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Effect of Baseline Corrections on Displacements and Response Spectra
for Several Recordings of the 1999 Chi-Chi, Taiwan, Earthquake

by David M. Boore

Abstract Displacements derived from many of the accelerogram recordings of
the 1999 Chi-Chi, Taiwan, earthquake show drifts when only a simple baseline de-
rived from the pre-event portion of the record is removed from the records. The
appearance of the velocity and displacement records suggests that changes in the
zero level of the acceleration are responsible for these drifts. The source of the shifts
in zero level are unknown, but in at least one case it is almost certainly due to tilting
of the ground. This article illustrates the effect on the ground velocity, ground dis-
placement, and response spectra of several schemes for accounting for these baseline
shifts. A wide range of final displacements can be obtained for various choices of
baseline correction, and comparison with nearby GPS stations (none of which are
colocated with the accelerograph stations) do not help in choosing the appropriate
baseline correction. The results suggest that final displacements estimated from the
records should be used with caution. The most important conclusion for earthquake
engineering purposes, however, is that the response spectra for periods less than about
20 sec are usually unaffected by the baseline correction. Although limited to the
analysis of only a small number of recordings, the results may have more general
significance both for the many other recordings of this earthquake and for data that
will be obtained in the future from similar high-quality accelerograph networks now

being installed or soon to be installed in many parts of the world.

Introduction

This is a follow-up study to one published soon after
the earthquake (Boore, 1999). At the time of that study, data
from only two strong-motion stations were available; now
422 strong-motion accelerograms from free-field sites have
been released (Lee et al., 1999, 2001), and many other types
of data regarding the earthquake are available, including
some GPS measurements (Central Geological Survey, 1999).
I have repeated my 1999 study using data from a number of
stations—most on the hanging-wall side of the fault and two
on the footwall side of the fault (Fig. 1). The findings from
the previous study are unchanged: baseline corrections of
the digital data are needed, various reasonable baseline-
correction schemes can lead to wildly different final dis-
placements, and the response spectra are largely unaffected
by the baseline corrections for oscillator periods less than
about 20 sec.

Data

The digital accelerograph network installed and main-
tained by the Central Weather Bureau in Taiwan produced
arich set of records from the 20 September 1999 M 7.6 Chi-
Chi, Taiwan, earthquake and its aftershocks (Shin et al.,

2000). This earthquake produced the most complete set of
strong-motion recordings ever obtained. The data for all but
one station used in this article were obtained from Teledyne
Geotech Model A900 digital recorders, with +2g gain and
16-bit resolution, recorded at 200 samples per sec. Data at
one station (WNT) were obtained from a 12-bit digital re-
corder (Teledyne Geotech Model 800). The transducers are
flat to acceleration from O to 50 Hz. The system uses a trigger
algorithm and a buffer so that the pretrigger part of the
ground motion is captured.

A zeroth-order correction has been applied to all records
by removing the mean determined from a segment of the
pre-event part of the original record from the whole original
acceleration record. For simplicity of expression, I refer to
these as uncorrected accelerations, although a correction has
in fact been applied.

Estimates of coseismic deformation were also obtained
from GPS data, although these data are not as readily avail-
able as the accelerogram data. A report, in Chinese, by the
Central Geological Survey (1999) contains maps and tables
of Global Positioning System (GPS) measurements. I have
used GPS data from stations closest to the accelerograph data
and similarly located with respect to the hanging-wall and
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Figure 1. Map showing surface expression of fault

(jagged line), strong-motion stations (open circles),
and GPS stations (filled circles) that provided data
used in this article. The coordinates of the GPS sta-
tions are approximate; they were scaled from a figure
from the Central Geological Survey (1999).

footwall sides of the fault. These stations are shown on the
map in Figure 1.

