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G E O P H Y S I C S

Ambient noise Love wave attenuation tomography 
for the LASSIE array across the Los Angeles basin
Xin Liu1, Gregory C. Beroza1*, Lei Yang1,2*, William L. Ellsworth1

The Los Angeles basin is located within the North America–Pacific plate boundary and contains multiple earthquake 
faults that threaten greater Los Angeles. Seismic attenuation tomography has the potential to provide important 
constraints on wave propagation in the basin and to provide supplementary information on structure in the form 
of the distribution of anelastic properties. On the basis of the amplitude information from seismic interferometry 
from the linear LASSIE array in the Los Angeles basin, we apply station-triplet attenuation tomography to obtain 
a 2D depth profile for the attenuation structure of the uppermost 0.6 km. The array crosses four Quaternary faults, 
three of which are blind. The attenuation tomography resolves strong attenuation (shear attenuation Qs ~ 20) for 
the fault zones and is consistent with sharp boundaries across them.

INTRODUCTION
The Los Angeles basin proper is home to a population of ~3 million. 
The basin was formed in the late Neogene within the plate boundary 
zone between Pacific and North America plates (1, 2). It is located 
south of the Big Bend of the San Andreas fault and accommodates a 
portion of the transform plate boundary motion through several 
regional/local faults. Among these faults, the right-lateral strike-slip 
Newport-Inglewood fault has clear surface expression and ruptured 
in a ML 6.3 earthquake in 1933 (3). Three blind faults, the Los Alamitos, 
Norwalk, and lower Elysian Park thrust faults east of the Newport-
Inglewood fault, do not have clear surface traces, and their locations 
and potential for earthquakes are poorly constrained. Traditionally, 
these blind faults are located using two indirect approaches: (i) offsets 
in subsurface interfaces imaged by seismic reflection surveys (2, 4) 
or (ii) seismicity distribution around a moderate earthquake on that 
fault (5). The first approach is costly to carry out, may contain dif-
fraction artifacts, and typically does not resolve the near-surface 
structure in Holocene sediments. The second approach relies on the 
sensitivity of seismic stations to small events in this urban environ-
ment and is of no use in the absence of detectable seismicity.

Seismic attenuation measures seismic wave amplitude decay due 
to absorption and scattering. Therefore, it is sensitive to the near-
surface geological structure. It also provides crucial information for 
earthquake ground motion prediction. A fault zone is characterized 
by strong attenuation due to well-developed cracks and fractures 
(6). Attenuation structure has been studied using the spectral ratio 
method (7–9) and fault zone trapped waves (10), but with limited 
spatial resolution. For seismic noise interferometry, Weaver (11, 12) 
and Liu et al. (13) have proposed attenuation inversion methods 
based on linear array of stations. Their goal is to cancel out the 
influences of noise sources, which are highly variable in space and 
time; however, they did not consider the effect of different Fresnel 
zone widths due to different interstation distances, which will be 
addressed in this paper. Love wave attenuation information has pre-
viously been extracted from higher-order noise correlations (14), and 

ambient noise data from USArray have been used for attenuation 
tomography at long periods across the continental United States 
based on Helmholtz tomography (15).

In this study, we use ambient seismic noise interferometry to 
infer the near-surface attenuation structure beneath the linear Los 
Angeles Syncline Seismic Interferometry Experiment (LASSIE) 
array (16) in the Los Angeles basin (Fig. 1). The attenuation tomog-
raphy is based on different combinations of linear station triplets 
(13, 17) in the LASSIE array. To suppress the effect of the azimuthal 
distribution of noise intensity, we add new constraints to the inter-
station distance ratios when taking amplitude ratios from two pairs 
of station within the triplet based on finite-frequency source ker-
nels. Through our method, we find a strong correlation between 
high attenuation (Q ~ 15 to 25) and known fault traces in the 
Los Angeles basin and evidence of buried fault zone damage for 
blind faults.

