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What Do Data Used to Develop Ground-Motion Prediction Equations
Tell Us About Motions Near Faults?

Davip M. Boors!

Abstract—A large database of ground motions from shallow
earthquakes occurring in active tectonic regions around the world,
recently developed in the Pacific Earthquake Engineering Center’s
NGA-West2 project, has been used to investigate what such a
database can say about the properties and processes of crustal fault
zones. There are a relatively small number of near-rupture records,
implying that few recordings in the database are within crustal fault
zones, but the records that do exist emphasize the complexity of
ground-motion amplitudes and polarization close to individual
faults. On average over the whole data set, however, the scaling of
ground motions with magnitude at a fixed distance, and the dis-
tance dependence of the ground motions, seem to be largely
consistent with simple seismological models of source scaling, path
propagation effects, and local site amplification. The data show that
ground motions close to large faults, as measured by elastic
response spectra, tend to saturate and become essentially constant
for short periods. This saturation seems to be primarily a geomet-
rical effect, due to the increasing size of the rupture surface with
magnitude, and not due to a breakdown in self similarity.

Key words: GMPEs, ground-motion prediction equations,
magnitude scaling, fault zone, engineering seismology.

1. Introduction

This paper is based on an invited talk with a
similar title given at the 40th Workshop of the
International School of Geophysics on Properties and
Processes of Crustal Fault Zones in Erice, Sicily,
Italy, May 18-24, 2013. That talk provided some
information on what global compilations of recorded
ground motions might say about the subject of the
workshop. The global database used in this article is
from a recent multi-year effort (the Pacific Earth-
quake Engineering Research Center’s NGA-West2

' Us Geological Survey, Menlo Park, CA, USA. E-mail:
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project: BozorGNIA et al. 2014) to derive ground-
motion prediction equations (GMPEs) for shallow
earthquakes in active tectonic regions. This article
concentrates on the ground-motion data, rather than
the equations developed from those data. After dis-
cussing the NGA-West2 database, I show examples
of motions within and close to the fault damage zones
(FDZs) for several specific faults. [FDZ is a com-
monly used term to describe the zone of intensely
fractured rock surrounding the narrow core of a fault
in which the primary fault slip occurs (e.g., CAINE
et al. 1996); the width of a FDZ can vary, but it is
often on the order of 100 to 200 m (e.g., BEN-ZION
and Sammis, 2003)]. This is followed by a comparison
of the magnitude scaling of ground motions from
recordings in the NGA-West2 database with simula-
tions from a standard seismological model. For a
detailed discussion of the information that can be
obtained from a rich region-specific database, see the
paper by KurzoN et al. (2014) in this volume.

2. The PEER NGA-West2 Database

The Pacific Earthquake Engineering Center
(PEER) NGA-West2 database, developed by ANCHE-
TA et al. (2013, 2014), contains 21,336 three-
component recordings from 599 shallow crustal
earthquakes in active tectonic regions around the
world. Great care was taken in developing the data-
base: the recordings were processed in a uniform and
consistent manner to provide high-quality seismic
intensity measures and metadata, such as source and
site properties. The metadata were evaluated by
several teams of researchers to ensure consistency in
view of the different regions and methods used to
obtain the metadata by various researchers.
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Figure 1
Steps in constructing a response spectrum for an actual recording. "lghe trace in the lower right-hand corner is the ground acceleration, and
the traces on the left-hand side are the displacement response time-series for simple oscillators with different natural periods of vibration
(Tosc). The maximum displacement of each oscillator is plotted against its natural period to construct the relative displacement response
spectrum. The lowest two time series on the left of the figure show that the waveforms of short-period oscillators are very similar to
the input acceleration time series, whereas for long-period oscillators, the oscillator response equals that of the ground displacement
(shown in the upper right-hand corner). M is moment magnitude and R is the distance to the fault rupture. (Modified from Fig. 7 in
BomMER and Boore 2005)