The Need for Baseline Corrections

Modern digital instruments have the potential to allow
the recovery of the complete ground displacements from ac-
celerometer records recorded close to large earthquakes. One
such example is shown in Figure 2. The only correction
applied to the recorded motions was the removal of the pre-
event mean from the whole record. The velocities and dis-
placements were obtained by integration of the accelera-
tions. The displacements reach essentially constant residual
values, and the velocities oscillate around zero after the end
of the strong shaking. This behavior of the velocities is a
reasonable constraint on any ground-motion recording un-
less the recording is from the presumably rare earthquake
that has a large amount of afterslip immediately following
the strong shaking. Unfortunately, the behavior of the ve-
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Figure 2.  Three components of motion recorded at

station TCUQ74. The top three traces are accelerations
for which the pre-event mean was removed from the
whole record. These are followed by the velocities
and displacements obtained by integrating the accel-
erations. Note that there is no evidence of a baseline
offset.

locities in Figure 2 is the exception rather than the rule for
recordings of the Chi-Chi mainshock. A more usual case is
shown in Figure 3 (for the E-W component of the motion
at TCU129). The motion in the figure was obtained by first
subtracting from the whole acceleration trace the mean of a
portion of the pre-event interval of the acceleration trace—
this guarantees that the velocity will be zero near the begin-
ning of the record—and then integrating. The almost linear
trend in velocity is a direct indication that the baseline of
the acceleration for at least the last half of the record is not
the same as that from the pre-event portion of the record.
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Figure 3.  Shaded line: velocity from integration of

the EW component of acceleration recorded at
TCU129 after removal of the pre-event mean from
the whole record. A least-squares line was fit to the
velocity from 65 sec to the end of the record. Various
baseline corrections were obtained by connecting the
assumed time of zero velocity ¢, to the fitted velocity
line at time #,. Three values of ¢, are shown: 30, 50,
and 70 sec.

Although not shown here, the same features are present in
many of the accelerogram recordings of the earthquake. The
difference in acceleration baseline levels need not be large
to produce the observed slope in the velocity and the cor-
respondingly large final displacement (in excess of 19 m for
the E-W component at TCU129). For the record shown in
Figure 3, a straight line fit to the last 25 sec of the velocity
has a slope of —1.3 cm/sec?; this is a direct measure of the
difference in acceleration baselines. The displacement at a
time ¢ after a step in acceleration of 8a is 0.5 Sar*. For da
= 1.3 cm/sec?, this gives 1625 cm/sec? after 50 sec; a small
shift in acceleration baseline will have a profound effect on
the final displacement. The next section considers several
ways of correcting for changes in the acceleration baseline.

Correcting for Baseline Offsets

In an ideal world the physical mechanism for the base-
line shifts would be so well known that the correction
scheme could be tailored to the cause. Unfortunately, this is
not the case for the recordings of the Chi-Chi earthquake,
and therefore some rather ad hoc correction schemes must
be used. In this article I use a generalization of the scheme
proposed by Iwan et al. (1985). In processing digital records,
they observed drifts in the velocity and displacement records
similar to those shown in Figure 3. For the instruments that
they were testing, they attributed the source of the baseline
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shift to a hysteresis in the transducer that occurred when
acceleration exceeded about 50 cm/sec®. The consequence
was that the baseline could be changing in a complicated
way during the interval of strongest shaking, the result being
that the baseline offset after the strong shaking would prob-
ably be different than the baseline before the strong shaking.
To correct for this model of baseline shifts, Iwan et al.
(1985) proposed that two baselines be removed: a,,, between
times t; and ¢,, and a; from time ¢, to the end of the record
(this is shown in Fig. 4). The value a,, is an average of the
possibly complicated shifts in baseline that could occur dur-
ing the strong shaking. Because many of the velocities de-
rived from the uncorrected acceleration records from the
Chi-Chi earthquake show an approximately linear trend for
long times, I have adopted the Iwan et al. (1985) correction.
In so doing, I am not making the assumption that the source
of the baseline shifts is as found by Iwan et al., or that there
is a threshold above which the baseline shifts take place.
Laboratory tests on the instruments that recorded the Chi-
Chi earthquake showed no signs of hysteresis or baseline
offsets (F. Wu, written comm., 2001; H.-C. Chiu, written
comm., 2001).

