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NGA HIGH-PASS FILTERS REMOVE
IMPORTANT REAL SIGNALS; SIMPLE
TILT CORRECTION IS PREFERABLE.
B. Roh1, K. Buyco2, and T. H. Heaton3
ABSTRACT
Horizontal accelerometers record a combination of horizontal ground acceleration and
gravitational changes due to ground tilt. Traditionally, the tilt effect is removed in data
processing to attempt to find the actual ground motion. New Generation Attenuation (NGA) uses
zero-phase high-pass Butterworth filters to develop corrected records. When applied to the
displacement, this type of filter removes long-period components that result from tilting, but at
the cost of creating a acausal precursor and removing the static offsets in displacement that
naturally occur close to faulting during an earthquake. We question if it is beneficial to use zerophase high-pass filters to remove long-period accelerations that result from changes in the
ground tilt if they will remove static offsets that are crucial structural response to near-source
ground motions.
We examine strong motion data from large earthquakes and derive a tilt time history to explain
the linear trends found in ground velocity records. We apply a tilt correction by removing the
linear trend from the velocity. Double integration of the acceleration records after this correction
typically gives a stable representation of the ground displacement in the earthquake. We test both
causal and zero-phase (acausal) high-pass 4th-order Butterworth filter at corner periods ranging
from 10 to 60 seconds. To compare the building response under raw, tilt corrected, and filtered
ground motions, incremental dynamic analysis is performed by Buyco et. al. [1]

1

Graduate Student, Dept. of Civil Engineering, California Institute of Technology, Pasadena, CA 91125 (email:
broh@caltech.edu)
2
Graduate Student, Dept. of Civil Engineering, California Institute of Technology, Pasadena, CA 91125 (email:
buyco@caltech.edu)
3
Professor, Dept. of Civil Engineering, California Institute of Technology, Pasadena, CA 91125 (email:
heatont@caltech.edu)
Roh B, Buyco K, Heaton, T H. NGA High-Pass Filters Remove Important Real Signals; Simple Tilt Correction is
Preferable. Proceedings of the 11th National Conference in Earthquake Engineering, Earthquake Engineering
Research Institute, Los Angeles, CA. 2018.

NGA High-Pass Filters Remove Important Real Signals; Simple Tilt
Correction is Preferable.
B. Roh1, K. Buyco2, T. H. Heaton3
ABSTRACT
Horizontal accelerometers record a combination of horizontal ground acceleration and
gravitational changes due to ground tilt. Traditionally, the tilt effect is removed in data processing
to attempt to find the actual ground motion. New Generation Attenuation (NGA) uses zero-phase
high-pass Butterworth filters to develop corrected records. When applied to the displacement, this
type of filter removes long-period components that result from tilting, but at the cost of creating a
acausal precursor and removing the static offsets in displacement that naturally occur close to
faulting during an earthquake. We question if it is beneficial to use zero-phase high-pass filters to
remove long-period accelerations that result from changes in the ground tilt if they will remove
static offsets that are crucial structural response to near-source ground motions.
We examine strong motion data from large earthquakes and derive a tilt time history to explain the
linear trends found in ground velocity records. We apply a tilt correction by removing the linear
trend from the velocity. Double integration of the acceleration records after this correction
typically gives a stable representation of the ground displacement in the earthquake. We test both
causal and zero-phase (acausal) high-pass 4th-order Butterworth filter at corner periods ranging
from 10 to 60 seconds. To compare the building response under raw, tilt corrected, and filtered
ground motions, incremental dynamic analysis is performed by Buyco et. al. [1]