RESULTS
Love wave attenuation tomography
We estimate the Love wave attenuation quality factor QL for 25 evenly 
spaced periods between 0.74 and 5.0 s. For each period, we first loop 
over each of the 42 stations as the virtual source and select the eligible 
station triplets with distances x23 < 0.25x12, where the subscript 1 is 
the virtual source and the subscripts 2 and 3 represent two nearby 
receivers. Then, we estimate Q23 values for each triplet based on 
Eqs. 1 and 2 assuming that the site factors are similar for neighboring 
stations within the basin. The site effect is related to the amplification/
deamplification of seismic wave amplitude due to the near-surface 
layers. Based on uncertainty quantification for the amplitude ratio, 
we only select the amplitude ratios (left-hand side of Eqs. 1 and 2) 
greater than six times their corresponding SD.

With the estimated Q23 values from different station triplets, we 
first discretize the horizontal axis parallel to the LASSIE array with 
a grid spacing of 0.3 km. We then carry out linear least-squares in-
version by equating the path averaged attenuation 1/Q23 to the sum 
of the attenuation 1/Q contributions from different grid cells along 
the ray path between stations 2 and 3. The attenuation tomography 
for each period is computed by ridge regression with Tikhonov 
regularization terms and damping parameters selected using cross-
validation (text S3).
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The estimated Love wave attenuation 1/Q values appear to reflect 
with known fault zones in the Los Angeles basin (Fig. 2). Specifically, 
the Newport-Inglewood fault correlates with a thin vertical stripe 
at ~5-km location with strong attenuation 1/Q ~ 0.06 that extends 
between the periods of 0.74 and 3.0 s. The other three blind faults, 
the Los Alamitos fault, the Norwalk fault, and the lower Elysian 
Park thrust fault, span narrower period ranges, suggesting that these 
faults are confined to a narrower depth range in the near surface 
compared with the Newport-Inglewood fault.

We propagate the uncertainty of Q23 to the estimated Love wave 
attenuation tomography 1/Q values through the linear ridge regression 
(text S3). The uncertainty is displayed as 1 standard deviation (SD) 
of the inverted 1/Q value. The estimated uncertainty level (Fig. 2) 
indicates that most of the attenuation tomography 1/Q results are well 
constrained from 0.74- to 4.0-s periods. Some attenuation 1/Q values 
are only two to five times their SD at the southwest tip (~0.1 km) of 
the LASSIE array. The attenuation structure using periods greater 
than 4.2 s between 12 and 32 km horizontally is poorly constrained 
due to the longer wavelength and the resulting more subtle ampli-
tude decay for the same distances.

Shear attenuation depth conversion and interpretations
We need a shear velocity model beneath the LASSIE array to convert 
the Love wave attenuation at different periods to shear attenuation 
at depth. For this purpose, we perform Love wave phase velocity 
tomography using differential travel times from similar combinations 
of station triplets as used in attenuation tomography (fig. S1) be-
cause the differential time measurements considerably reduce the 
bias due to uneven noise source distribution (18). We convert the 
Love wave phase velocity tomography images to a shear velocity 
model as a function of depth (text S4) with the traditional perturbation-
based approach (19). The shear velocity model (Fig. 3A) shows a 
smoothly varying lateral velocity structure between 0- and 26-km 
locations along the LASSIE array, indicating similar site responses 
for nearby receiver locations.

We apply a linear least-squares inversion to the shear attenuation 
depth profile estimation (20). For each horizontal grid location along 
the LASSIE array, we discretize the one-dimensional (1D) depth 

Fig. 1. Map of the LASSIE array and regional faults. 

Fig. 2. Love wave attenuation inversion with uncertainty quantification. Top: 
Topography along the A-A′ profile of the LASSIE array. Middle: Love wave 1/Q 
attenuation tomography with period between 0.74 and 5.0 s. Bottom: Uncertainty 
quantification showing 1 SD for 1/Q. Solid line: fault with surface trace. Dashed line: 
blind faults. NIF, Newport-Inglewood fault; LAF, Los Alamitos fault; NF, Norwalk fault; 
LEPTF, lower Elysian Park thrust fault.