The level a; is determined from the slope of a line fit to
a portion of the velocity trace following the strong shaking:

v(t) = vy + ap t. (1)

In application, the v; line is found by least-squares fitting of
a portion of the velocity from ¢, to #;,. It would be preferable
to set f; to a time well after the strong shaking has subsided.
This is not always possible, in which case the coefficients v,
and a; can be somewhat uncertain. I performed a few tests
of the sensitivity of the corrected velocities and displace-
ments to the choice of #; and found that the results are not
very sensitive to the choice; this, of course, should be
checked for cases in which the records cease recording soon
after the strong shaking. The second time, #;,, is usually cho-
sen to be the end of the record, unless the record is very
long, in which case subsequent changes in acceleration base-
line well after strong shaking has ceased can lead to a non-
linear trend in velocity (I have seen such cases in records
from California earthquakes, but not for the Chi-Chi earth-
quake).

The correction a,, is determined by the requirement that
the final velocity, after baseline correction, average to zero.
This is satisfied if the velocity of the baseline correction at
the end of the #, — #, interval (a, (t, — f;)), equals the
velocity from the fitted line (vi(#,)). This gives the equation

ve (t)
= —= 2
fhm & — 1) )

The key to the method is in choosing the times #; and #,.
Based on their particular instrument, Iwan et al. (1985)
chose ¢, as the time that the absolute value of the acceleration
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Figure 4. Basis of Iwan ez al. (1985) baseline correction scheme (see text) (modified
from Boore, 1999). The light and heavy lines are for two choices of ..

first exceeds 50 cm/sec’. One of my generalizations of the
Iwan et al. method is to allow ¢, to be a free parameter, not
determined by a threshold of shaking. For #,, any value be-
tween ¢, and the end of the record will satisfy the constraint
that the average of the corrected velocity be zero near the
end of the record (I require in all cases that 7, = t,). Iwan et
al. (1985) proposed two specific options for #,: (1) #, is the
time after which the acceleration never exceeds 50 cm/sec?;
(2) t, is chosen to minimize the final displacement (see Boore
[1999] for more discussion and equations determining ¢, in
terms of the fitted velocity, the length of the record, and the
final value of the uncorrected displacement). Another option,
not discussed by Iwan et al., is to choose 7, as the time at
which the line fit to velocity becomes zero. Using equation
(1), this time is

t2 = _Vo/af. (3)

I refer to a baseline correction using this choice of ¢, as the
vg. = 0 or the v, correction. Of course, this correction only
works if ¢, determined from equation (3) falls between ¢, and
t;, where f; is the time at the end of the record. As with ¢,
in this article I allow ¢, to be a free parameter—this is my
other generalization of the Iwan et al. method. As I will
show, if t, is free to float between ¢, and #, the final dis-
placement derived from the corrected acceleration can have
a wide range of values. Without knowledge of the specific
mechanisms for the baseline offsets, however, it is difficult
to choose one value over another. This is the essence of the
uncertainty in determining final displacements from acce-
lerogram records subject to unknown shifts in the baseline.

My generalization of the Iwan ef al. (1985) method is
only one of numerous possible correction schemes (e.g.,
Graizer, 1979; Boore et al., 2001). The choice of the cor-
rection method should be guided by the long-time behavior
of the velocity time series derived from the uncorrected ac-
celeration.

The Effect of ¢,; TCU129, E-W Component

I have already used the record of E-W acceleration from
TCU129 as an example of the need for baseline corrections
(Fig. 3). Continuing to use this as an example, Figure 3 also
shows the line fitted to velocity between 65 and 90 sec, as
well as the velocity corrections obtained from a single choice
of t, (20 sec, essentially the start of motion) and three choices
of #,: 30 sec, 50 sec, and 70 sec. The velocity traces obtained
from integration of the acceleration corrected using two val-
ues of t,, 30 sec and 70 sec, are shown in Figure 5, in which
it can be seen that the constraint of zero average velocity
near the end of the record is satisfied. Although the velocity
traces shown in Figure 5 may not look too different, the
displacement traces resulting from double integration of the
baseline-corrected acceleration trace are hugely different, as
seen in Figure 6. The choice of 30 sec or 70 sec for #, results
in a difference of final displacement of almost 400 cm, and
the displacements are of opposite sign. At this point common
sense and a knowledge of the faulting can come into play.
As Figure 1 shows, station TCU129 is close to the surface
breakout of the fault, but on the footwall side of the fault.
Because the fault is an eastward-dipping thrust fault, I expect
eastward motion at TCU129, but not as large as 400 cm.
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Figure 5.  Velocities obtained from integration of
the EW component of acceleration recorded at
TCU129 after applying baseline corrections with
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Figure 6. Displacements obtained by double in-
tegration of the EW component of acceleration re-
corded at TCU129 (shown in top panel) and modified
using a variety of baseline corrections. The GPS level
was obtained at a station 2.3 km from TCU129, on
the footwall side of the fault.

