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[1] The waves generated by faulting represent the primary
threat posed by most large earthquakes. The effect of
complex geological structures, such as sedimentary basins,
on earthquake ground motion is a source of particular
concern. We show that it is possible to extract reliable phase
and amplitude response that includes the effects of complex
structure for the elastodynamic Green’s function from the
ambient seismic field using deconvolution. We demonstrate
the accuracy of the approach by predicting complex ground
motion for a moderate (Mw = 4.6) earthquake in southern
California as recorded in the Los Angeles Basin. This
suggests a novel approach to seismic hazard analysis in
which groundmotion from hypothetical future earthquakes is
simulated directly, without the need for modeling the detailed
heterogeneity of the Earth’s crust as an intermediate step.
Citation: Prieto, G. A., and G. C. Beroza (2008), Earthquake

ground motion prediction using the ambient seismic field,Geophys.
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1. Introduction

[2] The strength of ground shaking in hypothetical future
earthquakes is typically predicted using ground motion
attenuation laws [e.g., Abrahamson and Shedlock, 1997].
Attenuation laws are predictions of a specified ground
motion intensity measure, such as the peak ground acceler-
ation, based on observations of past earthquakes with known
characteristics. These laws codify the dependence of shaking
on quantities such as the magnitude of the earthquake and
distance from the rupture; however, the strength of shaking is
also strongly influenced by the distorting effect of complex
geologic structure on the radiated seismic wavefield. The
Next Generation Attenuation (NGA) project relations may
help somewhat by taking into account basin response effects
[Power et al., 2008].
[3] Increasingly, seismologists attempt to predict shaking

in future large earthquakes through simulation [Komatitsch
et al., 2004; Olsen et al., 2006; Aagaard et al., 2008]. There
are a number of sources of uncertainty in such simulations,
including: complexities in the earthquake source [Mai and
Beroza, 2002], unmodeled linear wave propagation effects,
such as focusing and basin amplification [Vidale and
Helmberger, 1988], and ground motion non-linearities, such
as soil liquefaction [Seed and Idriss, 1971]. Accurate
simulation of strong ground motion requires that all these
sources of uncertainty be minimized; however, in this study
we focus on just one of them: predicting linear wave
propagation effects due to complex Earth structure.

[4] A source of particular concern for seismic hazard
analysis is the effect of large sedimentary basins on earth-
quake ground motion. Basin amplification is a major
problem for many large urban centers, including metropol-
itan Los Angeles, because basins trap and amplify seismic
energy [Vidale and Helmberger, 1988; Pitarka et al., 1998;
Stidham et al., 1999; Komatitsch et al., 2004; Olsen et al.,
2006], and thereby increase vulnerability to earthquakes.
The ability of ground motion simulations to model such
effects is critical to reliable seismic hazard analysis.
[5] In principle, we can validate propagation effects using

small earthquakes, for which source effects are easily
modeled, and for which nonlinearity is not a factor. In
practice, the uneven distribution of earthquakes in the
appropriate locations prevents this approach. For example,
there are no recent, moderate-sized earthquakes along the
San Andreas Fault in southern California that can be used to
validate wave propagation effects from a scenario earth-
quake on that fault. Using the ambient seismic field,
however, we can control the disposition of virtual seismic
sources, and hence measure the response in areas of
concern. In the following we show how the ambient field
can be used to predict ground motion directly.

2. Methodology

[6] The idea that the point source response would emerge
from cross correlation of the diffuse, ambient-noise seismic
wavefields recorded by two different seismic stations has
been around for decades [Claerbout, 1968]. This approach
has been used successfully for helioseismology [Rickett and
Claerbout, 1999], and more recently for the Earth itself,
with significant advances in techniques for using the ambi-
ent field to retrieve the response of the Earth to a unit point
force, i.e., the Green’s function. Applications include sur-
face-wave tomography [Shapiro et al., 2005; Sabra et al.,
2005], volcano monitoring [Sabra et al., 2006; Brenguier et
al., 2007], and petroleum prospecting [Curtis et al., 2006].
Nearly all of these ambient noise studies focus on seismic
wave arrival times, and in doing so apply sign-bit or other
normalization to the data [Campillo and Paul, 2003; Bensen
et al., 2007]. This approach renders the data insensitive to
non-stationary noise, but sacrifices information on the
Green’s function amplitude in the process [Larose et al.,
2007].
[7] Several studies have shown that it is possible to