A

B

Fig. 3. Depth conversion for attenuation structure. Shear (S) wave (A) velocity 
and (B) attenuation tomography based on Love wave. Fault acronyms are the 
same as in Fig. 2.
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grid beneath it using 0.04-km grid spacing for a depth range between 
0 and 2 km and 0.2-km grid spacing for a depth range between 2 
and 5 km. We then estimate the shear attenuation in the lth depth 
layer 1/Ql from the Love wave attenuation 1/QL through a linear 
least-squares inversion using Love wave phase velocity sensitivity 
kernels (text S4).

The shear attenuation result (Fig. 3B) shows that the Newport-
Inglewood fault correlates with a low-Q 1-km-wide band extending 
from the surface to ~0.4-km depth, below which the resolution of 
surface waves deteriorates. The Los Alamitos fault corresponds to a 
low-Q patch defined between 0.05 and 0.4 km in depth and 7 and 
11 km horizontally, which agrees with the lack of surface rupture. 
The depth of fault tip can potentially constrain the recency of fault 
motion, which cuts through the Harbor stratum but not the Mesa 
stratum according to stratigraphy data from a nearby site at Long 
Beach City College (21). According to the dated ages of different 
stratigraphic units, the recency of faulting estimate for the Los 
Alamitos fault is between 80,000 and 160,000 years, which is con-
siderably narrower than the previous age bracket between 11,000 
and 500,000 years (22). The location of the Norwalk fault was poorly 
constrained previously, but we find an asymmetric low-Q patch 
between 16 and 18 km horizontally that matches its location. The 
upper tip of the Norwalk fault is much closer to the surface than the 
Los Alamitos fault, suggesting that it may be more recently active. 
The lower Elysian Park thrust corresponds to an asymmetric patch 
between 19.5 and 23 km horizontally with a weaker attenuation 

of Q ~ 30, suggesting that it contains less damage in the near-
surface structure.

A low-Q anomaly between 25 and 28 km (Fig. 3B) horizontally 
and, in the top, 0.1-km depth does not correspond to any known 
fault. We believe that this anomaly is likely produced by the hill 
of ~300-m elevation spanning between 25 and 34 km in the X direc-
tion. At a much larger scale, surface topography is known to affect 
surface wave amplitude according to a study north of the Los Angeles 
basin (23), in which the San Gabriel Mountains reduce the peak 
surface wave amplitude.

DISCUSSION
The near-surface attenuation result contains strong lateral variability 
that can be used to model site-specific future earthquake ground 
motions in the Los Angeles basin. Because the attenuation model 
does not simply correlate with the velocity model, shear attenuation 
tomography provides additional information, in particular potentially 
a stronger sensitivity to fault zone structure. The method of ambient 
noise attenuation tomography using linear dense array can be general-
ized to 2D arrays of different length scales, as long as surface topog-
raphy is negligible compared to the target depth range. In particular, 
this improved approach may facilitate the detection and location 
of near-surface blind faults in populated/urban sedimentary basins 
around the world where strong attenuation positively correlates with 
cracks and pore fluids in a fault zone damage structure (24).

Fig. 4. Linear station triplet and cancellation of noise source sensitivity. The interstation distances are 38 and 42 km for the pairs 1-2 and 1-3, respectively. The top 
panel applies to the causal part of cross-correlation function while the bottom panel applies to the anticausal part. Columns 1, 2, and 3 correspond to triplet geometry, 
amplitude source kernel, and amplitude ratio (differential logarithmic amplitude) source kernel, respectively.
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We improve the previous attenuation inversion technique using 
a linear triplet of stations by imposing a limit on maximum 25% dif-
ference between the distances for two pairs of stations when measuring 
the amplitude ratio. Interstation distance and wavelength determine 
the angular width of the Fresnel zone (18, 25), where the noise 
sources have constructive interference. The goal of the distance limit 
is to facilitate cancellation of noise source sensitivity within the 
Fresnel zone after taking amplitude ratio by ensuring the maximum 
overlap of the Fresnel zones for the two pairs of stations (Fig. 4). 
Detailed derivation for finite-frequency amplitude source kernels is 
included in text S5.

