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I. Technical Report 
In this work, we primarily address the five topics reviewed in the summary. They are: (1) Developing a 
theoretical understanding of ambient noise amplitudes; (2) developing robust methods of wavefield analy-
sis to accurately measure surface-wave amplification, and testing the ambient noise results against 
earthquake data; (3) applying the methods to ambient noise recorded by dense Southern California seis-
mic networks; and (4) understanding how to use the results for improving ground-motion hazards. In the 
following sections, we describe these findings. 

A. Theoretical Understanding of Ambient Noise Amplitudes 
We build on Tsai (2011), who provided a straightforward framework for evaluating the effect of ambient 
noise distributions on the retrieved amplitude decay as a function of interstation spacing. In the original 
work, it was found that coherency measurements had a strong bias dependent on the azimuthal and radi-
al distribution of sources. In our extension, we evaluate the smoothness constraints on the noise and find 
that the average weighted noise amplitudes need to be equal within all Fresnel zones as the interstation 
distance changes (Tsai & Zhan, 2012). This implies there may be important cases where the strong vari-
ability in noise source distribution is mapped incorrectly into differences in amplitude decay and attenua-
tion. In addition, we also determine the differences in amplitude decay for raw cross correlations, rather 
than coherency measurements, and find that these are significantly different from those coherency meas-
urements evaluated by Tsai (2011). Finally, we examine the effect that temporal variations in ambient 
noise frequencies have on the retrieved waveforms. We discover a subtle tradeoff between apparent ve-
locities and the amplitude spectrum such that one could mistakenly infer temporal changes in velocity 
structure  that was in fact due to changes in the amplitude spectrum of noise (Zhan et al., 2013). These 
spurious changes are of similar magnitudes to those reported by previous authors (Meier et al., 2010), 
thus drawing into question the reliability of those measurements. 

B. Development of Helmholtz-Amplitude Tomography & Applications to Earthquake Data 
In previous work, Lin & Ritzwoller (2011) developed the Helmholtz tomography method, which measures 
phase velocities from estimates of gradients of the travel time wavefield that includes a finite-frequency 
focusing/defocusing correction from the inclusion of amplitude measurements. In our work, we extend the 
Helmholtz method to explicitly account for both site amplification and attenuation, and to track both the 
real and imaginary parts of the Helmholtz equation (Lin et al., 2012a). 
 
To demonstrate the new method, we apply this modified Helmholtz-amplitude tomography method to 
earthquake data from USArray. USArray station spacing is not of sufficiently high resolution to obtain ro-
bust high-frequency measurements, but we demonstrate that the method works well. We obtain reliable 
maps of site amplification, and the velocity models we obtain compare favorably with the observations. 
 
In parallel work, we measure horizontal-to-vertical (H/V) amplitude ratios, which further constrains site 
response (Tanimoto & Rivera, 2008). Our inferred site amplification maps from these observations (Lin et 
al., 2012b; Lin et al, 2014) compare well with those based on the Helmholtz-amplitude method. When 
data are normalized by an array-normalized average, rather than with single-station normalization, both 
methods are furthermore shown to not have the strong biases of the two-station method described in 
Section A when applied to ambient noise data. Thus, the amplitude variability measured from both tech-
niques are more stable and robustly interpreted.  

C. Application of the Methods to Ambient Noise in Southern California 
With the successful application of both the Helmholtz-amplitude method and the H/V method to earth-
quake data, and the understanding of both methods as applied to ambient noise measurements, we are 
confident that they can be applied well to ambient noise data recorded in southern California, where it is 
easier to attain the high frequencies desired. To test the Helmholtz-amplitude method on ambient noise 
data, we have utilized data from 2 industrial seismic surveys, the Long Beach Array and the Santa Fe 
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Springs Array. Both of these arrays use a high density of low-cost sensors to cover an area roughly 50 
km2 with ~5000 instruments. After performing un-normalized ambient noise cross correlations to all sta-
tion pairs, we apply the Helmholtz methodology to estimate the variability in site response. The results for 
the Long Beach Array are shown in Fig. 1, and show strong variability in local site amplification of surface 
waves that correlates with fault structure. Specifically, the results show that variability in site amplification 
is often as large as a factor of four different, even at locations within 1-2 km of each other, and that this 
strength of variability in site amplification exists over a range of frequencies from at least 0.6-2.0 Hz 
(Bowden et al., 2015). The Santa Fe Springs Array appears to be located over a much more homogene-
ous geologic structure, composed primarily of uniform sediments covering the Los Angeles Basin, and 
thus has much smaller variability in site amplification. 