This means that it is unlikely that the choice of either 30 sec
or 70 sec is appropriate (and this assumes that the two-
segment baseline correction scheme is a good model of the
actual baseline offsets that occurred on the record). Figure
6 also shows the consequence of several other choices of 7,,
as well as option 1 of Iwan et al. For option 1, ¢, is close to
the value assumed for the other corrections in the figures,
and 1,, chosen as the time after which the acceleration never
exceeds 50 cm/sec?, is quite long (68 sec). This option leads
to an unacceptably large final displacement. The GPS values,
from a station 2.3 km from TCU129, is close to the value
obtained using the v, = 0 value for #, (i.e., equation 3). An
exact match to the GPS results can be found for an appro-
priate choice of #,, but of course, this is meaningless because
if GPS data are available, the determination of final displace-
ment from the acceleration records is not necessary, and if
GPS data are not available, there is no guarantee that the
value of ¢, that works for the particular trace will work for
other components at the same station or for records obtained
at other stations.

The Effect of ¢;: TCU068, N-S Component

Using the logic of Iwan et al., t; should be chosen at
the place in the record at which baseline shifts start to occur.
It is not always clear where this should be. If the baseline
shifts are associated with strong shaking, then #; should be
chosen at the beginning of the strong shaking. For TCU129,
the onset of shaking and the onset of strong motion were
nearly coincident, but such is not the case for many other
records. For example, the motion at TCUQ6S starts near a
time of 20 sec, but the strong shaking (as measured by the
criteria of Iwan et al. of the motion exceeding 50 cm/sec?)
is close to a time of 30 sec. Figure 7 shows the consequence
of two choices of #;: 20 sec and 30 sec. As for the previous
example, the final displacement is quite sensitive to #, when
t; = 20 sec (left figure). The choice of #; = 30 sec seems
much better (right figure) because there is little sensitivity
to t, and the results are close to the GPS results. The reason
for the insensitivity to £, is because the time determined from
the fitted velocity being zero (equation 3) is 31.0 sec, which
is close to the chosen value of #,. If ¢, were chosen as exactly
the time that the velocity of the fitted line is zero, then there
will be no sensitivity of the final displacement to #,. In effect,
in that case the model assumes that the baseline changed at
a single instant of time (¢,). In addition to the final displace-
ments, the character of the displacements in the first 20 sec
after the start of the motion is sensitive to the choice of #;:
the large downswing obtained for many values of #, when
t; = 20 sec largely disappears when ¢, = 30 sec.

Notice that £, = 30 sec is close to the time at which the
strong shaking starts. For this reason, some might argue that
t; = 20 sec is obviously a poor choice; although it corre-
sponds to the start of motion, the shaking is so small that no
baseline changes should be expected. If the baseline shift
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Figure 7. Displacements obtained by double integration of the NS component of

acceleration recorded at TCUO68 (shown in top panel) and modified using a variety of
baseline corrections. The left figure used ¢, = 20 sec, while the right figure used ¢, =
30 sec. The GPS level was obtained at a station 4.3 km from TCUO068, on the hanging-

wall side of the fault.

always occurred at a single time corresponding to the onset
of strong shaking, as seems to be the case for the N-S com-
ponent of TCUOG6S, then the correction for the baseline shift
would be simple. Unfortunately, things are not always so
simple. For example, experience at the U.S. Geological Sur-
vey with digital instruments indicates that baseline shifts can
occur for small levels of shaking (C. Stephens, oral comm.,
2000; Boore et al., 2001). Furthermore, the time given by
equation (3) for the E-W component at TCU068 (39.4 sec)
is about 10 sec after the start of strong shaking. Substituting
the E-W component for the NS component in Figure 7
would lead to a similar figure if 1, = 40 sec rather than 30
sec, except that the final offset would not agree as well with
the GPS results (Fig. 8).