The ground-motion intensity measure used for the
NGA-West2 database is 5 %-damped pseudo-abso-
lute response spectral acceleration (PSA). Because
many readers of this journal may not be familiar with
PSA, I show the basis for its development in Fig. 1.
In this case, the example illustrates the construction
of the relative displacement response spectrum SD,
but PSA = (211/Tosc)” SD, where Tosc is the period

of the oscillator. In essence, a response spectrum is
the peak response of a series of damped, single-
degree-of-freedom harmonic oscillators, with periods
ranging from very short to very long values (typically
0.01 to 20 s), to a single input acceleration time
series. PSA for a very short-period oscillator equals
the peak acceleration of the input time series, whereas
SD for a very long-period oscillator equals the peak
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Some distance measures. The most commonly used measures in
modern GMPEs are Rryp, the closest distance to the rupture
surface, and Rjg, the closest horizontal distance to the surface
projection of the rupture surface (“JB” for Joyner and Boore, who
introduced this measure in JoyNer and Boore 1981). Ry = 0.0 for
sites over the fault

displacement obtained from double integration of the
input acceleration time series (these asymptotic
properties are shown in Fig. 1). Response spectra are
useful descriptors of ground-motion intensity because
buildings are often well-represented as single-degree-
of-freedom oscillators (with fundamental mode res-
onant periods given approximately by Tosc = 0.1N,
where N is the number of stories), and thus a single
response spectrum plot can be used to estimate the
peak forces in buildings with a wide range of reso-
nant periods subjected to the shaking for a particular
recording.

The most common metadata used in developing
GMPEs are measures of distance, magnitude, and site
geology. In the NGA-West2 database, the magnitude
measure is moment magnitude M (Hanks and
Kanamori 1979). The two main distance measures
used in the NGA-West2 project are Rryp and Rjg,
defined in Fig. 2 (along with a number of other
possible measures of distance from a site to a fault
rupture surface). The site geology is characterized in
the NGA-West2 project by the time-weighted aver-
age of the shear-wave velocity from the surface to
30 m (Vs30). While it has been argued that such a
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velocity may not be representative of the shear-wave
velocities at deeper depths, which can affect longer
period motions, BoorE ef al. (2011) show that there is
a good correlation of Vg3p and the shear-wave
velocity averaged to depths significantly greater than
30 m (Fig. 3).

The NGA-West2 database contains PSA for
periods from 0.01 to 20 s. The magnitude-distance
distribution of the PSA are shown in Fig. 4 for Togc
of 1.0 and 10.0 s, with the data differentiated by
earthquake source mechanism. It is clear from Fig. 4
that there are many fewer data for the long-period
oscillator (and in fact, the fall-off in available data
begins at a period of about 1.0 s, as shown in BOORE
et al. 2014); this is an inevitable consequence of the
signal-to-noise characteristics of ground motions
recorded on accelerographs (which provide the bulk
of the data for the larger earthquakes).

The uniformly processed data and carefully
evaluated metadata in the NGA-West2 database can
be used in several ways that are relevant to the sub-
ject of processes and properties of crustal fault zones.
Near-fault data are commonly used in inversions for
the rupture process of individual earthquakes, and
specific recordings can be used to look for amplitude
variations and polarization complexities that might be
indicative of fault zone properties, some examples of
which are given in the next section. The GMPEs
developed from the database are a convenient sum-
mary of the overall magnitude and distance behavior
of a very large number of ground-motion recordings,
and as such, they are useful in assessing the magni-
tude scaling of ground motion, which is intimately
related to the source processes of earthquakes. This is
discussed in a later section.

3. Ground Motions near Faults: Some Examples
of Complexity

Although there is not a metadata field in the
database for stations within the FDZ, some idea of the
number of such sites is given by the distance metric
Ryg. Table 1 gives the number of three-component
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Scatterplot of Vgs30 and Vs from shear-wave velocity profiles for six averaging depths z (only the profiles for KiK-net stations had profiles to
the three greatest values of z). (Modified from Fig. 10 in Boore 2011, which contains formal correlation coefficients for each graph; these
range from 0.98 for z = 50 m to 0.79 for z = 600 m)

records in the NGA-West2 database for various ran-
ges of Ry, for a number of large and well-recorded
earthquakes. While a station with Ryg = 0.0 km does
not imply that the station is within the FDZ (it could
be above the zone, for a dipping fault), and Ryg can be
large even if the station is in the FDZ (if the station is
far beyond the horizontal extent of faulting for a
specific earthquake), the table does give some idea of
the relative scarcity of data within FDZs. Based on
the entries in the table, there appear to be relatively

few data in the NGA-West2 database from sites
within the fault damage zone (FDZ) of earthquakes.

