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Abstract

We examine ground motion envelopes of horizontal and vertical acceleration, velocity,
and filtered displacement recorded within 200 km from southern California earthquakes

in the magnitude range 2 < M / 7.3. We introduce a parameterization that decomposes

the observed ground motion envelope into P-wavetrain, S-wavetrain, and ambient noise
envelopes. The shape of the body wave envelopes as a function of time is further
parameterized by a rise time, a duration, a constant amplitude, and 2 coda decay
parameters. Each observed ground motion envelope can thus be described by 11 envelope
parameters. We fit this parameterization to 30,000 observed ground motion time
histories, and develop attenuation relationships describing the magnitude, distance, and
site dependence of these 11 envelope parameters. We use these relationships to study 1)
magnitude-dependent saturation of peak amplitudes on rock and soil sites for peak
ground acceleration, peak ground velocity, and peak filtered displacement, 2) magnitude
and distance scaling of P- and S-waves, and 3) the reduction of uncertainty in predicted
ground motions due to the application of site-specific station corrections. We develop
extended magnitude range attenuation relationships for PGA and PGV valid over the
magnitude range 2 < M < 8 by supplementing our dataset of S-wave envelope amplitudes
with the Next Generation Attenuation (NGA) strong motion dataset. We compare
extended magnitude range attenuation relationships with the Campbell and Bozorgnia
(2008) and Boore and Atkinson (2008) NGA relationships. Our extended magnitude
range attenuation relationships exhibit a stronger inter-dependence between distance and

magnitude scaling. This character of ground motion scaling becomes evident when
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examining ground motion amplitudes over an extended magnitude range, but is not
apparent when considering data within a more limited magnitude range, for instance, the

M>5 range typically considered for strong motion attenuation relationships.
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Introduction

The widespread deployment of seismic stations in southern California under the TriNet
project resulted in an unprecedented dataset of recorded ground motions (Mori et al.,
1998). We analyzed a large portion of this dataset as part of a study on seismic early
warning (Cua, 2005). We studied envelopes of ground motion, as opposed to the fully
sampled time histories, due to our interests in developing a seismic early warning
methodology for deployment on the Southern California Seismic Network (SCNS); peak
ground motion information (acceleration, velocity, and displacement) over 1-second
window lengths are among the data packets that arrive in closest to real-time at the
central processing facility of the SCSN. In this study, we define ground motion envelopes
as the peak ground motion value over non-overlapping one-second windows; this
definition is consistent with the type of data streams that can be realistically produced by

seismic networks in real-time.

We developed a parameterization that decomposed the observed ground motion envelope
time history into P-wavetrain, S-wavetrain, and ambient noise envelopes. Each wavetrain
envelope is described by a rise time, a peak amplitude, a duration, and two coda decay
parameters. We analyzed 9 components of ground motion: 2 horizontal and 1 vertical
component of acceleration, velocity, and filtered displacement. With this
parameterization, the evolution of each component of ground motion amplitude as a
function of time is described by 11 envelope parameters (5 P-wave parameters, 5 S-wave

parameters, and 1 constant to describe ambient noise levels). We use the neighborhood
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algorithm, a nonlinear direct search algorithm (Sambridge, 1999a, 1999b) to find the set
of 11 maximum likelihood envelope parameters for each envelope wavetrain in the

database.

We developed attenuation relationships that describe each of these 11 envelope
parameters as a function of magnitude, distance, site condition, component, and type of
ground motion parameter (acceleration, velocity, displacement). In this paper, we focus
the discussion on the attenuation relationships for peak P- and S-wave amplitudes of
horizontal and vertical ground motion acceleration, velocity, and filtered displacement on
rock and soil sites. We use these attenuation relationships to study 1) magnitude-
dependent saturation of peak amplitudes on rock and soil sites, 2) magnitude and distance
scaling of P- and S-waves, and 3) the reduction of uncertainty in predicted ground

motions due to the application of site-specific station corrections.

The fact that the TriNet project provides well calibrated broad-band motions over a very
large amplitude range allows us the opportunity to study the interdependence of
magnitude scaling and distance scaling for acceleration, velocity, and displacement. In
previous studies that consider only strong motions from large earthquakes, the magnitude
range is small enough that empirical prediction equations that consist of independent
distance decay terms and magnitude scaling terms can approximately capture trend in the
data (Boore and Atkinson, 2008; Campbell and Bozorgnia, 2008). However, using a
data set with a much larger range of magnitudes, we find compelling evidence that

amplitude decay with distance and magnitude scaling cannot be separated. For example,
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we find that near-source peak accelerations change their magnitude scaling from
O}/ M ) . .
102" for small magnitudes to complete saturation at large magnitudes. In contrast, peak
. . . . FAY
near-source displacements change their magnitude scaling from 1072 for small

|
magnitudes to 104 " for large magnitudes.

Since the data set in our study is large, we can derive separate prediction equations for
rock and soil sites. We attribute differences in the prediction equations (except for an
amplification factor) to nonlinear behavior of soil sites. In particular, we find that near-
source peak accelerations from small earthquakes are about twice as large at soil sites
than at rock sites, whereas near-source peak accelerations from large earthquakes are
approximately the same for soil sites and rock sites. This behavior is consistent with
yielding of soil sites at large amplitudes that serves to nonlinearly increase effective
damping for soil sites. We also find that P-wave amplitudes appear to exhibit stronger

saturation characteristics than S-wave amplitudes, particularly in the horizontal direction.

In this study we also use the Next Generation Attenuation (NGA) strong motion dataset
(http://peer.berkeley.edu/nga) to supplement our southern California data set to derive
extended magnitude range attenuation relationships for peak ground acceleration (PGA)
and peak ground velocity (PGV) valid up to 200 km epicentral distance over the
magnitude range 2 < M <8. We compare the median ground motion levels predicted by

our extended magnitude range relationships with those predicted by the Boore and
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Atkinson (2008) and Campbell and Bozorgnia (2008) relationships developed as part of

the NGA project.

The NGA relationships, and the majority of attenuation relationships in the literature, are
used in seismic hazard analyses to provide estimates of either the median, geometric
mean, or random component of the horizontal ground motions. However, none of these
are representative of the maximum ground motion level experienced by a given building
during an earthquake, which is the vector amplitude of the horizontal ground motions.
We also develop conversion factors between the vector amplitude of horizontal ground

motion with other commonly used measures of horizontal ground motion.

Method
Waveform dataset

Waveforms for this study were obtained from 1) the Southern California Earthquake
Center (SCEC) database (http://www.data.scec.org) which archives waveform data
recorded by the Southern California Seismic Network (SCSN), and 2) the Consortium of
Organizations for Strong Motion Observation Systems (COSMOS) database
(http://db.cosmos-eq.org), which archives strong motion data from the U.S. Geological
Survey, California Geological Survey, and other strong motion arrays worldwide. Many
SCSN stations have co-located broadband and strong motion instruments, and contribute
3 components of broad-band seismometer records (for small to moderate motions) and 3

components of accelerometer records (for moderate to large motions). We typically used
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the broadband velocity waveforms. However, if we found evidence of clipping (visual
examination, or peak velocities exceeding 13 cm/s, the typical clip level of an STS-2

seismometer), then we downloaded the strong-motion accelerometer data instead.

We performed gain and baseline corrections on the downloaded waveforms and
integrated and/or differentiated to obtain acceleration, velocity, and displacement time
histories. The displacement waveforms were filtered using a 3-second, 4-pole high-pass
Butterworth filter to reduce the influence of microseisms on small amplitude
displacements. This filter also removes long-period noise introduced in the processing of

strong motion records.

We examined ground motions recorded at 150 Southern California Seismic Network
(SCSN) stations located within 200 km epicentral distance of 70 Southern California

events in the magnitude range 2 < M / 7.3. In addition to SCSN data, we also included

strong motion records from the COSMOS database from the 1989 M=7.0 Loma Prieta,
1991 M=5.8 Sierra Madre, 1992 M=7.3 Landers, 1992 M=6.4 Big Bear, and 1994
M=6.7 Northridge (and a M=5.1 aftershock) earthquakes. Ground motion envelopes time
series were obtained from the 100- or 80-sample per second time series by taking the

maximum amplitudes over one-second non-overlapping windows.