retrieve both travel times and amplitudes in the analysis of
structural response [Snieder and Safak, 2006; Kohler et al.,
2007]. The amplitude decay with distance of the Green’s
function has also been experimentally obtained from noise
correlations [Larose et al., 2007]. In this study we use the
ambient field to document basin amplification using the unit
impulse response [Bendat and Piersol, 1993] for a station,
near the San Andreas Fault, that can be thought of as a virtual
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earthquake source, for seismic stations in the Los Angeles
basin. We use 31 days of non-overlapping 2 hour-long
segments recorded during January 2007 and calculate the
impulse response of the unaltered seismograms between all
3 components of velocity using a multi-taper algorithm [Park
and Levin, 2000]. We stack using coherence weighting to
reduce the effect of incoherent data on the results, and use the
closest station to the coast to deconvolve, since it is closest to
the presumed microseism source [Stehly et al., 2006].
[8] There are 9 possible combinations of impulse

responses (Z-Z, E-E, N-N, Z-E, etc.) where the first term

represents the direction of the impulse applied to the seismic
station closest to the coast and the second term represents the
direction of motion at the station that we treat as a virtual
source. We rotate the source directions to the fault normal,
fault parallel, and N-axis based on the earthquake focal
mechanism.

3. Predicting Complex Ground Motion Using the
Ambient Field

3.1. Big Bear Earthquake

[9] Figure 1 compares the response to a horizontal
impulse, using station BBR as our virtual source, at seismic
stations across metropolitan Los Angeles with seismograms
of the February 10, 2001 (Mw 4.63) Big Bear earthquake,
which is within approximately 4 km horizontally and 10 km
vertically of station BBR. The horizontal impulse is applied
in the fault normal direction, following the earthquake
mechanism given by Graves [2008], who modeled ground
motions of this earthquake.
[10] The two sets of waveforms are not identical, nor

should they be. Ground motion in the earthquake is broad-
band in frequency, whereas the bandwidth of the ambient-
noise Green’s function is limited by the coherency of
seismic noise. Moreover, the earthquake and a virtual source
at the surface will excite a different response due to their
spatial separation. Finally, the equivalent force system for
an earthquake, i.e., a shear dislocation, in the point-source
approximation is the superposition of two pairs of oppo-
sitely directed point forces known as a double-couple
[Maruyama, 1963]. Despite these caveats, we recover most
of the relative amplitude information, as well as the com-
plex modulation and duration of amplitudes as observed at
different locations.
[11] Figure 2 shows a record section for the impulse

response due to the same horizontal force as in Figure 1
compared with earthquake records for a larger set of stations
across the Los Angeles Basin. Figure 2 shows a consistent
pattern of relative amplification of the seismic waves for the
virtual source at BBR and the real earthquake. Figure 3
shows the peak amplitudes of the real and virtual earthquake
records. Perhaps the most striking feature is the amplifica-
tion at stations within the basin (marked by the brackets and
gray shaded area in Figures 2 and 3 respectively) relative to
those on ‘‘hard rock’’ sites outside the basin, especially for
the radial and transverse components of displacement. A
similar observation from numerical simulations for the same
earthquake has been reported in the San Bernardino Basin
by Graves [2008].

3.2. Amplification in the Los Angeles Basin

[12] A question of particular interest is how strong ampli-
fication and waveguide effects are in metropolitan Los
Angeles, from earthquakes on the San Andreas Fault. There
are nomoderate earthquakes along the SanAndreas Fault that
can be used to validate wave propagation effects; however,
we can study them using the ambient field. We compute the
unit impulse response at stations in the Los Angeles region
(box in regional map in Figure 4) using SVD as a virtual
earthquake source. Figure 4 shows contour plots of the peak
displacement amplitude of the impulse response for stations
SVD and ADO. A geometrical spreading correction factor

Figure 1. Waveforms obtained from the impulse response
of the ambient field between station BBR and stations
around Los Angeles compared with waves excited by a
nearby earthquake. (a) Reference map showing the location
of the earthquake (black circle), the reference station BBR
(black triangle) and seismic stations around the region of
interest (gray and red triangles). (b) Comparison of selected
radial component earthquake records (black traces) and
waves propagating between station BBR and stations in the
Greater Los Angeles region (red traces) band-passed over
periods between 4 and 10 seconds. The impulse response
traces are multiplied by a common scale factor to match the
amplitudes of the earthquake records.