Introduction
In evaluating seismic hazards, ground motion prediction equations (GMPEs) are used to specify
expected intensities of shaking. Taking in variables, such as site parameters and earthquake
magnitude, GMPEs predict the likely intensity measures (IMs) to be experienced in the region.
Engineers and planning departments then use these values to determine the appropriate
earthquake loads when designing buildings. NGA-West2 developed GMPEs based on an updated
ground motion database, which includes earthquakes with fairly large slips.
For a large earthquake, near-fault ground motion is predominantly described by the static offset.
Static offsets, which can be as large as 10 meters, can potentially be destructive to buildings [2].
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Therefore, it is critical to process seismic data from near-field strong motion stations in a way
that displays the static offset, which can be done by recovering long period components from
earthquake records. However, in the displacement time series from the NGA-West2 database,
there is no recognition of static offsets, or permanent displacement offsets, but there is
preservation of the peak-to-peak displacement [3]. NGA-West2 processing removes the static
offset under the assumption that the preservation of the peak-to-peak displacement may result in
similar dynamic loads to structures. This record processing methodology consists of a series of
steps, including the demeaning of the data, correction of unrealistic trends, and zero-phase highpass filtering [4].
Overview of Filter Implementation
Filtering allows for instrument correction and noise reduction. In many of the horizontal raw
acceleration records of large earthquakes, an offset is found. This additional acceleration on the
instrument occurs due to either ground tilt changes in the gravitational force on the instrument
(see Eqs. 1 and 2). Integrating the acceleration record that includes the offset leads to unrealistic
trends in the velocity and displacement time series. A filter eliminates this problem.
Ax(t) = üx + g × sin(θ(t)) ≈ üx + g × θ(t),
Az(t) = üx - g × cos(θ(t)) ≈ üz – g,

(1)
(2)

where Ax(t) and Az(t) are the recorded accelerations for horizontal and vertical components,
respectively. θ(t) is the maximum tilt of the site, and üx and üz are the “true” horizontal and
vertical accelerations. Seen in Eq. 2, the vertical component records are insensitive to tilt, unlike
the horizontal component ones. Eq. 1 is used to calculate the tilt that the horizontal component
seismometer experiences by simply equating the offset in the recorded acceleration to g × θ(t).
NGA-West2 uses a zero-phase (acausal) high-pass Butterworth filter [4]. Previously, in the
NGA-West1 project, causal Butterworth filtered records were preferred. This change in the type
of filtering is to solve the problem of phase distortion and to preserve the waveform of the data
[5]. One way to produce a zero-phase filter is to first filter in the forward time direction with a
causal filter that shifts phases. To remove these phase shifts, the record is then convolved with a
time-reversed copy of the same filter. This acausal filter preserves the timing of the peak-to-peak
values, but unfortunately it removes the static offset and adds a precursory motion, leading to the
reduction of the absolute amplitude in the displacement. If the response of a structure is linear,
then in theory it seems it is acceptable to apply a filter on data used for building design as long as
the corner period is greater than the natural period of the building model, which is dependent on
building height. However, acausal high-pass filters may remove real signals that are potentially
important in nonlinear response because the natural period of a structure lengthens as it
experiences damage. In particular, we suspect that the removed components will impact the way
tall buildings respond.
Therefore, when generating response spectra to analyze performance of tall structures, raw or tilt
corrected records may be more appropriate than filtered ones. To investigate this problem, we
assemble accelerograms processed in three different ways: (i) demeaned raw acceleration data,
(ii) raw acceleration with tilt effects, defined as θ0 H(t-t0) g, removed, and (iii) zero-phase high-

pass Butterworth filtered records, filtered at corner periods ranging from 10 to 60 seconds.
Butterworth filters are the most common type of filter used in engineering seismology because of
its relatively flat passband in the frequency domain. Applying Eq. 3 to the data in the frequency
domain forms a causal high-pass Butterworth filter. Shown in Fig. 1, the response of a
Butterworth filter behaves similarly to a 70% damped single degree of freedom oscillator. The
response also depends on the corner period and the order. The higher the order, the more abrupt
the cutoff of the lower frequencies is. Convolving Eq. 4 to the data in the time domain also forms
a causal high-pass Butterworth filter. Convolving once more by the time reversed copy of this
function gives a zero-phase (acausal) high-pass Butterworth filter, which is the type used by
NGA.
| Bhp(ω) | = [1+(ωc/ω)2n] (-1/2)
G(t) = H(t) × e-βt × sin(ω1t) × (ω1)-1

(3)
(4)

where Bhp(ω) is the Fourier amplitude response of a high-pass Butterworth filter, n is the order of
the filter, ωc is the corner frequency, ω1 is the damped angular frequency, ω0 is the natural
angular frequency, β is the damping constant, G(t) is the Green’s function for a SDOF system,
and H(t) is the Heaviside step function. Here, β is ω0 × ζ, where ζ is the fraction of critical
damping.
Large phase distortions can produce different waveforms in the displacement time series. Causal
filters do not produce precursory motions but create a large change in the waveform. Fig. 2
compares the effects of causal and acausal filtering on ground motion, specifically at corner
period Tc = 10 seconds. In theory, when evaluating structures of natural periods much smaller
than 10 seconds, a corner period of 10 seconds seems to be adequate. But, we see that long
period components are removed, giving an inaccurate representation of the observed
displacement.