Site classification
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We adopted a binary (rock-soil) site classification based on the southern California site
classification map of Wills et al (2000), which was based on correlating the average shear
wave velocity in the upper 30 m (Vs30) with geologic units. Wills et al (2000) created
intermediate categories BC and CD to accommodate geologic units that had Vs30 values
near the boundaries of the existing NEHRP-UBC site classes. In our binary site
classification, “rock” sites are those assigned to classes BC and above (Vs30 > 464 m/s),

and “soil” sites are those with classification C and below (Vs30 ! 464 m/s). Of the SCSN

stations we used, 35 stations were classified as rock, and 129 stations were classified as
soil stations. Separate attenuation relationships for the various envelope parameters were
developed for rock and soil sites, allowing us to investigate differences in the average
properties of ground motions on rock and soil sites over the magnitude and distance
ranges covered by our dataset. Since SCSN stations, which are almost all located on rock
or stiff soil sites, contribute the majority of the ground motions in our dataset, this study

does not include records from very soft soils (E class, or Bay mud-type sites).

Next Generation Attenuation (NGA) strong motion dataset

The S-wave envelope amplitude for horizontal acceleration or velocity for a given record
is equivalent to the maximum acceleration or velocity observed on a given channel. We
can relate these envelope amplitudes to peak ground acceleration (PGA) and peak ground
velocity (PGV), which are fundamental quantities of interest in seismic hazard analyses.
When deriving attenuation relationships for these particular envelope parameters, we
supplement the southern California S-wave envelope amplitudes with amplitudes from a

subset of the NGA strong motion database used by Boore and Atkinson (2008). We will
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refer to this subset of the NGA database as the NGA dataset for brevity. The NGA
dataset contributes 50 additional records to the rock category, and 1557 additional
records to the soil category. The largest event from the NGA dataset is the 2000 M =7.9
Denali, Alaska earthquake. It should be emphasized that general analysis of the
waveform envelopes and the associated envelope parameters uses the southern California
dataset. The NGA dataset is used as a supplement only for the attenuation of the S-wave

envelope amplitudes for horizontal acceleration (PGA) and velocity (PGV).

Figure 1 shows the distribution in magnitude and distance space of the data (southern
California envelope dataset and NGA strong motion dataset) used in this study. Each
point on these plots for the southern California dataset contributes waveforms for 9
channels of ground motion (vertical, North-South, and East-West components for each of
acceleration, velocity, and filtered displacement). For each channel of ground motion,

there are 958 records from rock sites, and 2,630 records from soil sites.

Parameterization of ground motion envelopes

We modeled the observed ground motion envelopes as a combination of P-wavetrain, S-
wavetrain, and ambient noise envelopes. The P-wavetrain, S-wavetrain, and ambient

noise envelopes of a given record combine according to the rule:

E, (1) =JEXt)+ EXt)+ B2 +!(1) (1)

10
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where Egpg(t) is the observed ground motion envelope, Ep(t), Eg(t), Eampient are the

modeled P-wavetrain, S-wavetrain, and ambient noise envelopes, and “(t) is the

difference between the observed and modeled envelope.

The ambient noise envelope for a given time history, Eampient,, 1s modeled as a constant.
The time dependence of the P- and S-wavetrain envelopes, Ep(t) and Eg(t), is piece-wise
linear with Omori-type decay. Each of Ep(t) and Eg(t) is described by a rise time (tr),

constant amplitude (A) with an associated duration (#t), and two decay parameters (& %

We found that using a single decay parameter would typically fit the overall coda, but
with large misfits immediately after the peak P- or S-wave amplitudes. Jennings et al
(1968) also require two parameters to describe the decay of envelope amplitudes
following the peak ground motion. Using two decay parameters improves the fit between
the modeled and observed envelopes at the cost of introducing trade-offs in the

parameterization.

11
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T. = P-, Swave arival times
uZ’ uN! s? uE!W
J.:luz’ l!lN!S’ lllE!W (2)
uZ’ uN! s’ uE!W
with

U denoting acceleration
U denoting vdodty
u denoting displacement

A total of 11 envelope parameters (5 each for the P- and S-wave envelopes, and a
constant for the ambient noise) are used to describe a single observed ground motion

envelope.

The parameterization described by Eqns.(1) and (2) allows for a separate characterization
for P- and S-wavetrains. It makes intuitive sense that each of the body wave envelopes
has a rise time, an amplitude with a finite duration, and parameters describing its coda
decay. Unfortunately, this intuitive parameterization is quite non-linear, due to trade-offs
between the various parameters. For instance, we identified strong trade-offs between rise

time and duration, and between the coda decay parameters / and ! for both P- and S-

wave envelopes. Additional difficulties arose in uniquely characterizing the P-wave coda

decay at close distances (less than 20 km), when there is less than 3 seconds of P-wave

12
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data before the onset of the S-wave arrival. Our aim was to quantify the time-dependence
of the shape of ground motions envelopes on magnitude, distance, frequency band, and

site condition.

In principle, we could postulate how the various envelope parameters depend on
magnitude, distance, and site, and along with Eqn.(2), find the model parameters that best
fit all envelope time histories in our database in a single very large and highly nonlinear
inversion (Figure 2a). Instead, we use an iterative approach where the single large and
nonlinear inverse problem is replaced by numerous small nonlinear inverse problems
(Figure 2b). In this iterative approach, we use the neighborhood algorithm (NA)

(Sambridge, 1999a, 1999b) to find the set of 11 envelope parameters that minimize " in

Eqn.(1) in a least squares sense for each observed envelope time history in our dataset.
Figure 3a shows the ground motion acceleration recorded at SCSN station Domenegoni
Reservoir (DGR) during the 1994 M=6.7 Northridge earthquake. Figure 3b shows its
ground motion envelope and the 11 least squares envelope parameters from the NA
inversion. The set of envelope parameters carried to the next stage of the analysis for
each given observed envelope time series was not necessarily the only good solution for
that particular time series. There were families of “good” solutions in the neighboring
regions of the parameters space, due to the trade-offs between the rise time and duration
parameters, as well as between the two coda decay parameters. Fortunately, the P- and S-
wave envelope amplitude parameters from the NA inversions were robust relative to

these trade-offs.

13
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Typically, each station has 1 vertical and 2 horizontal (from 2 orthogonally oriented
horizontal sensors) time series available. These were differentiated and/or integrated to
yield 9 waveforms for each station (1 vertical and 2 horizontal channels for each of
acceleration, velocity, and filtered displacement). For each station, the NA was applied to
all 9 waveforms. For each ground motion component (acceleration, velocity, and filtered
displacement) at each station, the 2 sets of horizontal envelope parameters (from 2
orthogonally oriented sensors) were combined in a root mean square sense to define a
single set of horizontal envelope parameters. Separate regressions were developed for 6
channels (1 each of vertical and horizontal acceleration, velocity, and filtered

displacement) channels of envelope parameters.

Envelope attenuation relationships for magnitude and distance

Risetime, duration, and decay parameters

We modeled the logarithm of rise time (tr), logarithm of durations (#t), and coda decay
parameters ($ %as linear functions of magnitude, distance, and log distance.

log(env_param.)=! M+" R+# |lOgR+ U
g q y g y (3)

where env_ param ={tr,,$t ,%,&}

where subscripts i, ] are as in Eqn.(2). The least squares model coefficients for these
parameters are listed Tables 2.1-2.4. These Tables can also be downloaded from

Appendix C of Cua (2005), http:/resolver.caltech.edu/CaltechETD:etd-02092005-

125601.

14
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P- and S'waveenvelope parameters

Of the 11 envelope parameters, the P- and S-wave amplitudes were expected to have the
strongest magnitude and distance dependence. We used Eqn.(4) to model the magnitude,
distance, and site dependence of P- and S-wave amplitudes for the 6 channels of ground

motion.

