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Abstract Surface waves from earthquakes are known to cause strong damage, especially for larger
structures such as skyscrapers and bridges. However, common practice in characterizing seismic hazard at
a specific site considers the effect of near-surface geology on only vertically propagating body waves. Here
we show that surface waves have a unique and different frequency-dependent response to known geologic
structure and that this amplification can be analytically calculated in a manner similar to current hazard
practices. Applying this framework to amplification in the Los Angeles Basin, we find that peak ground
accelerations for certain large regional earthquakes are underpredicted if surface waves are not properly
accounted for and that the frequency of strongest groundmotion amplification can be significantly different.
Including surface-wave amplification in hazards calculations is therefore essential for accurate predictions of
strong ground motion for future San Andreas Fault ruptures.

1. Introduction

A significant portion of the variability in earthquake ground motions is caused by local geological conditions
immediately beneath a given site. It is well known, for example, that shallow sediments or soils can give rise
to amplification and resonances as seismic waves propagate near vertically up to the surface [e.g., Borcherdt
and Gibbs, 1976], notably occurring when wavelengths are 4 times the depth of the near-surface low-velocity
layer. For this reason, it has become standard practice in earthquake engineering to use the local one-
dimensional (1-D) shallow velocity structure at a site (or a proxy for it) [e.g., Wills et al., 2000; Wald and
Allen, 2007] to calculate the amount of local amplification that results for each site, as compared to a refer-
ence “hard rock” site [e.g., Dobry et al., 1976; Kramer, 1996; Kawase, 2003]. Even when the actual 1-D geologic
profile is not known, this description of vertical resonances underlies the interpretation of numerous empiri-
cal and observational approaches (e.g., single-site horizontal-to-vertical spectral ratio to determine peak reso-
nance). While it is acknowledged that this description of vertically-incident shear waves does not capture the
full variability of 3-D wave propagation effects [e.g., Olsen and Schuster, 1995; Field et al., 2000; Graves et al.,
2011], the 1-D site term defined this way supplies a simple, consistent framework that can be practically
implemented by engineers, providing the foundation for earthquake building codes and classifications
[e.g., Abrahamson and Shedlock, 1997; Dobry et al., 2000].

Here we show that site characterization calculations can be improved by accounting for surface-wave ampli-
fication in addition to the standard amplification of vertically propagating shear waves. It has long been
recognized that surface waves propagate and amplify differently due to crustal heterogeneities [e.g.,
Drake, 1980; Bard and Bouchon, 1980; Sánchez-Sesma, 1987; Kawase and Aki, 1989; Joyner, 2000]. However,
their amplification has been often ignored in site-specific estimates, partly due to the assumption that this
amplification is challenging to model (e.g., requiring full-wavefield simulations) and that surface waves are
most significant at periods not important for ordinary buildings [e.g., Joyner, 2000]. Contrary to both of these
expectations, we show that application of analytic theory developed originally for long-period surface waves
can be readily applied to the shorter-period ground motions important for earthquake hazards. While fully
estimating the expected shaking from future events remains a complex problem, the definition of a site
amplification term can be extended to include surface waves separately from that of vertically-incident
shear waves.

2. Analytic Description

From long-period, global-scale, or tectonic-scale seismology studies [i.e., Tromp and Dahlen, 1992], it is known
that conservation of energy flux requires that the relative surface-wave amplitudes between two sites satisfy
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An
AnR

¼ un 0ð Þ
unR 0ð Þ

UI0
URI0R

� ��1=2
(1)

where un(0) is the displacement eigenfunction measured at the surface (depth = 0) corresponding to the type
of wave measured by An (where n= 1, 2, or 3 for radial, vertical, and tangential component of motion,
respectively), U is group velocity, I0 is an integral over the eigenfunctions and density, and superscript R
refers to measurements at a reference site. Specifically, the term 1/(UI0) describes a wave action potential
[Tromp and Dahlen, 1992] and also appears in the standard formulation of surface-wave Green’s functions
[e.g., Aki and Richards, 2002] and is simply applied here in a hazard context. The I0 integrals referred to in
equation (1) are usually used to describe the kinetic energy of surface waves, used in the Lagrangian
formulation to determine group and phase velocities. These integrals are defined differently for Rayleigh
and Love waves as