Comparison with GPS: TCU052, TCU068, TCU102,
TCU129, All Components

Obviously the best way of judging the baseline-cor-
rected final displacements is to compare them with indepen-
dently determined displacements such as those from GPS
measurements. As far as I know, none of the accelerograph
stations were colocated with GPS stations, and therefore ex-
act comparisons cannot be made. I have chosen the GPS
stations closest to the accelerograph stations studied in this
article (Fig. 1). In the best case (TCU102) the GPS station
was 1.7 km from the accelerograph station; in the worst case
(TCUO052) the closest GPS station was 6.5 km away. Figures
8 and 9 show displacements for all components at four sta-
tions, compared to GPS. In these figures, t;, = 20 sec. Be-
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Figure 8. Displacements obtained by double integration of the three components of

acceleration recorded at stations TCUO052 and TCUQ68 and modified using a variety
of baseline corrections. The legend for the type of corrections is shown in Figure 7 and
is not included here to avoid clutter. The GPS levels were obtained from stations 6.5
km (G103) and 8.3 km (AFT25) from TCUO052 and 4.3 km from TCUOQ68; the acce-
lerogram and GPS stations are on the hanging-wall side of the fault.

cause there were no GPS stations close to TCUOQ52, the dis-
placements from the two nearest GPS stations are plotted for
TCUO52. Figures 8 and 9 show a number of things: for the
stations on the hanging-wall side of the fault (TCUO052,
TCUO068), the final vertical displacements are not sensitive
to the baseline correction, and they are close to the GPS
values (this may not be a general feature for all vertical com-
ponents). On the other hand, for the horizontal components
at the same stations there is more sensitivity to #,, and the
value of #, favored by comparison with the GPS measure-
ments is not clear, although on balance it seems as if a value
close to that given by equation (3) works well. There are
clear exceptions to this latter conclusion, however, such as
TCUO068, E-W, for which the GPS result is 300 cm different
than when using the vg, = 0 correction (Fig. 8) and TCU102,
N-S, and TCU129, U-D, for which ¢, from equation (3)
exceeded the length of the record. In spite of the uncertain-
ties, the overall sense of the final displacements is captured

by the derived displacements, particularly for the stations on
the hanging-wall side of the fault (which have larger dis-
placements than the stations on the footwall side of the
fault). For both TCU052 and TCUOQ68 the final displace-
ments are north, west, and up, in agreement with GPS results
and expectations from the style of faulting.

The Source of the Offsets: Ground Tilting
At TCU129, WNT

A number of causes of the baseline offsets have been
proposed, including tilting (either dynamic or permanent),
the response of the transducer to strong shaking, or problems
in the analog-to-digital converter. Of course, one or a com-
bination of causes might exist. In this article, I focus on the
effect of tilting. As discussed by Boore (1999), very small
tilts in the instruments can produce baseline shifts of the
order observed in the records, at least for the horizontal com-
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Figure 9. Displacements obtained by double integration of the three components of
acceleration recorded at stations TCU102 and TCU129 and modified using a variety
of baseline corrections. The legend for the type of corrections is shown in Figure 7 and
is not included here to avoid clutter. The GPS levels were obtained from stations 1.7
km from TCU102 and 2.3 km from TCU129; the accelerogram and GPS stations are

on the footwall side of the fault.

ponents of motion. A tilt of 8 produces a shift in baseline of

Ag = g sin(6) “4)

for horizontal components and

Ag = g(1 — cos(6)) )
for the vertical component. Baseline changes of about 1 cm/
sec? are not uncommon (the change implied from Fig. 3 is
1.3 cm/sec?). From equation (4), this corresponds to a tilt of
only 0.001 radians or 0.06 degrees. The change in baseline
caused by this very small tilt will produce a large displace-
ment after a long duration—in excess of 10 m after 50 sec.
This suggests that even without the type of instrument-
dependent baseline shifts discussed by Iwan et al. (1985), it
will be very difficult to obtain permanent ground displace-
ments from double integration of horizontal component ac-
celerations. The effect of tilt on vertical components should
be much smaller (being proportional to 0.5 07 rather than 0

for small tilts), however, and therefore there is some hope
that permanent ground motions can be obtained from vertical
recordings.