1OgYijk =4 Mk + bl(Rk + Cik(Mk)) + di log(Rk + Cik( Mk)) + elj + ',ijk
whee

i =1,...,24 (P-, S-wave amplitudes on rock and soil sites for 6 channels)

j =1,..., number of stations

k =1,..., number of records

Y, = body wave amplitude from NA algorithm inversion on given record

. = reported magnitude (moment magnitude for M > 5) (4)

R, = epicentral distance for M <5, fault distance for M * 5

R, =+ Rf +9 (assuming an average depth of 3 km for southern California events)
C (M) =, exp(c, (M, #5))$ (arctan(M #5) + %)

€ =€ te, (constant term plus station-specific corrections)

!. = statistical or prediction error, ~ NID(O,&i2 )

For the ground motions at a given station, the horizontal body wave amplitudes are the
root mean squares of the respective body wave envelope amplitudes from the 2
(orthogonal) horizontal records. Base-10 logs are used throughout this paper. In a later
section of this paper, we derive factors that can be used to convert different measures of
horizontal ground motion (for instance, geometric mean, larger random component, root

mean square) to the maximum vector amplitude of the horizontal ground motions, which

15
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corresponds to the maximum ground motions amplitude experienced at a given site for a

given earthquake.

Eqn.(4) has strong influences from traditional strong motion attenuation relationships, in
particular, from the work of Boore and Joyner (1982), Boore, Joyner, and Fumal (1997) ,
and Campbell (1981; 2004). In the subsequent discussion, the subscripts i,],k are dropped
for brevity. The physical motivations for the various terms are as enumerated in the early

literature on ground motion attenuation:

¥ logY & aM is consistent with the definition of magnitude as the logarithm of
ground motion amplitude (Richter, 1935)

¥ logY & IogR'd is consistent with the geometric attenuation of the seismic
wavefront away from the source

¥ logY &bR is consistent with anaelastic attenuation due to material damping and
scattering

¥ logY& e, where ¢ is partitioned into a constant and station-specific site correction
terms, is consistent with the multiplicative nature of site effects

¥ C(M)=cexp(c,(M! 5)" (actan(M ! 5)+£)is  a  magnitude-dependent
saturation term that allows ground motion amplitudes at close distances to large
earthquakes (M>5) to be relatively independent of magnitude. Ground motion
simulations suggest that the shape of attenuation curves is magnitude-dependent,

with ground motion amplitudes in the near-source region of large earthquakes

approaching a limiting value (Hadley and Helmberger, 1980). Campbell (1981)

16
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found empirical evidence for such saturation in near-source peak accelerations
from a dataset of near-source records (within 50 km) from global earthquakes
with M>5. Since our southern California envelope dataset spans a larger

magnitude range (2 < M ! 7.3), we modify Campbell’s original saturation term
C(M)=c exp(c,M) with an arctan(M ! 5) +'—2'terrn to “turn on” saturation

effects when M>5, while allowing the logarithm of ground motion amplitudes to
scale linearly with magnitude for M<5. In our regressions, C; was constrained to
be approximately 1, while ¢; varied depending on the degree of saturation
exhibited by the data. Values of c; close to 0 mean no saturation, with increasing
values of ¢; indicating stronger saturation effects. C(M) has units of distance, and

increasing C(M) increases the “effective epicentral distance” of a given station.

The saturation function C,(M) makes Eqn.(4) a nonlinear function of the unknown

model parameters (a, b, C1, C, d, €1, €). Note that we keep the subscripting on &y to
emphasize that each channel has a unique set of station-correction terms. The model
parameters are determined in a two-step process for each of the i, (i=1,E 24) regression
analyses. In the first step, we use the neighborhood algorithm to find the set of model
parameters (@, b, 1, Cz, d, €1) that minimize the residual sum of squares (RSS between
the observed amplitudes and those predicted by Eqn.(4). These model parameters are

listed in Table 2.

RSS="" (logY,, ! logY(abc,c,,d.e)) (5)

AR ROX)
k=1

17
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In Eqn.(5), Yous are the set P- or S-wave amplitudes (Ap or Ag) obtained from the NA
inversions on individual records for all records in the database. In the second step, the
station corrections, €yj , are obtained by averaging the residuals between model
predictions and the observations available at a given station. For each of the i channels,

the standard error of regression, ', is a measure of how well the model fits the

/ RSS
! = [—— 6
ndof ©)

where ndof denotes the number of degrees of freedom, which equals the number of

observations, and is given by

available observations, N, less the number of model parameters determined via regression.
Without station corrections, our regressions have ndofn-6; with station corrections,
ndof=n-6-(nunbe of stationg. Station corrections were calculated only if 3 or more

recordings from different earthquakes were available at a given station.

Horizontal S'wave envelope amplitude for acceleration and velodty and the NGA
relationships

Our horizontal S-wave envelope amplitudes for acceleration and velocity can be expected
to correspond to peak ground acceleration (PGA) and peak ground velocity (PGV).
There is a vast body of literature in strong motion attenuation studies describing the
dependence of PGA, PGV, and peak response spectral quantities on various predictor
variables (magnitude, distance, site condition, depth to basement, focal mechanism,
tectonic setting, etc.) for M>5 events. The latest set of attenuation relationships for

regions with shallow crustal seismicity is being developed by the Next Generation of
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Ground Motion Attenuation project (the “NGA project”). The NGA project is a research
initiative conducted by the Pacific Earthquake Engineering Research (PEER) center and
the US Geological Survey, with the objective of developing updated empirical ground
motion models for shallow crustal earthquakes (Power et al., 2008). Five developer teams
are involved to provide a range of interpretations: Abrahamson and Silva, Boore and
Atkinson, Campbell and Bozorgnia, Chiou and Youngs, and Idriss. Each developer team
used the strong motion database compiled by the PEER-NGA project (NGA flatfile), and
could choose whether to use the entire database, or selected subsets of the database.
These five teams have authored a significant percentage of the existing literature on

strong motion attenuation.

Typically, strong ground motion relationships are valid for M>5, with the primary
application of predicting peak ground motions given a set of source and site
characteristics for use in seismic hazard analysis and building design. However, with the
increasing interest in earthquake early warning systems and ShakeMaps, which are most
useful for the infrequent large events, but must be tested on the more frequent smaller
events, there is a growing need to characterize ground motions from M<5 events. The
most commonly used weak-motion relationship is the small-amplitude regression used by
the USGS ShakeMap codes (Wald et al., 1999; 2005), which is valid for M<5.3. Thus
far, there are no relationships that characterize both weak and strong motion scaling

simultaneously.
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We developed relationships for PGA and PGV spanning the magnitude range 2< M < 8
by fitting Eqn.(4) to a dataset consisting of our southern California horizontal S-wave
envelope amplitudes (As) and the subset of the NGA dataset used by Boore and Atkinson
(2008). These extended magnitude range attenuation relationships simultaneously fit
weak and strong ground motion data with a single regression equation (Eqn.4). We
compare our extended magnitude range attenuation relationships with the ShakeMap
small amplitude weak-motion relationship and the Boore and Atkinson (2008) and
Campbell and Bozorgnia (2008) NGA strong motion relationships. A comprehensive

comparison of the 5 NGA relationships is beyond the scope of this study.

Horizontal component definition

There are numerous ways to combine 2 horizontal channels into a single characteristic
measure of horizontal ground motion. NGA database lists the “GMRotI50” of the two
horizontal components. “GMRotI50” is orientation-independent measure proposed by
Boore et al (2006). Beyer and Bommer (2006) tabulated commonly used definitions in
the literature, and derived conversion factors between these definitions and the geometric
mean of the as-recorded motions, which we will refer to in this paper as the geometric
mean. They found the ratio between GMRotI5S0 and the geometric mean of the 2
horizontal channels to be approximately 1. (Boore et al (2006) find the difference
between GMRotl measures and the geometric mean to be less than 3%.) For the southern
California envelope study, we used the root mean square to combine envelope parameters
from the 2 horizontal channels. For the extended magnitude range PGA and PGV

analysis, we used the geometric means of the as-recorded components for the southern
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California weak motion data and GMRotI50 values of the NGA strong motion dataset.
From Beyer and Bommer (2006), we can assume that these measures are approximately

equivalent.

Distance metric

For the distance metric in our combined weak/strong motion relationships, we used the
Joyner-Boore distance (Rjp), which is the closest distance to the surface projection of the
fault. Ry, is tabulated for records in the NGA database. For a large portion of our southern

California M<5 events, Rjp was not available, and we used epicentral distance.