It is important to understand the limitation of attenuation to-
mography based on ambient noise interferometry. There are potential 
competing factors including elastic scattering due to fault zone or 
fold structure, notable topography compared to wavelength and 
depth of interest, human infrastructure with deep foundations, and 
anthropogenic noise sources. The elastic wave propagation effect due 
to heterogeneous medium can cause focusing/defocusing of surface 
wave amplitudes, which is not addressed here due to the limitation 
of the 1D linear array. Substantial topography can introduce arti-
facts in surface wave amplitude and we avoid interpretation for 
attenuation/velocity structure beneath a hill overlaying the Whittier 
fault. As is true for many attenuation studies, the current technique 
cannot separate scattering attenuation from intrinsic attenuation. 
Undesirable urban noise can contaminate the amplitude information 
derived from ambient noise interferometry. Despite these limitations, 
the coincidence between attenuation tomography and known local 

faults shows the promise of this improved method and motivates 
further studies.

MATERIALS AND METHODS
Liu et al. (13) developed the attenuation inversion technique for linear 
triplet of stations, and Allmark et al. (17) extended it to a real-world 
tomographic application for a 2D dense array in the North Sea with 
an interpretation in terms of basin fracture properties. Here, we 
introduce a new criterion on enforcing the similar distances for two 
pairs of stations within the triplet when taking amplitude ratios 
to reduce noise source sensitivity further. In addition, we convert 
the Love wave attenuation to shear attenuation at different depths 
through the Anderson et al. (20) theory.

We download the LASSIE array continuous data between the 
Julian days 274 to 300 of 2014 consisting of 42 broadband seismom-
eters along a line A-A′ (Fig. 1). We remove instrument response 
from the three-component sensors and downsample the data from 
100 to 10 Hz. We divide the continuous noise data into evenly spaced 
50-s time windows with 10-s gaps between neighboring windows. 
We then cross-correlate the corresponding time windows from two 
sensors in the frequency domain and estimate the statistics of the 
cross-spectral values between 0.1 and 5.0 Hz. For each frequency, a 
cross-spectrum is marked as an outlier if it exceeds four times the 
median absolute deviation. Any time window with more than 10% 
outliers between 0.1 and 5.0 Hz is excluded from subsequent analysis 
and stacking (26, 27).

A

B

C

D

Fig. 5. Uncertainty quantification and amplitude measurements. (A) and (B) are narrowband filtered noise cross-correlation bootstrap distribution and amplitude 
uncertainty, respectively. (C) Virtual source N101 waveform gather filtered between 0.25 and 0.35 Hz. (D) Virtual source N101 waveform gather filtered between 0.45 
and 0.55 Hz.
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The core of the attenuation inversion method is based on linear 
triplets of seismic stations (13, 17, 28), which act to cancel common 
noise sources’ contributions by taking amplitude ratios between two 
pairs of stations (text S5). For the causal part of noise cross-correlation 
function (Fig. 4, top), the amplitude measurement of station pair 
1-2 is very sensitive to noise sources within the Fresnel zone (red) 
on the left. Given that the interstation distances for the two station 
pairs 1-3 (42 km) and 1-2 (38 km) are similar, the amplitude ratio 
(differential logarithmic amplitude) measurement is insensitive to 
noise sources within the Fresnel zone. Similarly, for the anticausal 
part of the noise cross-correlation function (Fig. 4, bottom), the 
amplitude ratio measurement of the pairs 1-3 and 1-2 shows sub-
stantially reduced sensitivity to noise sources within the Fresnel zone 
on the right as compared to the source sensitivity of amplitude 
measurement for the pair 1-2. On the basis of the finite-frequency 
source kernels for amplitude ratio measurements, a satisfactory 
cancellation of the sensitivity to noise sources within the Fresnel 
zone requires that the two pairs of stations have similar interstation 
distances such that the Fresnel zones of the two pairs will largely 
overlap (18). Therefore, we only select the station triplet where the 
distance x23 of the two nearby stations is less than 25% of the dis-
tance to the virtual source x12.