Rayleigh : I0 ¼ ∫
∞

0 ρ zð Þ u1 zð Þ2 þ u2 zð Þ2
� �

dz (2)

Love : I0 ¼ ∫
∞

0 ρ zð Þu3 zð Þ2dz (3)

where ρ is density and z is depth. We note that the Rayleigh-wave eigenfunctions are usually normalized such
that the vertical component of motion, u2, is one at the surface. In this case, the un/un

R term in equation (1) is
simply one for vertical amplification at the surface, and for horizontal amplification, u1 is the horizontal-to-
vertical (H/V) ratio. Love waves are usually similarly normalized such that the term, u3, is one at the surface.
While the literature originally defining these amplitude relations considered surface-wave-potential ampli-
tudes [Tromp and Dahlen, 1992], we are interested in displacements, and so we describe displacement ampli-
tudes by multiplying the potentials by the corresponding eigenfunction to specify the component of motion
considered.

The expression An/An
R in equation (1) defines a frequency-dependent transfer function by which observa-

tions of ground motion at a reference site can be transformed to any other site, each described by a 1-D pro-
file. Although this relation has typically been applied to only very long period surface waves (e.g., greater than
24 s by Lin et al. [2012]), the same physics applies to high-frequency surface waves as long as the velocity
structure varies smoothly enough laterally [Tromp and Dahlen, 1992]. This description of relative local site
amplification does not and should not include terms for path effects; anything that might affect the ampli-
tudes due to the path of a ray such as focusing, attenuation, lateral basin resonance [e.g., Bard and
Bouchon, 1985], or a conversion of wave types at sharp boundaries [e.g., Liu and Heaton, 1984; Field, 1996]
is not described here, nor is this formulation concerned with the excitation of surface waves. Although the
original formulation deals with conservation of energy traveling along a particular ray, in a site response con-
text it can be applied to represent the transfer function between any two 1-D profiles, with the result describ-
ing the additional local amplification that would result by replacing the reference structure by the given site
structure at any point. This is analogous to how a 1-D velocity profile is often used to calculate the standard
vertically incident shear wave transfer function for engineering applications. For both types of waves, the
locally 1-D assumption is still a simplification of reality [Thompson et al., 2009] but results in a useful, first-order
quantification of how much ground motions are affected by local geology.

It may also be noted that Rayleigh waves can alternately be described as a superposition of P and SV waves,
and similarly, Love waves can be described as trapped SH waves propagating and reflecting at a critical inci-
dence angle. However, the near-horizontal incidence angle will also strongly affect the amplification strength
and frequency [Haskell, 1960]. While other authors have noted that resonant shear waves may not be
perfectly vertical and thus show some polarization [e.g., Boore, 2006], there is still a significant difference
between such cases and fully developed surface waves.

3. Simple Basin Example

Figure 1 shows a comparison of site response terms calculated for both vertically-incident shear waves and
surface waves in a simple sedimentary basin of 500m depth, compared to a reference homogeneous half-
space. The site response term for vertically incident shear waves is semianalytically estimated using a
Thomson-Haskell propagator matrix approach [Haskell, 1953], although for this simple example a straightfor-
ward analytic solution also exists (for which the peak resonant frequency is Vs1/4H). Surface-wave
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eigenfunctions are also semianalytically estimated using Computer Programs in Seismology [Herrmann,
2013]. The medium for both wave types is purely elastic and without attenuation. Certainly, varying rates
of attenuation and geometric spreading will play a significant role in the relative strengths of these wave
types, but these are not part of the site amplification transfer function presented here.

Although both wave types are amplified, there is a significant quantitative difference for the surface waves
entering this basin compared to the shear waves. For this idealized model, surface-wave amplification is
roughly 50% stronger than and with a peak frequency twice that of the vertically-incident shear wave (see
Figure 1c). Furthermore, although surface waves are often ignored at higher frequencies, it is these higher
frequencies for which surface waves aremost amplified. While other authors have observed the changing fre-
quency content and amplitudes of surface-wave arrivals [e.g., Pinnegar, 2006], it is not generally considered
that an entirely separate and unique transfer function can be used to describe the surface-wave system.

We note that the difference between the wave types’ amplification spectra is persistent for other models.
Even for a variety of tested basin depths, impedance contrasts and even for more realistic geologic profiles
[e.g., Boore and Joyner, 1997], the differences in amplification remain (see supporting information Figure S1).
Lastly, we note that these transfer functions are confirmed through 2-D finite difference simulations [Li et al.,
2014], with only minor differences caused by path effects such as scattering and a conversion of wave types
at the edge of the sedimentary basin.