Results

We have 2 primary sets of results: 1) a set of envelope attenuation relationships derived
from southern California waveforms, that can predict the shape of ground motion
envelopes as a function of time for horizontal and vertical acceleration, velocity, and
filtered displacement (given a magnitude, distance, and Vs30 or NEHRP site
classification), and 2) extended magnitude range attenuation relationships for horizontal

PGA and PGV derived from southern California S-wave envelope amplitudes (2 < M /

7.3) and the NGA strong motion dataset (5/ M < 8).

Envelopeattenuatonrelationdhips
The envelope parameterization adopted (Eqn.(2)) is a point source characterization, and
is valid up to M6.5. Figure 4 shows the average horizontal acceleration envelope on rock

and soil sites at a variety of magnitude and distance ranges. At larger magnitudes, the
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relationships for envelope rise time, duration, and decay parameters (Tables 2.1-2.4) no
longer hold. However, the relationships for envelope amplitudes (Ap, As) are still valid
(Table 1). Larger events require finite source characterization. A possible approach to
taking into account finite source characteristics is to use multiple point sources. Yamada
et al (2007) utilize the point source envelope characterization developed in this study in

their multiple-point source characterization of finite ruptures for large earthquakes.

Magnitude distance, frequency band,andsite-dependence of P- and Swave anplitudes

The model coefficients for the magnitude and distance dependence of the P- and S-wave
envelope amplitudes are listed in Table 1. Table 3 lists the model coefficients for PGA
and PGV on rock and soil sites for the combined weak and strong motion relationships.
When predicting horizontal S-wave acceleration and velocity amplitudes, we recommend
using the coefficients listed in Table 3 (constrained by the NGA strong motion dataset) in
place of the horizontal S-wave acceleration and velocity coefficients listed in Table 1
(which are constrained by the southern California dataset, which has limited data for

M>5 events).

Figures 5 and 6 show the distance-dependence at various magnitudes levels of PGA and
PGV attenuation relationships derived from the combined weak and strong motion
datasets on both rock and soil sites. The soil site regressions are based on significantly
more data than the rock site relationships. The symbols are the observed amplitudes from
which the model was derived. Saturation effects come into play at close distances to M>5

events.
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Figure 7 shows the residuals, (Eqn.(5)), for horizontal S-wave and P-wave acceleration
amplitudes on rock sites as a function of magnitude and distance. The S-wave residuals
are from the combined southern California and NGA dataset. The P-wave analysis uses
only the southern California data. In these plots, the solid line corresponds to a residual
value of 0. The dashed lines correspond to the 95% confidence intervals,+2¢ . There are
no systematic trends in the residuals with either magnitude or distance. These residual

plots are characteristic of the P- and S-wave residuals of the other amplitude regressions.

We found station-specific site correction terms for our 6 channels of horizontal and
vertical acceleration, velocity, and filtered displacement for stations that contributed more
than 3 records to the southern California envelope dataset. Figure 8 shows the station
corrections € (in log units) for root mean square horizontal S-wave acceleration
amplitudes of selected SCSN stations located on rock sites (Vs30 > 464 m/s) relative to
the S-wave acceleration amplitude relationship for rock sites. Also shown are the
numbers of records available at the stations, which are indicative of the statistical
significance of the corresponding station corrections. Stations PAS, PFO, and ISA have
corrections in excess of —0.3 log units, translating to deamplification of greater than 50%
relative to the average rock station. Interestingly, all of these stations are advanced
seismic observatories; PAS is in a short tunnel cut into granite at the original
Seismological Laboratory, ISA is in a goldmine modified for use as a seismic

observatory, and PFO is the Pinion Flats observatory operated by UCSD.
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The number of records contributing to these corrections (50, 20, and 10 records,
respectively) indicates that these corrections are not likely due to randomness or chance,
but rather, are evidence of consistent deamplification of root mean square horizontal S-
wave accelerations at these sites. Incidentally, this approach allows us to define
“average” rock stations whose observed ground motions are closest to those predicted by
the best model (or whose station corrections are closest to 0). Some “average” rock
stations over the time period 1998-2004 include GSC, PLM, HEC, EDW, and AGA. The
set of stations considered “average” by this approach will evolve with time, depending on
where seismic activity is concentrated over a given time period. Applying the station
corrections on horizontal S-wave amplitudes results in a standard error of regression of

"corr=0.24, a ~20% reduction relative to the standard error in the uncorrected case,

"uncorr=0.31.

Discussion

Using the envelope amplitude attenuation models obtained from the southern California
ground motions (Table 1) and the extended magnitude range relationships for PGA and
PGV (Table 3), we can compare how different channels of ground motion amplitudes
vary as functions of magnitude and distance. We focus the discussion on general
characteristics of, and differences between: 1) PGA, PGV, and peak filtered
displacement, 2) ground motions on rock versus soil sites, 3) horizontal versus vertical

ground motion amplitudes, and 4) P- versus S-wave attenuation.

Small anplitudePGA, PGV, and peakfiltered displacement
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The S-wavetrain envelope amplitude parameters are comparable to peak amplitudes when
examining horizontal ground motion records. The saturation term C(M) was designed to
come into play at close distances to large events, with regression parameters C; and C;
controlling the degree of magnitude-dependent saturation effects for M>5. Since C(M)~0
for M<5 for all components of ground motion, the coefficients a, b, and d can be directly
interpreted as the small magnitude (M<5) scaling factors for magnitude and distance
dependence. Averaging coefficients a, b, and d of rock and soil sites for horizontal
acceleration, velocity, and displacement (from Table 1), small amplitude ground motions

scale as follows:

3 1
horizontal S-wave acceleration, i, ~10**" x 10717 % x i
) ) 6ax10- 1
horizontal S-wave velocity, iy ~ 1077 x 1070310 rE (7)
1

horizontal S-wave displacement, u ~10"*" x 1070FI07R —

In general, the geometric spreading term 1/R? is fairly constant for acceleration, velocity
and displacement, with d~1.5. The effects of the exponential decay term 10”® decrease
with frequency; it contributes to the distance decay of peak acceleration, but has
practically no effect on the decay of peak displacement amplitudes. This is consistent
with high frequency ground motions being more sensitive to small scale crustal
heterogeneities and thus exhibiting stronger scattering effects (Lay and Wallace, 1995) ,
and observations that high frequency ground motions attenuate faster than lower

frequency ground motions (Hanks and McGuire, 1981).
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Displacement scaling
Eqn. (7) indicates that small-amplitude PGA (typically from high frequency ground
motions) has a weaker magnitude dependence than small-amplitude PGD (typically from

lower frequency ground motions). This is consistent with Brune (1970) spectral scaling,
where the high frequency amplitude spectrum scales with Mol/3 and the low frequency

spectrum scales with M, (see Appendix I of Heaton et al (1986) for a discussion of the
relationship between peak amplitude and spectral scaling of far-field waves). From
simple scaling relations, we expect displacement amplitude U to scale with magnitude M
as log u ~ M at far field distances (several source dimensions away). This is consistent
with magnitude-dependence coefficients, a, for horizontal S-wave displacements

envelope amplitudes on rock and soil sites being close to 1 (Table 1).

At close distances to large, non-point source events (M>6), we expect displacement

amplitudes to be proportional to average fault slip (Aagaard et al., 2001) which

1
approximately scales as MOA , which implies that logu ~ 0.5 M. Saturation effects are

expected to be significant in this magnitude and distance range. We can define “effective
magnitude scaling” (Eqn.8) as the partial derivative of Eqn.(4) with respect to M. This
effective magnitude scaling is the large amplitude scaling, and takes into account the

effects of saturation term, C(M).

# cexp(c,(M" 5)) &
llogY _ . #aexp(c(M" 5) &, K 1+(M" 5 +C(M)E
TV TV - M dw?a+cex(c(|v|"5))|n(10) ®)

1 p 2 g

26



511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

Evaluating Eqn.(8) using the average &, b, 1, C, d, e coefficients of rock and soil sites for
horizontal S-wave displacement amplitudes, and using M=6, R=0 km to represent the
condition “at close distances to large events), yields a value of 0.42. This scaling of log u
~ 042 M is consistent with the expected scaling of log u ~ 0.5 M suggested by simple

scaling relations.