Figure 1. (a) Response of causal 4th-order high-pass Butterworth filter in the frequency domain.
(b) Response of causal (solid) and zero-phase acausal (dashed) 4-th order high-pass
Butterworth filter in the time domain.

Figure 2.

Comparison of tilt correction and high-pass filtering, both causal and zero-phase
(acausal).

Data Collection
Our data consists of near-source ground motions from large earthquakes: (i) 2016 M7.8
Kaikoura, New Zealand, (ii) 2016 M7.0 Kumamoto, Japan, (iii) 2015 M7.8 Gorkha, Nepal, (iv)
1999 M7.6 Chi-Chi, Taiwan, (v) 1992 M7.3 Landers, California earthquakes, and (vi) 2002 M7.9
Denali, Alaska. Records from 23 stations for three components are collected, for a total of 69
records. We focus on the horizontal components because they are affected the most by tilt, seen
in Eq. 1. The chosen records are from stations in regions with strong shaking, with instrumental
intensity of IX and X+.
For the first three listed earthquakes, raw acceleration records are available from different strong
motion databases. The following databases are used to collect the raw data: GeoNet for the
Kaikoura earthquake; K-NET, KiK-net, and the Japan Meteorological Agency (JMA) for the
Kumamoto earthquake; and the California Strong Motion Instrumentation Program (CSMIP) for
the Nepal earthquake.
Raw acceleration records are not available for the rest of the earthquakes. However, processed
acceleration records with the static offsets preserved are accessible for the Landers earthquake
[6] and for the Chi-Chi earthquake [7]. For the Denali earthquake, digitized raw acceleration
records are not available. However, Ellsworth et. al. [8] provides published ground
displacements with the static offsets preserved. To work with non-electronic information, the
published displacements are digitized in Plot Digitizer. This program takes scanned data plots,
the user’s manually picked data points, and extracts the time series.
Records with the static offsets removed via filtering are also available for the latter three
earthquakes. These filtered records are combined with the processed records that preserve the
static offsets in a procedure called cross-fade filtering. Cross-fade filtering combines the high
frequency components of the filtered records with the low frequency components of the records

containing the static offsets. This gives the best representation of the “true” acceleration record.
NGA database [4] provides processed records for the Landers, Chi-Chi, and Denali earthquakes.
Because the database consists of events with pulse periods ranging from less than 1 second to
more than 10 seconds, corner periods are individually chosen for each ground motion. NGA uses
filter corners between 10 and 50 seconds for our collection of ground motions.
Processing Methodology
We have two techniques of processing: Method I and Method II. Method I is a simple tilt
correction, seen in Fig. 5. First, we remove the bias from the acceleration record by subtracting
the pre-event mean from the data. This gives zero initial condition for acceleration (the
instrument senses no ground motion before the event occurs). We avoid removing the mean from
the entire time series because it can introduce a constant acceleration before the record triggers.
Pre-event data prior to the P-wave arrival is used to establish the mean. Then, the acceleration
record is integrated once to obtain the “raw” velocity. In most of the records, there exists a trend
in the “raw” velocity records where strong shaking occurs. To calculate this trend, a least-squares
regression is used [9]. The model used is linear, seen in Eq. 5. By visual examination, we choose
the point when strong shaking subsides to apply the least-squares regression. The tilt corrected
velocity is then obtained by subtracting the linear trend from the original velocity record.
v = A1(t – t0) × H(t – t0) + A2 ,

(5)

where v is the velocity, t is time, t0 is the initial point when least-squares regression is applied,
and A1 and A2 are the model coefficients.
Integrating this corrected velocity typically results in a displacement time series that is stable and
that preserves the static offset. We apply and remove Eq. 5 at different points of the “raw”
velocity record until its integration, the displacement time series, agrees with the observed
displacement, which is given by the Global Positioning System (GPS). GPS calculates the
ground displacement by measuring the position of stations near earthquake faults relative to one
another. We call the final displacement time series “tilt corrected”.
The amount of tilt in the ground motion can be calculated by simply equating the model
parameter A1, defined in Eq. 5, with the additional acceleration g × sin(θ(t)), defined in Eq. 1.
Doing so, we find the tilt is generally less than 1 degree for the horizontal ground motions. For
the few cases in which the tilt is greater than 1 degree, the whole data is greatly offset, even prior
to strong shaking. In this case, demeaning the whole dataset fixes the particularly large
instrument error that occurs at the very beginning of the data.