3.1. Variability of Ground Motions
in and near FDZs: The 2004 Parkfield
Earthquake

One earthquake with a relatively large number of
recordings in or near the FDZ is the M 6.0, 2004
Parkfield, strikeslip event that occurred along the San



Vol. 171, (2014)

What Do Data Used to Develop Ground-Motion Prediction Equations

3027

o SS

x RS

@ NS
4 Tosc=10s i S Tosc = 1008 bl
fo o KKK X RN MONKENONENNNNNNN. | X ® X o RGON OGSO
{ % L % L
1% L] I
7] o F o -
g 1R x i :
2 g ®® L 18 [
T ] [ 1g I
S 6% ; L] .
2 ] °e L] I
e ] L] I

© X
E 5]x x - L
= ] ° [ ] [
. . - L
4] 0 [ ] .
]e L] I
3__ I """”— -'I AL UL | AR | """"-
0.1 1 10 100 1000 0.1 1 10 100 1000
Ryg (km) Ryp (km)
Figure 4

Magnitude-distance distribution of data from the PEER NGA-West2 database, differentiated by fault type (SS StrikeSlip, NS NormalSlip, RS
ReverseSlip). The distributions are shown for two oscillator periods, 1.0 and 10.0 s

Table 1

Numbers of records in PEER NGA-West2 database for three near-
source distance ranges for selected events

Event Type M Rjpp<2km R <5km R <10km
Kocaeli SS 76 2 3 4
Chi—Chi RS 7.5 18 23 42
Duzce SS 71 2 7 9
Denali SS 79 1 1 1
Parkfield SS 6.0 19 41 63
Wenchuan RS 79 5 6 6

Note that being close to a fault is not necessarily the same as being
in the fault zone, particularly for non-vertical faults. It is also true
that a station can be in the fault damage zone (FDZ), and yet R;p
could be large. The database does not have a field indicating
whether or not a station was in the FDZ

Andreas fault. To date, this earthquake has more
recordings at near-fault distances than any other
earthquake in the world, and many studies have
investigated the variations in seismic velocity in and
near the FDZ (e.g., EBERHART-PHILLIPS and MICHAEL

1993; THURBER et al. 2006). Figure 5 shows many of
the stations that recorded the event, along with
horizontal ground-motion displacement particle
motions (not shown are the GEOS stations of
BORCHERDT et al. 2006). The spatial similarity of the
particle motions of horizontal ground displacement is
obvious, with motions close to the surface traces of
the fault being polarized in the direction normal to the
fault, while those stations farther away are polarized
in the fault-parallel direction (BoRCHERDT et al. 2006;
SHAKAL et al. 20006).
expected from considerations of the radiation pattern
of strikeslip earthquakes, as well as the propagation
of the rupture to the northwest from the epicenter.
Although there is an overall uniformity to the
polarizations, there are substantial variations spatially
in the amplitudes of the motions, as shown by detailed
maps of PSA for Tosc = 0.1 s and Togc = 2.0 s
(Figs. 6, 7; Fig. 7 includes data from the GEOS
stations). The maps in Fig. 6 are for recordings at the
UPSAR array (FLETCHER et al. 1992, 2006), a dense

These characteristics are
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Figure 5

Particle motions from horizontal components of ground displacement time series, derived from double integration of the acceleration time
series recordings of the 2004 Parkfield M 6 earthquake. The red lines are traces of the San Andreas fault, and the black line is a simplified fault
model used by SHAKAL et al. (2006) to determine distances to the recording stations. (Fig. 14 in SHAKAL et al. 2006)

array of instruments on ridge tops, underlain by
similar geologic conditions (the location of the array
is shown at the left center of Fig. 5 and by the green
rectangles in Fig. 7). Because the wavelengths of the

waves controlling the spectral response amplitudes
generally increase with period, I expect there to be
less variability for long-period PSA (Fig. 6a) than for
short-period PSA (Fig. 6b). Scrutiny of Fig. 6 shows
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UPSAR stations from recordings of the 2004 Parkfield mainshock, for Tosc = 0.1 s (left graph) and

Values of PSA, in g, at stations that recorded the 2004 Parkfield mainshock, for Tosc = 0.1 s (left graph) and Tosc = 2.0 s (right graph).
Surface fault strands of the San Andreas fault (red) from SHAKAL et al. (2006). The time series from the stations within the blue rectangles are
shown in a later figure; the UPSAR array is within the green rectangles; the ground-motion values are not shown because they overlap too
much to be resolvable; see the previous figure

this generally to be the case. The spatial variability of
the motions at the UPSAR array might correspond to
the minimum expected for any closely spaced sites,
given that the sites are located on geologically similar

materials and are removed from any complications
due to the fault zone. WANG et al. (2006) have studied
the variability of the Parkfield mainshock motions

recorded at UPSAR in detail.
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Figure 8
Two nearby acceleration recordings of the 2004 Parkfield mainshock and the velocity and displacement time series derived from the
recordings, showing frequency-dependent spatial variability. The distance between DFU and JFU is 590 m. [DFU and JFU are station codes
from the GEOS web page (see Sect. 7); they correspond to GEOS stations Donna Lee and Joaquin Canyon, respectively)