 
Figure 1: Relative site amplification factors at (a) 0.67 Hz, (b) 1.0 Hz, and (c) 2.0 Hz, across the Long 
Beach Array. Below each amplification map (d-f) are phase velocity maps from Lin et al. (2013) with sen-
sitivity kernels that best match the amplification map above it (frequencies of 0.9 Hz, 1.4 Hz, and 3.3 Hz, 
respectively). Figure from Bowden et al. (2015). 
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At the larger scale of the Southern California Seismic Network (SCSN) covering all of southern California, 
the SCCN has stations that are not spaced densely enough for the Helmholtz-amplitude method to work 
well, so we have applied the H/V method to measuring site amplification variability across southern Cali-
fornia. Preliminary ambient noise correlation measurements across yield reliable measurements over a 
range of frequencies from 0.1-1.0 Hz. Using these measurements averaged over all noise correlation 
pairs results in single-station average H/V measurements that can be used to invert for shallow local ve-
locity structure. Initial inversion results for velocities in the shallow-most 500-m depths are shown in Fig. 
2, and clearly demonstrate robust constraints on the shallow low-velocity sedimentary basin structures 
that cause high local amplification (Muir & Tsai, in prep.). 
 

 
 
 
 
 
 
Figure 2: Preliminary results for aver-
age shear-wave velocity from 0-500 m 
depth for SCSN stations measured 
across southern California from ambient 
noise H/V data. The low shear-wave 
velocities corresponding to the sedi-
mentary structures of the Los Angeles 
Basin and Salton Trough are clearly 
visible. From Muir & Tsai (in prep.). 
 
 
 
 
 
 
 
 
 
 

 

D. Implications for Improving Ground-Motion Hazards Estimates 
Through the course of making surface-wave site amplification measurements, it became apparent to us 
that the measurements made using surface waves are sensitive to significantly different structure as 
compared with vertically-incident shear waves. While the two types of measurements are qualitatively 
similar, in that both are sensitive to shallow velocity structure as well as the impedance contrasts that re-
sult from shallow low-velocity sediments sitting atop high-velocity bedrock, there is a significant quantita-
tive difference that has not been well appreciated by studies of ground-motion hazards. In particular, all 
estimates of local ground-motion amplification due to site effects that go into ground motion prediction 
equations (GMPEs) for estimating local shaking intensity use either empirical measures of site amplifica-
tion that mix measurements of vertically-incident waves with those of surface waves or use calculations of 
local amplification from vertically-incident waves only. To demonstrate the significant differences in site 
amplification due to surface waves and vertically-incident shear waves, we have embarked upon a sys-
tematic study of the differences predicted for southern California, using the SCEC CVM. Preliminary re-
sults are shown in Fig. 3 and show that the amount of amplification depends significantly on the wave 
type considered (Bowden & Tsai, submitted). Future work will be done to determine how these differ-
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ences can be included in GMPEs, and thus improve our ability to predict the variability in strong ground 
motion, particularly for distributed infrastructure that is sensitive to the 0.3-2 Hz waves that we have sys-
tematic differences in both predicted and observed amplification. 
 

 
Figure 3: Maps of relative amplification for southern California, describing 1D 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 are shown by red 
lines. From Bowden & Tsai (submitted). 

E. Broader Impacts 
The work has been used as a key example of how scientists are working to better address earthquake 
risks in a number of outreach talks and tours both at the Seismological Laboratory at Caltech and in local 
Pasadena and other LA county schools. The research also paves the way for improved earthquake zona-
tion based on new knowledge of local ground motion amplification, and will allow society to respond more 
effectively to earthquake hazards. 
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