Scaling relations from earthquake source physics lead us to anticipate that following
asymptotic behavior for any ground motion prediction equations: 1) when distance is
large compared to source dimension, low frequency ground motions (displacement u)

scales with seismic moment:
3
Iogufar&lowfreq - logMo ~EM (9)

2) for near-source, low frequency ground motions, we expect peak displacements to scale

with the size of slip, D, on nearby fault segments, or

1
logu ~logD ~logM* ~5M (10)

near & lowfreq

The displacement scaling from our relationships (subplot ¢ in Figure 9) are consistent

with these expectations.

Rock versus soil sites

Magnitude-dependence and 1/RY distance attenuation are slightly stronger for ground
motions on soil sites for PGA, PGV, and peak filtered displacement (PGD) (Table 1).
Saturation effects at close distances to large events are slightly stronger for ground

motions recorded on soil sites; the c1 coefficient for soil is always slightly larger than
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that for rock ground motions for a given channel. On average, ground motions on soil
sites are twice as large as those on rock sites, since the regression coefficient e is
consistently ~0.3 log (base10) units larger for soil than rock ground motions. However,
ground motion amplification on soil sites relative to rock ground motions is actually both
magnitude- and distance-dependent. Figure 9 shows S-wave amplitudes on rock and soil
ground motions predicted by our attenuation relationships as functions of magnitude for
different distance ranges for acceleration, velocity, and filtered displacement. The PGA
and PGV relationships are constrained by the NGA strong motion data; the PGD
relationships are based on southern California ground motions only. PGA at close
distances to large events exhibit the strongest saturation effects. The total saturation of
near-source PGA for large magnitudes is consistent with high frequency ground motions
being incoherent noise, independent of magnitude and total slip. This implies that high
frequency radiated energy scales with rupture area, which is the Brune (1970) spectral
model without the dependence on stress drop. Velocity and displacement ground motions
also exhibit saturation, though to a lesser degree than acceleration. The over-saturation of
acceleration and velocity amplitudes on soil sites can be attributed to non-linear site
effects. This is consistent with the idea that nonlinear soil response contributes to ground

motion saturation.

At close distances to large events, the difference in PGA on rock and soil sites decreases

with increasing magnitude. This is consistent with the observation of Campbell (1981)

that both rock and soil sites subjected to strong shaking tend to record comparable peak
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accelerations. For PGA, PGV, and PGD, there is no difference between rock and soil

ground motions at low amplitude levels (at large distances from small magnitude events).

P- versus Swaves
The magnitude and distance dependence of peak P-wave amplitudes, which typically
occur on the vertical component, is also represented by Eqn.(4). The small magnitude

scaling for P-wave is given by:

. . .. _ -3R 1
vertical P-wave acceleration, U, ~ 10> x 107" =
) ) ) <104 1
vertical P-wave velocity, U, ~10"%M x 1071 R — (11)
P R1.4

vertical P-wave displacement, U, ~10*"" x 1071010 R o FE

From comparing Eqns.(7) and (11), peak P-wave amplitudes have slightly weaker

magnitude dependence, and weaker 1/R decay than peak S-wave amplitudes.

P-wave amplitudes exhibit stronger saturation at close distances to large events than peak
S-wave amplitudes (Figure 10). The difference between P- and S-wave amplitudes at
close distances to large events increases with as the lower frequency content of the
ground motions increase (such that the difference between P- and S-wave amplitudes is
largest for PGD). This is consistent with P-waves having more relatively high-frequency
energy content, and S-wave having more energy in the lower frequency range. However,
it should be noted that the apparent stronger saturation of P-wave amplitudes may also be
due to the difficulty in decomposing P- and S-waves at close distances when the time

between the S- and P-wave arrivals is small.
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Conparison of extended magnitude range PGA and PGV reationships with other

attenuaionrelationships

The extended magnitude range attenuation relationships developed in this study are
derived from PGA and PGV amplitudes recorded within 200 km of shallow, crustal
earthquakes in active tectonic regions in the magnitude range 2 / M < 8 . These
relationships are among the first ground motion prediction equations that are valid over
such a wide magnitude range. (Bommer et al (2007) develop prediction equations for

response spectral accelerations at various periods covering the magnitude range 3/ M /

7.6 using a European and Middle Eastern dataset.)

We compare the median ground motion levels predicted by our extended magnitude
range relationships with those predicted by the Boore and Atkinson (2008) and Campbell
and Bozorgnia (2008) NGA relationships, and the ShakeMap small amplitude
relationship (Wald et al., 1999; 2005) . We will refer to these relationships as BA2008,

CB2008, and SM2005, respectively.

To evaluate the BA2008 equations, we use the “unknown” faulting coefficients for PGA
and PGV. To evaluate the CB2008 equations, we assume a vertical strike slip fault
(dip=90°, rake=0°) and the following values recommended by the developers: Zio=5 km
for M=5, Zi,,=0 kmfor M=7, Z,5=2.0. We refer the reader to Campbell and Bozorgnia

(2008) for explanations of their various predictor variables. Both BA2008 and CB2008
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use the average shear wave velocity in the upper 30 meters (Vs30) as a predictor variable.
When comparing the median ground motions from the NGA relationships with those
from our rock relationships, we evaluate BA2008 and CB2008 with Vs30=554 m/s,
which is the median Vs30 value for sites with Vs30 > 464 m/s in the NGA database. We
use Vs30=308 m/s to evaluate the NGA relationships when comparing with our soil

relationships.

Figure 11 shows the predicted PGA and PGV levels from the extended magnitude range
relationships from this study, BA2008, and CB2008 at M = 6.75 for rock (Vs30 >
464m/s) and soil sites (Vs30 < 464m/s), as well as the observed values in the magnitude
range 6.5/ M / 7.0 from the NGA database and the southern California envelope dataset.
The median PGA predicted for M=6.75 are fairly consistent between the 3 relationships,
and are consistent with the observed PGA and PGV in the 6.5/ M / 7.0 magnitude
range, which are primarily from the NGA database. The apparent consistency between
BA2008, CB2008, and our relationships for large magnitude earthquakes is expected,

since each of these studies were intended to fit approximately the same data at large

magnitudes.

Figure 12 shows that when considering the magnitude range 2 / M < 8, there are

significant differences between our relationships and any of other relationships that were
intended to predict motions in a restricted magnitude band. The discrepancies between
our extended magnitude relationships and the NGA relationships (BA2008 and CB2008)

at the M=5 level may be attributed to the different datasets used to constrain the
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respective regressions. M=5 is the lower bound of the magnitude range in which the
BA2008 and CB2008 relationships are recommended to be used by their developers.
Most of the data used to constrain the NGA relationships are from M>5 events, thus
observations available to constrain median M=5 ground motion levels in the NGA
relationships are primarily from M>5 events. In contrast, the median M=5 ground
motions from the our extended magnitude range relationships are constrained by
significantly more data (from the southern California envelope dataset) in the 4.5 < M <

5.5 range

Conwersion factors between selected ddfinitionsof horizontal groundmotion

Several definitions of horizontal ground motion have been mentioned thus far. The NGA
relationships use “GMlIrot50”, a flavor of geometric mean independent of station
orientation proposed by Boore et al (2006). Beyer and Bommer (2006) found that

“GMIrot50” is virtually identical to the geometric mean of the peak ground motions from

2 horizontal, orthogonally oriented instruments (gm); gm ! \/ max, (U N)maxﬁme (U E) .In

the envelope analysis conducted in this study, we used the root mean square of horizontal
envelope amplitudes (rms) to combine information from 2 horizontal channels (typically
North-South and East-West orientations) into a single horizontal ground motion measure.