2016 M7.8 Kaikoura (New Zealand): Station KEKS (Component BN1)

Figure 3.

Steps of Method I. (i) Remove bias. Pre-event data prior to the P-wave arrival is used
to establish the mean to be removed. (ii) Compute trend by linear regression. (iii)
Remove trend from “raw” velocity, or convert trend to step function and remove from
raw acceleration. (iv) Integrate twice for displacement and compare with observed
(GPS). Repeat at different t0 until tilt corrected displacement agrees with GPS and
InSAR data, provided by Hamling et. al. [10].

Method II closely follows the PEER processing methodology [4], which is adopted by the NGAWest2 database. The PEER processing methodology includes the following steps: (i) read
uncorrected acceleration, (ii) remove mean from the data, (iii) apply instrument correction by
removing the instrument response, which can be constructed by the seismogram’s zeros and
poles, (iv) add zero pads to the end of the data [11], (v) select acausal Butterworth filters for each
component, (vi) apply filter in the frequency domain, (vii) compute displacement by time
domain integration, (viii) remove zero pads and fit a polynomial of order 6 to the displacement
trace, (ix) remove second derivative of polynomial from acceleration, and (x) integrate corrected
acceleration to obtain NGA processed displacement.
Method II applies tilt correction, as mentioned previously in Method I, and then filtering. Unlike
linear operators, the order of application of nonlinear operators is important. Because removal of
the linear trend in the velocity record is a nonlinear operator, it comes before the application of
the zero-phase high-pass filter. Applying the filter before removing the linear trend leaves a nonzero trend towards the end of the displacement time series, which goes against the nature of
earthquakes in which the relative displacement should cease as strong shaking subsides.
Method II also modifies one step of the PEER processing technique, however, to best fit our
assumptions. We do not remove any polynomial of order 5 from the velocity. Before filtering,
we fit a linear model to the velocity record because we define change in ground tilt as a step
function in the acceleration. We also add zero pads only to the beginning of the acceleration
record to satisfy zero initial conditions and do not remove them after filtering. The results of
Method II are shown in Fig. 4.

Figure 4.

Method II. Acausal high-pass filtering removes a static offset of approximately 7
meters.

To inspect the effects of the corner period, a zero-phase high-pass filter with different corner
periods is applied. From the distribution of filter corner periods within the NGA database, we see
that the corner period Tc = 10 seconds is used most frequently for magnitudes greater than 6.0 at
distances less than 20 kilometers. However, for events with magnitudes greater than 7.0 at
distances less than 20 km, the corner period used most frequently is 33.33 seconds. We choose to
inspect a variety of corner periods: Tc = 10, 15, 20, 30, 40, and 60 seconds.
We also test for effects of causality of the filter. In most of the ground motions, phase distortions
from using a causal filter produce differences in the waveforms of the displacement time series.
The critical difference in the waveform is the shift in time when the peak-to-peak values occur.
Therefore, running a dynamic analysis of a building under a ground motion that is causally
filtered generally produces a different response [5]. For the rest of this paper, we focus more
deeply on the effects of the acausal high-pass filters on ground motions.
Results and Analysis
In most of the observed ground motions, removing the pre-event mean and the tilt time history
that explains the linear trends found in the velocity give a stable displacement representation,
even without applying a filter. The additional acceleration due to ground tilt is small in
comparison to the long-period accelerations of the observed ground motions. With the exception
of a couple horizontal components of ground motions in which ground tilt exceeds 1 degree,
most of the ground tilt calculated from the set of ground motions is between 0 and 1 degree,
which corresponds to 0 to 0.001712% g of additional acceleration to the horizontal ground
acceleration. Because the tilt is small, almost negligible in some cases, removing the tilt leaves
the acceleration time series virtually unchanged, while filtering alters the peak value of the
displacement. Using the tilt corrected record for dynamic analysis means using data that reflects
what actually occurred during the event, leading to the closest actual building response. When
interested in finding the most realistic displacement time series, tilt corrected records are