4. Application to a Southern California Velocity Model

This straightforward calculation of site terms can be implemented for any velocity model from which 1-D
profiles can be extracted, including in Southern California, where recent developments of the Southern
California Earthquake Center’s Community Velocity Model (SCEC CVM-S4.26) [Lee et al., 2014] facilitates
this reexamination of seismic hazard. Efforts to account for surface waves are especially important for
Southern California, where wavefronts from a future large earthquake on the San Andreas Fault system
[Graves et al., 2011] will enter the Los Angeles Basin laterally rather than from below (see Figure 1a).
Figure 2 demonstrates the spatial variability of site terms at 0.4 Hz for each of a vertically-incident shear
wave, Rayleigh wave (horizontal component), and Love wave, all relative to the hard rock site at station
PASC in Pasadena and based only on 1-D profiles at each point. As expected, the depth of the Los
Angeles sedimentary basin plays a significant role [e.g., Hruby and Beresnev, 2003; Day et al., 2008]: the
deepest region of the sedimentary basin causes surface waves to be strongly and consistently amplified,
while vertically-incident shear waves do not all exhibit resonance given the variable basin shape. For

Figure 1. Comparison of amplification terms in a sedimentary basin, for (a) a vertically-incident shear wave or (b) a laterally
propagating Rayleigh wave. The spectral amplification patterns (c) indicate that the two wave types interact with the
low-velocity sedimentary layer in different ways. For this example, the shear wave velocity is set as 2.6 km/s in the basin and
3.2 km/s outside the basin. Note that for a more severe velocity contrast, all wave types would be more significantly
amplified, but the comparison would be qualitatively similar.
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Figure 2. Maps of relative amplification for Southern California, describing 1-D amplification factors relative to the hard rock site, PASC, at 0.4 Hz for (a) vertically-
incident shear waves, (b) horizontal component Rayleigh waves, and (c) Love waves. Faults from the U.S. Geological Survey and California Geological Survey [2006]
are shown by red lines.

Figure 3. Acceleration waveforms comparing shear and surface waves, from the El Mayor Cucapah earthquake, M7.2, with its epicenter roughly 130 km to the
SE of the Los Angeles Basin. (a–c) Unfiltered accelerations for vertical, radial, and tangential components, respectively. (d–f) Filtered at 0.3–0.7 Hz. In each
panel, peak ground acceleration (PGA) is identified for shear waves and surface waves separately, and the ratio of this PGA to the hard rock site, PASC, is
indicated.
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example, the center of the basin near station WTT is too deep for resonance of vertically-incident shear
wave at this period.

The Love-wave amplification predictions of Figure 2 are considerably higher than for the other wave types.
This is partly because the geologic structure at our reference site, PASC, allows for little Love wave energy.
On one hand, this may give a startling impression regarding the severity of Love waves in this basin, but it
also serves to illustrate that if a hard rock reference station (like PASC) is used for any type of ground motion
prediction or hazard estimate, Love waves will be significantly underpredicted from the analysis. The choice
of a different reference bedrock site will affect the intensity of amplifications reported in these maps, though
the dominant lateral features will remain.

Observations of ground motions confirm these differences in relative amplification. Specifically, we consider
ground motions of the El Mayor Cucapah Earthquake, Mw7.2, which occurred SE of the Los Angeles Basin in
2010. Four stations are indicated in Figure 2, each a comparable distance and azimuth from the event such
that attenuation and geometric spreading can be assumed comparable. Figures 3a–3c show the raw accel-
eration records, and we observe that the peak ground acceleration (PGA) relative to the hard rock site,
PASC, is different when we consider shear wave arrivals separately from surface waves. While distinguishing
surface waves from various body wave phases may often be difficult in practice (particularly for higher-
frequency waves), we emphasize that PGA is often higher in the surface-wave window compared to the
body-wave window (including for six of the nine basin ground motion records shown in Figure 3), despite
the significant attenuation of high-frequency surface waves at this distance.