In our definition of rms amplitude, we combine the peak values of two horizontal

1 2 n 2 .
components; 77s ! \/E{#max ﬁme(U N)§%+ Jmax W(U 5)570} . Since these peak values are
defined over time (for efficient data transfer for early warning applications), our

definition of rms is approximately‘/ }é times larger than the peak of the vector
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amplitude (va), which is a scalar invariant that is probably the best way to measure

amplitude; va = maxtimew/Uil +Ué . The ShakeMap codes use the larger of the 2
maximum amplitude values over time available from 2 horizontal channels (maxEnv B

borrowing terminology from Beyer and Bommer (2006)), max ENV' ! max, (U U E)

While most strong motion attenuation relationships predict horizontal ground motions in
terms of geometric mean (gm), or random horizontal component (random), the maximum
ground motions experienced by structures during an earthquake are due to the vector
amplitude (va) of the horizontal ground motions, which is larger than any of the other
definitions thus far mentioned. We used the waveforms in our southern California

database (2 < M / 7.3) to calculate the maximum vector amplitude of broadband

acceleration and velocity over time, and compare this measure with some commonly-
used horizontal measures: the maximum of a random horizontal component (rand), the
root mean square (rms), the geometric mean (gm), and the larger (maxEnv B borrowing
terminology from Beyer and Bommer (2006)) of the maximums over time on 2
horizontal channels. Equations for these various definitions of horizontal ground motion
are listed in Table 4. Recent papers on conversion factors between different definitions of
horizontal ground motions include Beyer and Bommer (2006) and Watson-Lamprey, and
Boore (2007). This work differs from those studies in the datasets used, magnitude ranges
considered, and application emphasis. Our conversion factors are obtained from southern

California waveforms from events in the magnitude range 2 < M ! 7.3, with a

considerable larger number of M<5 events. We focus primarily on PGA and PGV due to

our interests in earthquake early warning and real-time applications. Note that what we
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call the maximum vector amplitude is called MaxD by Beyer and Bommer (2006) and

SaMaxRot by Watson-Lamprey and Boore (2007).

Tables 5.1 and 5.2 list the conversion factors derived in this study between various
horizontal component definitions for PGA and PGV. The median ratios listed are
multiplicative factors that can be used to convert from a median component definition in
the column headings to a median component definition on a given row. For instance, for
PGA (first row, Table 5.1), the vector amplitude is 1.17 times larger than the geometric
mean. The # values listed are the standard deviation of the log; ratios. The conversion
factors and # values from geometric mean to other definitions from Beyer and Bommer
(2006) and Watson-Lamprey and Boore (2007) are also listed. In general, the conversion
factors common to the three studies are consistent, suggesting that these ratios are
relatively independent of magnitude. The ratios between vector amplitude and geometric
and root mean square definitions can be described by a Gaussian distribution, while ratios
between vector amplitude and random horizontal component and maxEnv are better

described by a Gamma distribution (Figure 13). The distribution of the ratios is similar

for both PGA and PGV.

Beyer and Bommer (2006) use the following relationship to modify the uncertainty

parameter # in an attenuation relationship when converting from horizontal component

definition b to a:
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III %

" log, 2
l2 =12 a !
" tot,logY, © logY, %, + log Y, /Y, (12)

1
o log, &

#logYy is the uncertainty or variability from the horizontal component definition one is
starting from. #logY./Yy, are the values tabulated in Tables 5.1 and 5.2. One can perform
regression analyses on a given dataset using various horizontal component definitions to
find the (#logY./#logYy) term. We did not solve for these ratios in this study, and
recommend using the (#logY./#logYy) values of Beyer and Bommer when applicable,
and #logY./#logYp=1 otherwise. Beyer and Bommer (2006) find that these ratios are not

large, and would be significant if low probabilities of exceedence were being considered.
However, since the primary application we are concerned with is earthquake early
warning and other real-time applications, we believe the simplification of

#logY/#logY,=1 when necessary is justified.

Conclusions

We applied an envelope-based parameterization of ground motion envelopes to
waveform data from 70 southern California earthquakes, and developed predictive
relationships for the shape of ground motion envelope amplitudes as a function of time
for 6 channels of ground motion - horizontal and vertical acceleration, velocity, and
filtered displacement. Of the 11 envelope parameters utilized, the P- and S-wave

envelope amplitudes, which characterize peak P- and S-wave amplitude levels, displayed
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the most significant magnitude and distance dependence. We developed attenuation
relationships for P- and S-wave amplitudes as functions of magnitude, distance, and site
for 6 channels of ground motion, and used these relationships to explore general
characteristics of southern California ground motions. We developed relationships that
capture peak amplitude scaling of P- and S-wave acceleration, velocity, and filtered

displacement over the magnitude range 2/ M ! 7.3. We found that S-wave acceleration

amplitudes (equivalent to PGA) on soil sites tends to approach the S-wave acceleration
amplitudes on rock sites at close distances to large events, providing evidence of
nonlinear site amplification. Mid- to longer period ground motions (S-wave velocity and
filtered displacement amplitudes) also exhibit a change in scaling at close distances to

large events.

We combined our horizontal S-wave acceleration and velocity envelope amplitude
dataset with the NGA strong motion dataset to develop relationships for PGA and PGV

that span the magnitude range 2 / M < 8. The median PGA and PGV values predicted by

our extended magnitude range relationships are comparable to those from the NGA
relationships (Boore and Atkinson, 2008; Campbell and Bozorgnia 2008) at the larger
magnitudes, and with the ShakeMap (Wald et al., 1999; Wald et al., 2005) small
amplitude relationships at the lower magnitude range. We find that the BA2006 and
CB2007 relationships systematically over-predict ground motions at the M=5 level,
which is the lower end of the magnitude range of recommended use by their developers.
This is consistent with Bommer et al (2007), who suggest that the data used to constrain

attenuation relationships should be at least 1 magnitude unit lower than the lower limit of
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magnitude for which the relationships would be used. The extended magnitude range
relationships for PGA and PGV derived in this study can be used in earthquake early
warning and ShakeMap-type applications that need to operate on the more frequent small
earthquakes as well as the infrequent but more damaging events. Using an extended
magnitude range allows our ground motion prediction equations to capture scaling
characteristics that are consistent with earthquake source physics. These characteristics

are not evident when considering data in more limited magnitude ranges.

We also derived conversion factors between various definitions of horizontal peak

ground motion using our southern California waveform dataset (2 / M / 7.3), similar to

recent studies by Beyer and Bommer (2006) and Watson-Lamprey and Boore (2007) on
subsets of the NGA database. Conversion factors from these 3 studies are quite consistent
with each other, suggesting that these conversion factors are not strongly dependent on

magnitude.
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Tables

Table 1
Attenuation relationships for ground motion envelope amplitudes

logY =aM +b(R +C(M))+dlog (R +C(M)) +e
R=VR +9

C(M) = ¢, exp(c,(M —5)) x (arctan(M —5) + %)

a b Ci CH d e #
-3
. Acceleration rock 0.72 | -3.3x10 1.6 1.05 -1.2 -1.06 0.31
= soil 0.74 | -2.5x10° | 241 0.95 -126 | -1.05 0.29
=1 0]
ez rock 0.80 | -8.4x10™* | 0.76 1.03 -124 | -3.103 | 027
= 2 velocity
=l A soil 0.84 | -54x10* | 1.21 0.97 -1.28 | -3.13 0.26
<
= rock 095 | -1.7x107 | 2.16 1.08 -127 | -4.96 0.28
S displacement
g soil 0.94 |-5.17x107 | 2.26 1.02 -1.16 | -5.01 0.3
ﬁ rock 0.78 | -2.6x10° | 1.48 1.11 -135 | -0.64 0.31
= acceleration
=, soil 0.84 | -2.3x10° | 242 1.05 -1.56 | -0.34 0.31
wn
= % rock 0.89 | -43x10* | 1.11 1.11 -144 | -2.60 0.28
S| = velocity 7
g | A soil 0.96 | -8.3x10° 1.98 1.06 | -159 | -2.35 0.30
)
g rock 1.03 | -1.01x107 | 1.09 1.13 -143 | -4.34 0.27
~ displacement
soil 1.08 | -1.2x10° | 1.95 1.09 -1.56 4.1 0.32
rock 0.74 | -4.01x10° | 1.75 1.09 -1.2 -0.96 0.29
acceleration
soil 0.74 | -5.17x107 | 2.03 0.97 -1.2 -0.77 0.31
% rock 0.82 | -8.54x10" | 1.14 1.10 | -1.36 | -2.901 | 0.26
2 velocity
2| o soil 0.81 | -2.65x10°| 1.4 1.0 -148 | -2.55 0.30
o
= rock 0.96 |-1.98x10° | 1.66 1.16 | -134 | -4.79 0.28
= displacement
g soil 093 |-1.09x107 | 1.5 1.04 -123 | -4.74 0.31
<
— rock 0.78 | -2.7x10% | 1.76 1.11 -1.38 | -0.75 0.30
XS] acceleration
= soil 0.75 | -2.47x10° | 1.59 1.01 -147 | -0.36 0.30
(]
> > rock 0.90 |-1.03x10° | 1.39 1.09 -1.51 | -2.78 0.25
2 velocity
i soil 0.88 | -5.41x10* | 1.53 1.04 | -148 | -2.54 0.27
rock 1.04 | -1.12x10° | 1.38 1.18 -137 | -4.74 0.25
displacement
soil 1.03 | -4.92x10° | 1.55 1.08 -136 | -4.57 0.28
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Table 2.1