The spatial variability of stations within and near
the FDZ is shown in Fig. 7. While there can be
significant variation in the longer period motions, in
general, there is more variation for short-period PSA
than for long-period PSA. Unraveling the sources of
this variability can be difficult, as there is significant
complexity in the geologic properties along the fault,

with velocity heterogeneities of varying amounts
across the fault (e.g., THURBER 2006) and along-strike
variations in the properties of the FDZ (Lewis and
Ben-Zion 2010). In addition, the speed of rupture
propagation and amount of fault slip were heteroge-
neous along the fault (e.g., FLErcHeEr 2006; Liu et al.
2006; ZHAo et al. 2010). I make no attempt to unravel
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these effects, and only point out the amount of
variability that exists, leaving it to others to explain
the causes of these effects (e.g., see CULTRERA ef al.
2003; PiscHiuTTA et al. 2013; KurzoN et al. 2014, this
volume, for a discussion of variability near other
faults).

One example of site-to-site variability that might
have different causes is shown in Fig. 8. This shows
the recorded accelerations in one horizontal direction
and the velocity and displacement time series
obtained from the recorded accelerations, for two
stations only 590 m apart. As the map shows, station
JFU is on a hillside, while station DFU is on the edge
of a narrow valley. Thus, there are differences in
topography and presumably, underlying geology
(DFU probably being underlain by a thin layer of
alluvium), both of which can cause differences in
ground motion. The stations are outside of the FDZ
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Figure 9
Source and recording station locations along the Calaveras fault in
central California. The blue line is the approximate surface trace of
the 1984 Morgan Hill earthquake (MH84), and the blue rectangle is
the approximate surface projection of the dipping 1979 Coyote
Lake earthquake (CL79). The stars are epicenters of two smaller
earthquakes. Shown are the locations of the Coyote Lake Dam
abutment and downstream stations, as well as the Gilroy array
station #6. The surface fault strands (red) are from figures in
BEeroza and SpupicH (1988), Liu and HELMBERGER (1983)
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(they correspond to the stations enclosed in blue
rectangles in Fig. 7). The displacements are more
similar than the accelerations, both in terms of the
amplitudes and the waveforms. This is expected, as
the displacements are controlled by motions with
lower frequencies, and thus longer wavelengths, than
either the velocities or accelerations, and therefore
are less sensitive to spatial variations in topography
or underlying geology than are the higher-frequency
ground velocities or accelerations (e.g., Hanks 1975).

3.2. Complexity in the Polarization of Motions
within FDZs: Recordings near the Calaveras
Fault

While the previous section illustrated the spatial
variability of ground-motion amplitudes at various
frequencies, this section compares the polarization of
ground displacements for stations within and close to
the FDZ of the Calaveras fault in central California.
The locations and magnitudes of the earthquakes and
station locations, as well as mapped surface strands of
the fault, are shown in Fig. 9. In this section, I focus
attention on two stations clearly within the FDZ: the
abutment and downstream stations at Coyote Lake
Dam (see BooreE et al. 2004). The downstream station
was installed after the 1984 Morgan Hill earthquake.
A third station (Gilroy #6) is located over the FDZ of
the Calaveras fault, but as suggested in Fig. 10, due to
the dip of the fault the station, it is likely not within the
FDZ. Furthermore, note the significant difference in
Vs30 (shown at the top of Fig. 10) for the downstream
station and Gilroy #6; the latter has a higher Vg3,
consistent with the location of the station on a ridge
and less consistent with a location within the FDZ.

The first example of polarization complexity is
shown in Fig. 11. Here, the portion of the ground
displacement near the peak motion at both the
abutment and downstream stations have similar
amplitudes and polarization for the 1993 M 5.1
earthquake. The motion is polarized approximately
southwest-northeast (and normal to the fault strike),
as expected from the radiation pattern of a strikeslip
fault located to the southeast of the station. In distinct
contrast is the almost fault-parallel polarization of the
motion from the 1979 M 5.7 earthquake, which had
an extended rupture surface that was closer to the
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Coyote Lake downstream station in the fault
damage zone at the surface, Vgzp= 295 m/s.
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Gilroy #6 station on a ridge to the east of the fault
damage zone at the surface, Vg3p=663 m/s.
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Figure 10
An approximate cross section through the Calaveras fault in the vicinity of Gilroy station #6. The locations of the two stations are
approximate; Vsszo values from the PEER NGA-West2 database (see Sect. 7). (Modified from SpubicH and OLsen 2001)

station than was the 1993 earthquake. Note that the
downstream station was not installed until 1984, so
there are no downstream records for the 1979 event.