I have found fairly direct evidence of tilt for station
TCU129. The A900 instrument at this site is about 50 cm
from an A800 instrument that also recorded the mainshock
(this instrument is referred to as station WNT). The two
instruments are on the same concrete pier in a small room
(W. Lee, written comm., 2001). Wen et al. (2000) demon-
strate that the high-frequency motions at this site may be
affected by the pier itself, but my concern here is with longer
period motions. A comparison of the velocities derived from
the uncorrected accelerations is given in Figure 10 for all
three components. Although there are substantial differences
in shape and phase of the two recordings, indicating differ-
ences in instrument response, the velocities from both in-
struments show similar trends on the horizontal components
and a much smaller trend in the vertical-component veloci-
ties. This is best explained as being due to tilt of the instru-
ments. In most cases, however, the source of the baseline
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Figure 10. Velocities obtained by integration of the accelerations recorded at sta-
tions TCU129 and WNT. The stations were colocated; only the instruments differ (they
were about 50 cm apart on a 1 m by 1 m pier (W. Lee, written comm., 2001)). The
traces have been arbitrarily aligned on the early arrivals.

offset or offsets is unknown. In some cases the shift seems
to occur at different times on different components at the
same station, making it less likely to be due to tilt.

The Influence of Baseline Correction
on Response Spectra

From the equation for an oscillator, it is easy to show
that the maximum response of the oscillator should equal the

maximum displacement of the ground shaking for large os-
cillator periods. For this reason, if different baseline cor-
rections produce large differences in peak ground dis-
placements (as shown in Fig. 6 for TCU129, EW), the
displacement response spectra should also be very different
at long periods. The critical question is at what period the
differences will start to occur. Some idea of this can be ob-
tained from the response of an oscillator to a step a,; in
acceleration. From equation (A4b) in Boore (1999), this is
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Figure 11. Relative displacement response spectra computed from (a) the N-S com-
ponent of acceleration recorded at TCUO068 and (b) the E-W component of acceleration
recorded at TCU129. The accelerations used in computing the response spectra were
modified using a variety of baseline corrections, as indicated in the legends.
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Figure 12. Relative displacement response spectra computed from the E-W com-
ponent of acceleration recorded at (a) TCU084 and (b) TCU089. The accelerations used
in computing the response spectra were modified using a variety of baseline corrections,
as indicated in the legends. Note that unlike response spectra at other stations, the
response spectrum from TCUO84 is sensitive to the baseline corrections for oscillator
periods as short as 6 sec.
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(L + exp (—nrt 1 — 1)

472 ’

(6)

Iumaxl = 0y T

where T and m are the undamped natural period and the
fractional damping an oscillator. Although the response
spectrum of the sum of two time series (the baseline offset
and the ground acceleration in our case) is not the sum of
the individual response spectra, the response of the baseline
shift alone gives an upper bound to the effect of a step in
acceleration. With a,; = 1 cm/sec® and n = 0.05,

Upax = 0.047T2, (7

Because of the strong dependence on period, the effect of a
step in acceleration will be much more important at long
periods than at short periods. For a period of 1 sec, the
response is only 0.05 cm, whereas at 20 sec the response is
19 cm.

From the analysis above, I would expect that uncertain-
ties in response spectra due to unknown baseline shifts of
the order of 1 cm/sec’ will be unimportant at periods of
engineering interest. This can be shown directly by compar-
ing the displacement response spectra for the time series
derived from various baseline-correction schemes. Compar-
isons for TCU068, N-S, and TCU129, E-W, are shown in
Figure 11. The figure shows that the response spectra are

a) TCU084, EW

largely insensitive to the choice of baseline correction for
oscillator periods less than about 20 sec (this includes re-
sponse spectra obtained from records for which only a mean
value has been removed). Comparisons for a number of other
records, not shown here, give similar results.