Horizontal P-wave envelope attenuation relationship
for rise time, duration, decay parameters

loglenv_ param)= oM + BR+8log R+

env_ param = {ir At 1.y}

$ % & u #

tr 0.06 5.50x10-4 0.27 -037 | 0.22

4 #t - 2.58x10-3 0.21 | -0.22 | 0.39

= 2 $ 0.047 - 0.48 -0.75 | 0.28
% %| -0.032 -1.81x10-3 | -0.1 0.64 | 0.16
%é tr 0.07 1.2x10-3 0.24 -0.38 | 0.26
S = | # 0.03 2.37x10-3 0.39 -0.59 | 0.36
& $ 0.087 -1.89x10-3 | 0.58 -0.87 | 0.31

% -0.48 -1.42x10-3 | -0.13 0.71 ] 0.21

tr 0.06 1.33x10-3 0.23 -0.34 | 0.25

4 # 0.054 1.93x10-3 0.16 -0.36 | 0.40

& $ | 1.86x10-2 | 5.37x10-5 0.41 -0.51 | 0.30

‘g %| -0.044 -1.65x10-3 | -0.16 0.72 | 0.20
T; tr 0.07 4.35x10-4 0.47 -0.68 | 0.26
= | # 0.03 2.03x10-3 | 0.289 | -0.45 | 0.40

& $ 0.0403 -1.26x10-3 | 0.387 | -0.372 | 0.37

%] -6.17x10-2 | -2.0x10-3 - 0.578 | 0.25

tr 0.05 1.29x10-3 0.27 -0.34 | 0.28

4 # 0.047 - 0.45 -0.68 | 0.43

= : $ - - 0.19 -0.07 | 0.39
% %| -0.062 -2.3x10-3 - 0.61 | 0.26
% tr 0.05 1.19x10-3 0.47 -0.58 | 0.26
% = | # 0.051 1.12x10-3 0.33 -0.59 | 0.41
& $ 0.035 -1.27x10-3 | 0.19 0.03 | 043

%| -0.061 -1.9x10-3 0.11 0.39 | 031
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Table 2.2

Horizontal S-wave envelope attenuation relationship
for rise time, duration, decay parameters

loglenv_ param)= oM + BR+8log R+

env_ param = {ir At 1.y}

$ % & u #
tr 0.64 - 0.48 -0.89 0.23
4 #t - -4.87x10-4 | 0.13 0.0024 0.2
= 2 $ 0.037 - 0.39 -0.59 0.18
% %| -0.014 -5.28x10-4 | -0.11 0.26 0.09
%é tr 0.055 1.21x10-3 | 0.34 -0.66 0.25
S = | # 0.028 - 0.07 -0.102 | 0.23
& $ 0.0557 -8.2x10-4 0.51 -0.68 0.24
% -0.015 -5.89x10-4 | -0.163 0.23 0.13
tr 0.093 - 0.48 -0.96 0.25
4 # 0.02 - - 0.046 0.23
2 $ 0.029 8.0x10-4 0.25 -0.31 0.23
‘g %| -0.024 -1.02x10-3 | -0.06 0.21 0.11
T; tr 0.087 4.0x10-4 0.49 -0.98 0.30
= | # 0.028 - 0.05 -0.08 0.23
& $ 0.045 -5.46x10-4 | 0.46 -0.55 0.25
%| -0.031 -4.61x10-4 | -0.162 0.30 0.13
tr 0.109 7.68x10-4 | 0.38 -0.87 0.29
4 #t 0.04 1.1x10-3 -0.15 0.11 0.23
k= 2 $ 0.029 - 0.36 -0.38 0.26
% 9%| -0.025 -4.22x10-4 | -0.145 | 0.262 0.12
é tr 0.12 - 0.45 -0.89 0.34
o = | 7 0.03 - 0.037 | -0.066 | 0.28
- $ 0.038 -1.34x10-3 | 0.48 -0.39 0.30
%] -2.67x10-2 | 2.0x10-4 -0.22 0.27 0.14
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Table 2.3
Vertical P-wave envelope attenuation relationship
for rise time, duration, decay parameters
loglenv_ param)= oM + BR+8log R+

env_ param = {ir At 1.y}

$ % & u #
tr | 0.06 | 7.45x10-4 | 0.37 -0.51 | 0.22
4 # - 2.75x10-3 | 0.17 -0.24 | 0.41
= 2 $| 0.03 - 0.58 -0.97 | 0.26
% %] -0.027 | -1.75x10-3 | -0.18 0.74 | 0.15
%é tr | 0.06 | 5.87x10-4 | 0.23 -037 | 0.23
S = | # - 1.76x10-3 | 0.36 -0.48 | 0.41
& $ | 0.057 | -1.36x10-3 | 0.63 -0.96 | 0.28
%] -0.024 | -1.6x10-3 | -0.24 0.84 | 0.18
tr | 0.06 | 7.32x10-4 | 0.25 -0.37 | 0.26
4 # | 0.046 | 2.61x10-3 - -0.21 | 0.41
2 $| 0.03 8.6x10-4 0.35 -0.62 | 0.29
‘g %] -0.039 | -1.9x10-3 | -0.18 0.76 | 0.18
T; tr | 0.06 1.1x10-3 0.22 -0.36 | 0.24
= | #t| 0.031 1.7x10-3 0.26 -0.52 | 042
- $| 031 -6.4x10-4 0.44 -0.55 | 032
%] -0.037 | -2.23x10-3 | -0.14 0.71 | 0.22
tr | 0.08 1.63x10-3 | 0.13 -0.33 | 0.27
4 # | 0.058 | 2.02x10-3 - -0.25 | 042
k= 2 $| 0.05 8.9x10-4 0.16 -0.39 | 0.36
% %] -0.052 | -1.67x10-3 | -0.21 0.85 | 0.22
% tr | 0.067 | 1.21x10-3 | 0.28 -0.46 | 0.27
% = | #t| 0.043 | 9.94x10-4 | 0.19 -0.42 | 041
& $ | 0.052 - 0.12 -0.17 | 0.39
%)| -0.7 -2.5x10-3 - 0.63 | 0.27




Table 2.4

Vertical S-wave envelope attenuation relationship

for rise time, duration, decay parameters

loglenv_ param)= oM + BR+8log R+

env_ param = {ir At 1.y}

$ % & u #

tr | 0.069 - 0.49 -0.97 0.23

4 # | 0.03 -1.4x10-3 0.22 -0.17 0.20

= : $ | 0.031 - 0.34 | -0.44 0.19
% 9% 0.015 | -4.64x10-4 | -0.12 0.26 0.095
%é tr | 0.059 | 2.18x10-3 | 0.26 | -0.66 0.25
S = | #t| 0.03 | -1.78x10-3 | 0.31 -0.31 0.25
& $1| 006 | -145x10-3 | 0.51 -0.6 0.22

%)/ -0.02 - -0.24 | 0.38 0.13

tr | 0.12 - 0.50 | -1.14 0.27

4 # | 0.018 - - -0.072 0.23

: $| 0.04 9.4x10-4 0.25 -0.34 0.23

‘g %] -0.028 | -8.32x10-4 | -0.12 0.32 0.11
T; tr | 0.11 1.24x10-3 | 0.38 -0.91 0.31
= | #t| 0017 | -6.93x10-4 | 0.12 -0.05 0.27

& $ | 0.051 | -1.41x10-3 | 0.44 | -0.37 0.26

%/ -0.03 - -0.21 0.33 0.15

tr | 0.12 1.3x10-3 0.26 | -0.75 0.30

4 # | 0.03 2.6x10-4 - -0.02 0.25

= : $| 0.02 - 0.30 | -0.22 0.26
% %/ -0.02 - -0.23 0.31 0.12
% tr | 0.12 - 0.44 | -0.82 0.40
% = | #t| 0.02 | -7.18x10-4 | 0.07 | -0.005 0.26
& $ | 0.022 | -1.65x10-3 | 0.44 | -0.19 0.28

%] -0.018 | 5.65x10-4 | -0.25 0.24 0.14
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Table 3

Extended magnitude range attenuation relationships

logY =aM +b(R +C(M)) +dlog(R +C(M)) +e
R=VR+9

C(M) = exp(c,(M ! 5)" (arctan(M ! 5)+%)

a b C1 Cy d e #

rock 0.73 -7.2x10-4 1.16 0.96 -1.48 -0.42 0.31
PGA

soil 0.71 -2.38x10-3 1.72 0.96 -1.44 -2.45x10-2 0.33

rock 0.86 -5.58x10-4 0.84 0.98 -1.37 -2.58 0.28
PGV

soil 0.89 -8.4x10-4 1.39 0.95 -1.47 -2.24 0.32

Table 4

Various definitions of maximum horizontal ground motion mentioned in this study

Uy and Ug denote ground motion time series recorded by two orthgonally-oriented

horizontal instruments (typically in the North-South and East-West directions).