The second example is for earthquakes to the
northwest of the Coyote Lake Dam station. Again I
show motions from a moderate earthquake
(1984 M 6.2) and a smaller event (1993 M 5.0).
The smaller event is again farther from the station
than the larger event (Fig. 12). As in the previous
example, the polarization of the small event is close
to being fault normal, unlike that of the larger event,
although the motions are not as linearly polarized as
they were in the previous example.

The final example compares the particle motions
for the same earthquake (1984 Morgan Hill) recorded
at the stations CLD abutment and Gilroy #6 (Fig. 13).
The polarization at Gilroy #6 for the strong portion of
the ground displacement is inconsistent with that at
the station within the FDZ, even though the azimuths
from the stations to the source are about the same.

I have no quantitative explanations for the
observed differences of the polarization of the strong
portion of the ground displacement, but offer them as
clear examples of the complexity of polarization
properties of motions within FDZs. The azimuths
from the events to the stations are about the same for
each of the three examples shown here, but the
distances from the stations to the sources of the
strongest shaking probably differ. Thus, details of the
interaction of the waves and the geometry of the FDZ
apparently can have a large effect on the polarization
of the ground motion.

4. Distance and Magnitude Dependence of Ground
Motions from a Global Database

The previous sections discussed detailed properties
of ground motions in and near FDZ for a few specific
earthquakes, but those sections do not deal with the



Vol. 171, (2014) What Do Data Used to Develop Ground-Motion Prediction Equations 3033
| 2 PN T N T T T T N Y S M A S BB T U T U T T T N Y M S A S B
1 199801716 at CLD abutment | | 1993)Q1/16 at CLD downstream |
Downstream 1 C ] N
butment . ] L] i
ﬁ - = o -
37.1 _E 0] C ] C
g \ 5 ] [ ] :
= ] L L
'g - - - =
= CL79 -19 T C
g ] L] i
4 Swave: 20s <time < F {4 Swave 20s <time=< -
'2 2I L L ¢ L { LI 7I T 71T !1 T TT 6 LI 1 LI
1998 —|||1||_1|||1| NI BT B = =
* ] L East (cm)
21979 Coyqte Lake eq at CLD abutment |-
37 . 14 -
1215 = ] C
Longitude (°E) s L
= 04 -
= “ C
o - -
=z ] C
14 -
24 Swave:00s <time<35s -

ll-illll-llllIléllll{llll%ll

East (cm)

Figure 11
Location map and hodograms of the strongest portion of the horizontal ground displacements recorded from the 16 January 1993 and 1979
earthquakes at Coyote Lake Dam (CLD) abutment (middle column of graphs) and the 1993 earthquake at CLD downstream (right graph). The
stars are epicenters

larger question of how ground motion scales on aver-
age with magnitude. This scaling is fundamentally
controlled by source processes, and thus the observed
scaling contains information that is relevant to the
subject of this volume. Insight into the average scaling
is best obtained from the large database assembled in
the NGA-West2 project. To provide an overview of the
magnitude and distance dependence of the global data,
Fig. 14 shows PSA values for four periods plotted
against distance, with magnitude bins indicated by
symbols of different color. The data are from strikeslip
earthquakes, adjusted to a common Vg3, value of
760 m/s using the site response equations of SEYHAN
and STewaRT (2014). This figure shows a number of
robust features related to magnitude and distance
scaling of ground motions for a wide range of magni-
tudes and distances, without assuming any functional

forms for this dependence (aside from the Vg3o
adjustment). The main features shown by the data are:

e There is significant scatter in the data. The scatter
is larger for small earthquakes and generally
increases with distance (at least to distances of
about 200 km). In spite of the scatter, however,
there are systematic distance and magnitude trends
in the data, as discussed in the next items.

e For a single magnitude and for all periods, the
motions tend to saturate for large earthquakes; that
is, they approach a constant value, as the distance
from the fault rupture to the observation point
decreases. This can only be concluded definitively
for large magnitudes for which the rupture
approaches the ground surface, and therefore the
distance measure used in Fig. 14 can approach 0.0.
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the numerator and denominator are similar to the
decay from a point source due to anelastic atten-

Smaller earthquakes do not reach the surface, and
therefore surface observations cannot be used to

infer whether or not the motions near the rupture
surfaces of small earthquakes saturate.