A glaring exception to the conclusion that the response
spectra are not sensitive to the baseline correction at periods
less than about 20 sec is shown in Figure 12a for the E-W
component of TCU084 processed in various ways; here the
differences start at a period of about 6 sec. It is instructive
to investigate why this is different than other comparisons.
Figure 12b shows the response spectra for a nearby record-
ing, TCUO89, corrected in the same ways as TCUO084. Al-
though TCUO89 is only about 5 km from TCU084 (Fig. 1),
the response spectra corresponding to the different baseline
corrections are very different than those at TCUO084, and the
differences are not important until the oscillator periods ex-
ceed about 20 sec. The ground displacements for the various
baseline corrections are shown in Figure 13 for both stations.
Clearly the displacements for TCUO84 are more variable
than for TCUO089, but this is not the whole story (recall that
the wide range of displacements for the E-W component at
TCU129, shown in Fig. 6, did not affect the response spectra
for periods less than 20 sec, as shown in Fig. 11b). The
Fourier acceleration spectra for both stations are compared
in Figure 14. This and similar comparisons for several other

b) TCU089, EW
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Figure 13. Displacement time series computed from the E-W component of accel-
eration recorded at (a) TCUO84 and (b) TCUO089. The accelerations from which the
displacements were obtained were modified using a variety of baseline corrections, as
indicated in the legends. Note that the displacements from TCUO89 are relatively in-
sensitive to the baseline corrections, unlike the displacements for TCU084.
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nearby sites show that the motion at TCUO84 is highly
anomalous, being strongly enriched in motions around 1 Hz.
Whether this is site response or a malfunction of the instru-
ment is not important for this discussion. What is important
is how this influences the computation of response spectra.
Figure 15 compares the Fourier acceleration spectra with the
oscillator response for oscillator periods of 2 and 10 sec. The
plot is in terms of frequency and uses linear axes, since this
is what is used in the Fourier transform that would give the
oscillator time series. The oscillator response to acceleration
is flat at low frequencies. If the input acceleration lacks en-
ergy at the period of the oscillator, the oscillator will reach
to other periods to obtain its response. If the differences at
low frequencies are large enough, as they are at TCU084 for
the 10-sec oscillator but not for the 2-sec oscillator, then the
response spectra will be different. This example shows that
predicting the period at which response spectra will be sen-
sitive to baseline processing can be difficult, depending as
it does on the interplay between the oscillator response and
the frequency content of the ground motion. In my experi-
ence, the differences seen for TCUO84 are the exception and
not the rule for recordings of the Chi-Chi mainshock.
Figures 11 and 12 show the response of linear oscilla-
tors; I have not done similar comparisons for nonlinear os-

— vO correction
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Figure 15. Heavy lines: a portion of the Fourier acceleration spectra computed from
the EW component of acceleration recorded at (a) TCU084 and (b) TCU089. Two
spectra are shown in each figure, one from accelerations corrected by removing the
pre-event mean from the whole record, and one from accelerations corrected using the
v0 correction. Except at low frequencies, the two spectra coincide with one another.
Thin lines: the responses of 5%-damped oscillators with natural periods of 2 and 10
sec to acceleration. The oscillator response has been normalized to fit on the graphs.
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cillators, for which the resonant periods tend to lengthen as
the amplitude of shaking increases. For all but the most un-
usual structures, however, oscillator response is only impor-
tant for periods much less than 10 sec, and so the conclusion
regarding the nonimportance of baseline correction for en-
gineering purposes should still hold (I would not expect the
nonlinearity to extend the periods to be greater than 20 sec).

Discussion and Conclusions

Baseline corrections are needed for many, if not most,
of the digitally recorded accelerograms obtained from the
1999 Chi-Chi, Taiwan, earthquake. The residual displace-
ments derived from these records can be sensitive to the
choice of baseline correction, but the response of oscillators
with periods less than about 20 sec are usually not sensitive
to the baseline corrections. This is good news for engineer-
ing purposes, for which most structures are not influenced
by such long periods. The residual displacements derived
from the accelerograms should be used with caution, how-
ever, in seismological models of the rupture process. If
ground motions at long periods are desired, the processing
must be done on a record-by-record basis, using the velocity
time series as a guide to what processing to do, and studying
the sensitivity of the derived displacements to the processing
parameters.
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