L14304 PRIETO AND BEROZA: EARTHQUAKE GROUND MOTION PREDICTION L14304

2 of 5



proportional to the square root of the propagation distance,
consistent with the simplest possible surface wave propaga-
tion, is applied to isolate the basin amplification effects of
interest, from geometrical spreading.
[13] The observed amplification is a function of the

geological structure near the seismic stations, but it also
depends on the direction of the incident seismic waves. This
is evident from Figure 4, where we compare different virtual
sources. The overall pattern for SVD and ADO is similar,
showing strong basin amplification, but there are important
differences, illustrating that the amplitudes depend on the
location of the source. In the 4–10 second period range

used in this example, amplification is seen across the middle
of the Los Angeles basin. This is consistent with the
simulations of Southern San Andreas Fault earthquakes
[Olsen et al., 2006] that model wave propagation through
a complex seismic velocity model for the area [Magistrale
et al., 2000; Kohler et al., 2003].

4. Discussion and Conclusion

[14] Ambient-noise Green’s functions can be used to
increase our knowledge of the velocity structure of three-
dimensional crustal structure, which is important for accu-

Figure 2. Amplification effects from the impulse response estimates and records from earthquake in Figure 1, band-pass
filtered between 4 and 10 seconds. (a) Earthquake record section of rotated ground displacements for sites around the Los
Angeles Basin. Records are plotted roughly with increased epicentral distance. The large brackets indicate sites within the
basin. (b) Same as Figure 2a but for impulse response records for a horizontal force for reference station BBR. Note the
amplification in the Los Angeles basin for both the impulse response as well as the earthquake records.
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rate simulations of strong ground motion. The ambient-
noise approach has the distinct advantage that it is ‘‘active,’’
in that seismologists can design experiments to determine
station-to-station Green’s functions for ground motion esti-
mates to target areas of particular concern. In addition these
Green’s functions provide an important test and calibration
for 3D velocity models used in numerical simulations (S.
Ma et al., Testing community velocity models for southern
California using the ambient seismic field, submitted to
Bulletin of the Seismological Society of America, 2008).
[15] We have also shown that, at least in the period range

of 4–10 seconds, it is possible to use ambient-noise Green’s
functions directly, without the need for an intermediate step
of estimating crustal velocity structure. These periods are
outside the range of primary engineering interest (0.1 to 1
seconds), but they are quite relevant for the important case
of long-period structures, such as bridges and very tall
buildings [Heaton et al., 1995]. Extending the method to

shorter periods is an important research direction. Never-
theless, our results indicate the viability of an important new
capability: direct ground motion prediction using the ambi-
ent field. It is not difficult to imagine an experiment that
deploys broadband seismic instrumentation along the length
of the southern San Andreas Fault, and stations in areas of
interest in Los Angeles, to determine Green’s functions for
modeling scenario earthquakes on the San Andreas Fault.

Figure 3. Peak amplitudes of earthquake (black) and
impulse response records (red) for three-component ground
displacement. Sites are plotted roughly with increasing
epicentral distance and sites within the basin are indicated
by gray shading. All stations from Figure 2 are used, for
clarity only a few are marked in each plot. The horizontal
components have significantly larger amplitudes with
respect to the vertical component and show amplification
effects at sites within the basin. The decreasing amplitude
with distance for the vertical components is likely
associated with geometrical spreading.

Figure 4. Amplification effects in the Los Angeles Basin
between 4 and 10 seconds for different vertical virtual
sources. Regional map shows seismic stations (ADO, SVD)
and region of interest (box). Contour maps of normalized
peak displacement amplitude from the impulse response for
the two virtual sources are shown below. Basin amplifica-
tion effects are slightly different for stations ADO and SVD
due to differences encountered for different incident wave
directions.
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