Name

Definition

Vector amplitude (va)

[ 2 2
maxtime UN + UE

Geometric mean (gm)

\/maxtir’r‘e(u N ) X maxtime(u E)

Larger of 2 horizontal
Components (maxEnv)

max(maxtime(U N )’ maxtime(u E ))

Random horizontal
component (rand)

randon{max,, (U, ),max, . (U;))

Root mean square (rms)

Hiom—o o

GMIRot50

See Boore et al (2006)
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Table 5.1

Median conversion factors and standard deviation of log ratios for PGA between selected
definitions of horizontal ground motion components. First entries in each cell are from

this study.
maxEnv rand rms gm

median # median # median # median #
1.04 0.03 1.15  0.07 1.17  0.03 1.18  0.04
Vector (va) [1.20  0.04]"
[1.20  0.04]°
1.00  0.08 1.09 0.03 1.10  0.04
maxEnv [1.10  0.05]
1.00  0.07 1.00  0.06
rand [1.00  0.07]
1.01  0.01

rms

1 from Beyer and Bommer (2006), § fromWatson-Lamprey and Boore (2007)

Table 5.2

Median conversion factors and standard deviation of log ratios for PGV between selected
definitions of horizontal ground motion components. First entries in each cell are from

this study.
maxEnv rand rms gm
median # median # median  # median #
1.04 0.03 1.15 0.08 1.18 0.03 1.20  0.04
Vector (va) [1.25  0.05]
1.00  0.08 1.10  0.03 1.11 0.04
maxEnv [1.15  0.06]"
1.00  0.07 1.00  0.07
rand [1.00  0.09]
1.01  0.01
rms

1 from Beyer and Bommer (2006)
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Figure 1: Distribution in magnitude and distance space of NGA strong motion dataset and
southern California envelope dataset on sites with a) Vs30 > 464 m/s (NEHRP site
classes BC and above), and b) Vs30! 464 m/s (NEHRP site class C and below)
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Approach A: A very large and nonlinear inverse problem

Input Simultaneously solve for Output >
Al available magnitude, distance, Coefficients
observed and site dependence of 11 of magnitude,
ground motion envelope parameters in one distance, and
envelopes very large inversion site dependence
for a given of 11 envelope
channel.** parameters
(Initially with no
specified

starting model) Provide a more informed

starting model for next iteration.
Iterate until convergence criteria is
met.

** The functicnal form of the magnitude, distance, and site dependence is assumed.

Approach B: Many smaller nonlinear inverse problems

Step1: For each observed envelope in database
Input ) Output
—————————— » Asmall nonlinear |-
A single i | 1% best”
All available ot u-rlqvgrs:bgrogleorg | emvelope Coefficients
observed evelope | { €ighoourno | parameters of magnitude,
ground motion Algorithm) | distance, and
envelopes : sile dependence
for a given [ ———— of 11 envelope
channel.** { Step 2: For each envelope parameter parameters
(Initially with no | -
specified b — -» Regression~ [~~~ —————— > >
starling model) valuesofagiven | If nonlinear, use | Ceefficients describing
envelope parameter | Nejghbourhood | Magnitude, distance, and
(say, Ap, P-wave I ith site deperdence of
ampiitude) for al A gont m gi'wen ervelope parameler
envelopes in database

Provide more informed starting model for next iteration.
lterate until convergence criteria met.

** The functional form of the magnitude, distance, and site dependence is assumed.

Figure 2: Two possible approaches to characterizing the magnitude and distance
dependence of the envelope parameters in Eqn.(2). We adopt Approach B in this study.
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Figure 3: (a) A typical acceleration time history (100 samples per second). (b) The
corresponding ground motion envelope, along with the fitted envelope using the
neighborhood algorithm to solve for the 11 envelope parameters in Eqn.(2).

52
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Figure 4: Average horizontal acceleration envelopes on rock and soil sites predicted by
the envelope attenuation relationships in Cua (2005) . These are valid for point-source
events (up to M6.5).
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a) Rock sites (Vs30 > 464 m/s)
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Figure 5: The observed horizontal acceleration amplitudes from the combined NGA and
southern California ground motion datasets and the median ground motion levels from
the attenuation relationships derived in this study for selected magnitude ranges on (a)
rock (Vs30 <464 m/s), and (b) soil (Vs30! 464 m/s) sites. Ris as defined in Eq.2.
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a) Rock sites (Vs30 > 464 m/s)

100 | M=7.0
10 M=5.0 DR
1
w
E M25
& 0.1 -
o
0.01
65<M<75
0.001 40<M<6.0
M<3.0
100 200

0.0001 '
. 10
R (km)

b)  Soil sites (Vs30 <= 464 m/s)
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Figure 6: The observed horizontal velocity amplitudes from the combined NGA and
southern California ground motion datasets and the median ground motion levels from
the attenuation relationships derived in this study for selected magnitude ranges on (a)
rock (Vs30 <464 m/s), and (b) soil (Vs30! 464 m/s) sites. Ris as defined in Eq.2.
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Figure 7: Horizontal S-wave acceleration residuals (combined southern California and
NGA dataset) plotted against magnitude (a), and distance (b). Horizontal P-wave
acceleration residuals (southern California dataset only) plotted against magnitude (c) and
distance (d). The residual plots shown are fairly representative of the general behavior of
the residuals for the various channels of ground motion included in this study. There are
no obvious trends of the residuals on magnitude or distance.
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Figure 8: S-wave acceleration stations for SCSN stations on rock sites included in this
study. These corrections are calculated relative to the median ground motion level

predicted by the S-wave acceleration relationships on rock sites.
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Figure 9: Saturation characteristics as a function of magnitude of (a) PGA, (b) PGV, and
(c) peak filtered displacement on rock and soil sites. PGA and PGV relationships are
from relationships derived from southern California and NGA data. Displacement
relationships are based only on southern California data.
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(a) PGA rock (Vs30=554 m/s) (b) PGA soil (Vs30=309 m/s)
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Figure 11: Observed PGA and PGV values from the combined southern California and
NGA datasets in the magnitude range 6.5 <M < 7, along with the median M=6.75 ground
motion levels from equations developed in this study, Campbell and Bozorgnia (2008),
and Boore and Atkinson (2008). The general agreement between the median ground
motion levels predicted by the various relationships is expected, since they are all
constrained by the same dataset at large magnitudes.
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Figure 12: Scaling of (a) PGA and (b) PGV amplitudes at various distances from this
study, Boore and Atkinson (2008), Campbell and Bozorgnia (2008), and the ShakeMap
Small amplitude relationships (Quitoriano et al, 2003). Our PGA and PGV levels are
consistent with Boore and Atkinson (2008) and Campbell and Bozorgnia (2008) at the
larger magnitudes, and with the ShakeMap relationship at lower magnitudes. However,
the scaling relationships implied by the Boore and Atkinson (2008), Campbell and
Bozorgnia (2008), and ShakeMap (2003) relationships cannot be extended beyond the
magnitude ranges from which they are derived.
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Figure 13: Histograms of the log ratio between different definitions of peak horizontal

acceleration.
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