beneficial.
The different effects of filtering (Method II) and tilt correction (Method I) are prominent on the
horizontal ground motions recorded at stations 93048 from Kumamoto, KEKS from Kaikoura,
TCU068 from Chi-Chi, Lucerne Valley (LUC) from Landers, and Pump Station #10 (PS10)
from Denali. For the latter four stations, the NGA-West2 processed ground motions are available
for comparison. Three key features of zero-phase high-pass filtering are shown in Fig. 5:
precursory motion prior to strong shaking, change in pulse shape, and absence of a relatively
large static offset. Though precursory motion prior to strong shaking is not representative of the
observed ground motion, they nearly preserve the peak-to-peak displacement.
Generally, under Method II, the acceleration stays virtually unchanged, but the velocity pulse is
sensitive to the processing technique. Seen in Fig. 5, this sensitivity is noticeable in the ground
motion from stations TCU068 and LUC, especially in the displacement. Though we do not see
any peak shifts in time, we do see changes in the peak velocity amplitudes (in Table 1). Zerophase high-pass filters seek to preserve the peak-to-peak values of a signal. Therefore, if the
maximum changes, the minimum must also change to accommodate this preservation. The
change in velocity pulse results in the removal of fairly large static offsets in the displacement
time series. This may be potentially detrimental when designing a tall structure built near the
fault, for the design will not include a slip as large as a few meters.
Table 1.

Change in velocity pulse for stations TCU068 (NS) and LUC (Transverse).
Station
(Component)

Peak velocity amplitude (cm/s)
TC

10 sec

20 sec

30 sec

NGA

TCU068 (NS)

298

147

230

254

269

LUC (Transverse)

146

113

128

133

136

*TC refers to tilt corrected records. The 10, 20, and 30 sec refer to the
corner periods of the acausal high-pass filtered records.
Application to Building Response
The records from this paper reflect long-period motions that are important when analyzing tall,
near-fault building response. Because the processing technique used in the NGA-West2 database
involves zero-phase high-pass filtering, the building design using NGA ground motion
predictions may be under-predicted. Buyco et. al. [1] takes the ground motions used in this paper
to run an incremental dynamic analysis, using buildings of various heights. They find that
application of these filters can affect the collapse capacity of a building model even if the natural
period of the model is much less than the cutoff period of the filter.

Figure 5.

Acceleration, velocity, and displacement time series for various earthquakes. Red
refers to Method I, black refers to NGA processing, and the rest refer to Method II.
Conclusion

The processing method of NGA-West2 uses a zero-phase (acausal) high-pass filter. Method II, in
which this type of filtering is applied, is relatively simple because it is a linear operator and
requires little subjective decision. It removes additional acceleration that results from changes in
the ground tilt. However, filtering is disadvantageous because it removes parts of the signal that
can be important in nonlinear dynamic analysis of tall, near-fault buildings. It is also
disadvantageous because the static offset and tilt information are lost. Method I (tilt correction)
is a nonlinear operator and requires subjective judgment. However, it is advantageous because

tilt corrected records represent data closest to the “true” ground acceleration recorded by the
accelerometer.
The accelerations caused by tilt are small in comparison to the peak ground acceleration of the
actual ground motion. Therefore, there is no practical reason to filter these small tilt effects from
a record that is used to simulate the response of a building to a large earthquake. There are
instances when the instrument is already affected by ground tilt before strong shaking starts and
the whole data is offset, in which case it is best to remove the mean of the whole data before
running any building response analysis. This demeaned data is still essentially raw data.
Response spectral analysis itself is already a form of filter. Therefore, it is redundant to use
filtered data when generating response spectra to analyze the performance of structures. Filters
may help remove noise and make sense of parts of data that we are unable to explain. However,
it can be difficult to determine how much data to remove and still calculate accurate building
response. In conclusion, there is no disadvantage in using raw acceleration records for dynamic
analysis. In fact, using raw acceleration records will help avoid any unfortunate circumstances
that may arise from removing important real signals.
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