When comparing filtered waveforms (Figures 3d–3f), these differences are even more severe. At frequencies
of 0.3–0.7 Hz, surface waves are amplified 2–3 times more strongly than shear waves, relative to the hard rock
site, again commensurate with predictions from the SCEC CVM in Figure 2. Our division between shear-wave
arrivals and surface-wave arrivals is based only on visual inspection of the hard rock site waveform, and some
of the PGA peaks may be ambiguous or close to the boundary. As such, a more rigorous approach describing
arrival energy with time could be applied or developed in the future [e.g., Saikia et al., 1994]. The predictions
shown in Figure 2 do not account for path effects or other 3-D surface-wave phenomena, such as lateral basin
resonance or conversion of wave types at sharp boundaries, yet the application of the appropriate 1-D site
terms alone explains the most significant features of the waveforms, thus demonstrating the usefulness of
the simplified 1-D amplification approach.

5. Discussion and Conclusions

In this work, we have shown that the nature of wave propagation results in different amounts of amplification
by local geological structure for surface waves as compared to body waves. Moreover, a simple analytic the-
ory can be applied to 1-D velocity structures to predict the amount of surface-wave amplification separately
from the body wave amplification that is more commonly computed. The differences in site amplification
spectra shown here indicate that if surface waves are to be included in any kind of hazard analysis, the ana-
lysis should include a frequency-dependent site response that is appropriate for surface waves. While some
ground motion prediction equations include terms for the presence of basins or long-period signals [e.g.,
Novikova and Trifunac, 1994; Campbell and Bozorgnia, 2013], and therefore may implicitly account for surface-
wave site response if the historical data contained these signals, application of the analytic theory used and
described in this paper can explicitly account for surface waves independently of body waves and thus allow
for the design of a more flexible and complete hazards model. Differences in source and path effects such as
attenuation [e.g., Mitchell, 1973] and geometric spreading would also need to be accounted for, and this
complexity suggests the importance of either simulations [e.g., Graves et al., 2010] or empirical observations
[e.g., Denolle et al., 2014], which describe the full waveform. Nonetheless, describing a site-amplification term
appropriate to each wave type represents a first step toward such an improved hazards model.

Independent of these considerations above, the differences in amplification spectra have implications for a
broad range of hazard estimation techniques and the resulting interpretation. For example, if spectral ratios
between two sites are measured, the existence of surface wave signals will fundamentally change the mea-
surement [e.g., Field, 1996]. Conversely, if empirical records from a hard rock site are modified for use in struc-
tural response simulations at a sedimentary basin site, the later arrivals in the waveforms may be significantly
misrepresented if only the standard, vertically-incident shear wave site term is applied. Cases where surface
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waves ultimately contribute to the highest levels of ground motion may explain some of the epistemic varia-
bility observed in strong motion catalogs, since correlations with local geology or other proxies do not have
the same relationship between surface waves and body waves. For all of these reasons, scientists and engi-
neers need to be aware that a single definition of “site amplification”may be insufficient to describe both sur-
face waves and body waves, in regard to both frequency and amplitude.
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Erratum

In the originally published version of this article, Equation (1) incorrectly included terms for phase velocity, c
or cR , which were removed. Equations (2) and (3) incorrectly included a factor of z2 , which was removed.

In the paragraph following Eq. 1, the phrase “c is phase velocity” is removed.

In the sentence “Specifically, the term 1/(cUI0) describes…” the c was removed.

Figures 1 and 2 have been updated to reflect the changes in Eq. 1.

The removal of the phase velocity term in Eq. 1 produced a small change; the amplification of horizontal and
vertical Rayleigh waves were slightly reduced, and colorscale adjusted, but the shape and peak frequency
remain the same. As such, the qualitative results, interpretation and conclusion remain unchanged. The z2

in Eq. 2 and 3 was purely a typo – computations did not use this and do not need to be adjusted.

Text following Figure 1 is adjusted slightly. The sentence reading “For this idealized model, surface-wave
amplification is roughly twice as strong and with a peak frequency twice that for the vertically-incident shear
wave” should now read “For this idealized model, surface-wave amplification is roughly 50% stronger than
and with a peak frequency twice that of the vertically-incident shear wave.”

Finally, Figure S1 is updated as well. Again, the amplification curves for vertical Rayleigh, horizontal Rayleigh
and Love waves are slightly reduced but the qualitative features and conclusions remain unchanged.

This version may be considered the authoritative version of record.

Geophysical Research Letters 10.1002/2016GL071885
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