The linear triplet inversion can be formulated for two scenarios. 
In the first case, the virtual source emits waves recorded by receivers 
2 and 3 as the causal part of interferometric functions 1-2 and 1-3. 
The linear least-squares inversion based on amplitude ratios yields 
the attenuation quality factor Q23 between 2 and 3

	​ ln ​​   C ​​13​ + ​( ) − ln ​​   C ​​12​ + ​( ) = ​ −  ​t​ 23​​ ─ 2 ​Q​ 23​​  ​ + ln ​ ​​ 3​​ ─ ​​ 2​​ ​​	 (1)

where ​​​   C ​​13​ + ​​ and ​​​   C ​​12​ + ​​ are causal part amplitudes for the pairs 1-3 and 
1-2, respectively, after correction for geometric spreading (text S1). 
We assume that the ratio of site amplification factors 3 and 2 is 
constant over a narrow frequency band. The travel time difference 
between receivers 2 and 3 is t23 = t13 − t12. The natural logarithm  
is ln(↺).

In the second case, stations 2 and 3 emit waves that converge at 
station 1 as the receiver, which is equivalent to using the anticausal 
parts of noise interferometric functions for 1-2 and 1-3. The linear 
least-squares inversion for Q23 using the anticausal part of noise 
correlation function is

	​ ln ​​   C ​​12​ − ​( ) − ln ​​   C ​​13​ − ​( ) = ​ −  ​t​ 23​​ ─ 2 ​Q​ 23​​  ​ + ln ​ ​​ 2​​ ─ ​​ 3​​ ​​	 (2)

where ​​​   C ​​12​ − ​​ and ​​​   C ​​13​ − ​​ are the anticausal part amplitudes for the pairs 
1-2 and 1-3, respectively, after correction for geometric spreading.

Before applying the attenuation inversion to the LASSIE array 
data, the spectra of each noise cross-correlation are normalized us-
ing the same spectral normalization function, defined as the median 
power spectra on horizontal components among all stations. The 
spectral normalization step has similar effects to pre-whitening (29) 
in traditional noise preprocessing workflow, while preserving the 
relative amplitude information.

To extract amplitude information with uncertainty from the 
transverse-transverse component noise interferometric functions, we 
quantify uncertainty in the narrowband-filtered noise cross-correlation 
using both bootstrap and theoretical approaches. The amplitude is 

simply derived from the peak of the envelope for noise interferometry, 
while its associated uncertainty requires more steps. The bootstrap 
method approximates the variance for every discrete time point of 
noise the cross-correlation (Fig. 5A), by randomly resampling the 
noise time blocks (observations) with replacement (text S2). Each 
hour-long time block ensures that the temporal correlation within 
the time block will be preserved. The theoretical uncertainty of noise 
cross-correlation function is derived (text S2) from the standard 
errors of stacked noise cross-spectra under the assumption of a dif-
fuse noise field. By comparing these two approaches to uncertainty 
quantification, we find that the bootstrap uncertainty is notably 
higher than the diffuse field theory predicted error for the ballistic 
Love wave arrival (Fig. 5B), indicating a strong nondiffuse compo-
nent to the ambient seismic noise from 0.25 to 0.35 Hz. Therefore, 
we use the bootstrap uncertainty instead of the diffuse field theory-
predicted uncertainty for peak amplitude measurements.

For the westernmost virtual source N101 of the LASSIE array, 
we plot its transverse component cross-correlations with all other 
sensors (Fig. 5, C and D). The amplitude versus distance decays more 
slowly for the waveforms filtered at lower frequencies between 0.25 
and 0.35 Hz (Fig. 5C) than those filtered at higher frequencies be-
tween 0.45 and 0.55 Hz (Fig. 5D), which is due to more cycles of 
wavelengths suffered within the same distance for higher frequencies.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/22/eabe1030/DC1
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