At any fixed distance the ground motion increases
with magnitude in a nonlinear fashion, with a
tendency to saturate for large magnitudes, partic-
ularly for shorter period motions. The overall
magnitude scaling increases with increasing per-
iod, but it is smaller at short distances than at
longer distances. For short periods and close
distances, there appears to be almost complete
saturation for the motions from large earthquakes.
For a given period and magnitude the median
ground motions decay with distance; this decay
shows curvature at greater distances on the log—log
plot used in Fig. 14. This decay can be parameter-
ized as exp(—oRgup) / RS, Where the terms in

uation and geometrical spreading, respectively. In
log-log plots, the anelastic attenuation produces
the curvature at greater distances, and the geomet-
rical spreading produces the linear decay at closer
distances. Careful inspection of Fig. 14 shows that
the apparent geometrical spreading decreases as
magnitude increases.

5. Magnitude Scaling of Ground Motions
from a Global Database
and from Simulations

Although the distance dependence of the ground

motion and its inherent variability are interesting
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Location map and hodograms of the strongest portion of the horizontal ground displacements recorded from the 1984 earthquake at Coyote
Lake Dam (CLD) abutment and Gilroy #6. The stars are epicenters

from a seismological perspective and are of critical
importance to earthquake engineers, the scaling of the
motions with magnitude, particularly at close dis-
tances, is more relevant for understanding the
properties and processes of crustal fault zones. For
that reason, magnitude scaling is discussed in this
section. I show the scaling from the data at distances

within 4 km of the surface projection of the rupture,
as well as at moderate distances (50 to 100 km). I
also compare these data to simulations using a stan-
dard seismological model based on a point-source
representation of the earthquake rupture. While a
judicious choice of distance goes a long ways toward
accounting for finite-fault effects in the point-source
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PSA at four periods for strikeslip, mainshock earthquakes, from the PEER NGA-West2 database. All amplitudes adjusted to Vs3zp = 760 m/s
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model, I also compare observed and simulated mag-
nitude scaling at distances near 70 km, where the
finiteness of the source is less important.

5.1. Stochastic Modeling of Ground Motion

The simulations of ground motions shown here
are based on the stochastic method, first introduced
by Hanks and McGuire (1981) and developed by
others (see Boore 2003a, for a review of the method).
The basis for the method is shown in Fig. 15.
Radiated energy described by the spectra in the top
graph is assumed to be distributed randomly over a
duration given by the addition of the source duration
and a distant-dependent duration that captures the
effect of wave propagation and scattering of energy.

The key to the success of the model lies in defining
the Fourier acceleration spectrum of ground motion
as a function of the predictor variables. The spectra
are generally quite simple in shape (Fig. 15, top),
with the complexity in the ground motion coming
from the assumption that the motion is distributed
randomly over a specified duration. The spectrum of
ground acceleration is usually based on the multipli-
cation of three functions of frequency, representing
the contributions from the source, the propagation
path, and the site. These functions generally vary
smoothly with frequency. This is not a requirement in
the stochastic method, but is a consequence of the
explicit choice to model overall behavior of motion
rather than the specific motion for a particular
earthquake and site. The simplest source spectra are
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Figure 15
Basis of the stochastic method. The radiated energy described by
the spectra in the upper part of the figure is assumed to be
distributed randomly over durations equal to the inverse of
frequencies related to the transition between the increasing and
flat spectral amplitudes. Each time series is one realization of the
random process for the actual spectrum shown (note the different
ordinate scale for the M 4 time series compared to those for the
M 6 and M 8 time series). Various peak ground-motion parameters
(such as response spectra, instrument response, and velocity and
acceleration) can be obtained by averaging the parameters com-
puted from each member of a suite of acceleration time series or
more simply by using random vibration theory, working directly
with the spectra. (Modified from Boore 2003a)

based on the single-corner frequency model discussed
by Axi1 (1967) and Brune (1970, 1971). In this model,
the spectrum increases with frequency below a corner
frequency related to the seismic moment; the low-
frequency part of the spectrum scales as seismic
moment. Above the corner frequency, the spectrum is
flat, with an amplitude related to the seismic moment
and to a parameter having the dimensions of stress.
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The propagation path is usually represented by a
geometrical spreading and apparent anelastic attenu-
ation function (as given the fourth bullet item in Sect.
4). The site amplification is generally given as a
monotonic function of frequency that excludes
attenuation, but includes amplifications from the
source to the ground surface (e.g., Boore 2013).
The attenuation is included through a filter having the
form exp (—mif), where K is a parameter introduced
by AnpErsoN and HoucH (1984); it generally has a
value near 0.04 s for rock sites in active tectonic
areas and 0.005 s for very hard sites in stable
continental regions.

