(t )Dt .N � i

i�1
(A3)

We now assume that d(tN) represents the final displacement
(i.e., tN is the duration of the record). The final displacement
is a weighted sum of the digital acceleration values; it is a
random variable linearly related to the random accelerations.
In any realization of the process, the displacement will have
a final value that may be less than or greater than zero. Be-
cause the mean of the accelerations are equal to zero, how-
ever, it is easy to see from equation (A3) that the expected
mean of the final values also will be zero. Of more interest
is the standard deviation of the final displacement, for this
will provide insight into how large the final displacement
might be if a random sample were drawn from the process
(as basically occurs when a real record has been processed).
Because the random variables a(ti) are assumed to be inde-
pendent and are characterized by a Gaussian distribution
with standard deviation ra , the variance of d(tN) is the sum
of the variance of the accelerations, weighted by the coef-
ficients in the sum in equation (A3). The expression for the
variance contains the sum over i, which can be evaluated by
replacing the sum with an integral. Doing this gives the fol-
lowing equation for the standard deviation of the final dis-
placement:
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3T Dt 1/2r � rd a,N � �3
(A4)

where T � NDt is the duration of the record. Using a more
accurate representation of the relation between displacement
and acceleration, Schiff and Bogdanoff (1967) give an ex-
pression equal to equation (A4) multiplied by 1.12.

Pre-event portions of many of the records used in this
study were used to obtain values of ra. The values ranged
from 0.06 cm/sec2 for the T129 recording of the Chi-Chi,
Taiwan, earthquake to 0.0023 cm/sec2 for the HEC recording
of the Hector Mine, California, earthquake. Plugging these
values into equation (A4) with the appropriate values of Dt
(0.005 sec for all but the HEC recording, for which it is 0.01
sec) and duration gives for the worst case (ther � 2 cmdN

Chi-Chi earthquake) and approximately forr � 0.1 cmdN

the other examples considered in this article. (Monte Carlo
simulations gave similar values, confirming that equation A3
is correct.) Recalling that this analysis applies to unfiltered
records, it is clear that these values are much smaller than
the final displacements obtained by double integration of the
uncorrected accelerations. For this reason, it is unlikely that
the drifts observed in the displacements are related to simple
accumulation of random error.
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