The simulations in this paper use the parameters
of ATkinsoN and Sieva (2000, hereafter “AS00”) for
coastal California; the Fourier acceleration spectra in
the top graph of Fig. 15 are for this model (which has
two low-frequency corner frequencies for the larger
earthquakes). AS0O spectra were developed primarily
by fitting ground-motion observations from Califor-
nia earthquakes; the propagation-path parameters
were taken from RAoOOF et al.’s (1999) analysis of
recordings in southern California, and the site
amplification used the Boore and Joyner (1997)
generic rock amplifications (see Boore 2013, for
some comments related to this amplification).

The stochastic method used here, as implemented
in the SMSIM suite of programs (see Sect. 7),
assumes that the source is a point in space, which at
first glance seems a poor assumption at near-fault
distances. The method has been extended to finite-
fault simulations (e.g., the EXSIM program of
MotazepiaN and ATKINSON 2005, and the modification
EXSIM_DMB by Boore 2009) by breaking the fault
into a number of subfaults and adding together the
properly time-lagged acceleration time series com-
puted using the point-source stochastic method for
each subfault. This, however, requires a specific fault
and station geometry, which is awkward when
computing simulated motions to be compared to
averages of motions for the global database. For this
reason, it is desirable to use point-source simulations.
The limitations of the point-source simulations can be
circumvented to some extent by modifying the
distances used in the simulations. For a number of
years, the most common distance used in the
simulations was Rryp, the closest distance to the
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rupture surface, in keeping with the distance used in
many empirically based GMPEs. This is not the best
measure of distance, however, as most of the motion
at a site will arrive from locations farther than the
closest distance (e.g., AS00; Toro 2002; SCHERBAUM
et al. 2006; Boore 2009). This is shown in Fig. 16,
which compares point-source and extended- source
simulations. When Rpyp is used in the point-source
simulations (SMSIM), the computed motions are
much larger than from the finite-source (EXSIM)
simulations. Agreement between the SMSIM and
EXSIM simulations is obtained when an effective
distance Rggp similar to a root-mean-square distance
to the fault is used in the SMSIM simulations (Boore
2009). The point of Fig. 16 is to show that the point-
source simulations with properly chosen distances
can give motions in close agreement to those from the
extended-source simulations. For purposes of com-
paring with the magnitude scaling from the global
database, however, it is awkward to use Rgpg, as it
requires a specific fault-station geometry. Based on
extended-source simulations for many source-station
geometries, ASO0O propose a modification to Rryp
that can be used without specifying a source-site

geometry; their modification is used in the simula-
tions shown in this article.

5.2. Observed and Simulated Magnitude Scaling

The observed and simulated magnitude scaling for
two distance ranges are shown in Figs. 17, 18, and 19
for PSA at oscillator periods of 0.2, 1.0, and 4.0 s,
respectively. The observations are from strikeslip
faults and have been adjusted to Vs3p = 620 m/s (the
value for the crustal amplifications used in the
simulations; the Vg3 of 760 m/s used in Fig. 14 is
a standard reference velocity used in GMPEs and in
building codes). The parameters used in the simula-
tions are those of AS00, which are guided by data
from California, so some degree of agreement with
the observations should be expected (although the
NGA-West2 database contains much more California
data than were available to AS00). No attempt has
been made to modify the ASOO model used in the
stochastic method to match the data. Simulations are
shown with and without the ASOO distance modifi-
cation. At near-fault distances there are large
differences in the near-fault simulations, and the
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Figure 17

Magnitude scaling for Tosc = 0.2 s PSA near-fault (left graph) and intermediate-fault (right graph) distances, for strikeslip (SS) earthquakes.
The symbols are data from the NGA-West2 database, adjusted to Vszp = 620 m/s. The red curves (mean and =+ one standard deviation of In
PSA) are from the BoorE et al. (2014, “BSSA14”) GMPEs, and the cyan and dashed blue curves are from stochastic-method simulations,
using the ATkiNsoN and SiLva (2000, “AS00”) model parameters, without (dashed blue) and with (cyan) the ASOO finite-fault adjustments

simulations using the distance modification are in
much better agreement with the data; this again
highlights the importance of a modification to the
distance used in the point-source simulations at near-
source distances. Also shown are motions from the
Boore et al. (2014, hereafter “BSSA14”) GMPEs
(this is the only place in this article where motions
from GMPEs are shown); the kink in the BSSA14
magnitude scaling is a result of the simple functional
form assumed in developing the GMPEs, although
the data do suggest a slope change in the magnitude
dependence over a fairly small range of magnitude.
The observed magnitude scaling shows strong satu-
ration at close distances for short periods (this has

been noted previously by others—e.g., YAMADA et al.
2009, for PGA); much of this saturation is modeled
by the simulations when the distance modification is
used. The overall good agreement between observed
and simulated motions suggests that the magnitude
scaling of ground motions over a very wide range of
periods and magnitudes is largely explained by a
simple model of the seismic source, without the need
for additional complexities in the source radiation or
a breakdown of self similarity, a conclusion also
reached by Bartay and Hanks (2014). Of course, the
success of the simple source, propagation-path, and
site-response model may not hold for recordings of
individual earthquakes, as presumably much of the
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Figure 18

Magnitude scaling for Tosc = 1.0 s PSA near-fault (left graph) and intermediate-fault (right graph) distances, for strikeslip (SS) earthquakes.
The symbols are data from the NGA-West2 database, adjusted to Vszo = 620 m/s. The red curves (mean and =+ one standard deviation of In
PSA) are from the Boore et al. (2014, “BSSA14”) GMPEs, and the cyan and dashed blue curves are from stochastic-method simulations,
using the AtkiNsoN and SiLva (2000, “AS00”) model parameters, without (dashed blue) and with (cyan) the ASOO finite-fault adjustments

large inherent variability in ground motions shown in
Fig. 14 is due to earthquake-dependent and station-
dependent complexities in source, path, and site
properties. One advantage of using the median
ground motions from the large global database is
that these complexities average out, thus revealing
the overall scaling of motions with magnitude.

6. Conclusions
The global database used in this article is a

valuable resource for ground motions from shallow
earthquakes in active tectonic regions. Unfortunately,

there is not a field in the database that is a direct
indicator of the relation between the station location
and the fault damage zone (FDZ) for a given earth-
quake. The closest distances from a station to the
fault rupture and to the projection of the rupture
surface to the Earth’s surface are included in the
database, however, and although imperfect indicators
of the station location with respect to the FDZ, these
distance measures lead to the conclusion that there
are few records in the NGA-West2 database obtained
within FDZs. In spite of this, the global database was
carefully constructed, and thus can provide reliable
data and metadata for investigation of those few
earthquakes with recordings within and close to the
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Figure 19

Magnitude scaling for Tosc = 4.0 s PSA near-fault (left graph) and intermediate-fault (right graph) distances, for strikeslip (SS) earthquakes.
The symbols are data from the NGA-West2 database, adjusted to Vszo = 620 m/s. The red curves (mean and =+ one standard deviation of In
PSA) are from the BoorE et al. (2014, “BSSA14”) GMPEs, and the cyan and dashed blue curves are from stochastic-method simulations,
using the ATkinsoN and SiLva (2000, “AS00”) model parameters, without (dashed blue) and with (cyan) the ASOO finite-fault adjustments

FDZ. Several examples of these motions are dis-
cussed in this article, the results emphasizing the
complexity of the ground motions, both in terms of
spatial variation of the amplitudes of the motion and
variability in the direction of ground-motion polari-
zation, which seem to depend on details of the
source-to-station propagation path. The NGA-West2
database also provides some insight into the overall
scaling of motions with magnitude for different
periods of ground motion. The data show that the
magnitude-to-magnitude increase of motions at a
given distance becomes smaller as magnitude
increases, with short-period motions at near-fault
distances attaining almost constant values (i.e.,
complete saturation) for large magnitudes. The

magnitude scaling is in good agreement with simple
models of the source and path effects, showing that
the magnitude saturation is largely a geometrical
effect of the increasing fault size with magnitude, and
not due to a fundamental change in the stress release
along faults as earthquakes increase in size.

7. Data Sources

Most of the data used in this article came from the
PEER NGA-West2 database, available from http://
peer.berkeley.edu/ngawest2/databases/ (last accessed
28 Oct 2013). Time series came from http://peer.
berkeley.edu/peer_ground_motion_database/ (last
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accessed 28 Oct 2013), http://nsmp.wr.usgs.gov/
GEOS/PRK/parkfield.html (last accessed 28 Oct
2013) for GEOS data, and from sources discussed in
the papers from which the figures were taken. The
SMSIM software used to compute the magnitude
scaling is available from http://www.daveboore.com/
software_online.html (last accessed 28 Oct 2013).
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