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Abstract13

The metropolitan Los Angeles region represents a zone of high-seismic risk due to its prox-14

imity to several fault systems, including the San Andreas fault. Adding to this problem15

is the fact that Los Angeles and its surrounding cities are built on top of soft sediments16

that tend to trap and amplify seismic waves generated by earthquakes. In this study, we17

use three dense petroleum industry surveys deployed in a 16x16-km area at Long Beach,18

California, to produce a high-resolution model of the top kilometer of the crust and in-19

vestigate the influence of its structural variations on the amplification of seismic waves.20

Our velocity estimates reveal substantial lateral contrasts and correlate remarkably well21

with the geological background of the area, illuminating features such as the Newport-22

Inglewood fault, the Silverado aquifer, and the San Gabriel river. We then use compu-23

tational modeling to show that the presence of these small-scale structures have a clear24

impact on the intensity of the expected shaking, and can cause ground-motion motion25

acceleration to change by several factors over a sub-kilometer horizontal scale. These re-26

sults shed light onto the scale of variations that can be expected in this type of tectonic27

settings and highlight the importance of resolution in modern-day seismic hazard esti-28

mates.29

1 Introduction30

Los Angeles county and its surrounding areas are know for their susceptibility to31

earthquake shaking and for having several crossing faults that are capable of producing32

major damage to their infrastructure. The 1933 Mw 6.4 Long Beach earthquake, for in-33

stance, caused widespread damage throughout the southern part of Los Angeles basin,34

resulting in more than 100 civilian fatalities (Wood, 1933) and over 40 million dollars35

in economic loss (Stover & Coffman, 1993). The 1994 Mw 6.7 Northridge earthquake caused36

several gas leaks and collapsed numerous roadways and buildings across the region, mak-37

ing it one of the costliest disasters in US history (Bolin & Stanford, 1998). More recently,38

the 2019 Ridgecrest earthquake sequence struck the Californian Mojave Desert, caus-39

ing significant structural damage near its epicenters and noticeable shaking in the greater40

Los Angeles area.41

Modern seismic hazard assessments are generally performed using deterministic ap-42

proaches, in which a realistic representation of both the source process and the subsur-43

face properties are used to obtain an estimate of the ground motion due to a large earth-44
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quake (e.g., Costa et al., 1993; Wald & Graves, 1998; Rodgers et al., 2018). As our knowl-45

edge of the crustal velocity distribution across southern California has evolved, these cal-46

culations have made it possible to identify zones in which the heaviest damage can be47

expected and have ultimately allowed the generation of building codes to make struc-48

tures more resistant to earthquakes (Graves, 2008; Olsen et al., 2009; Graves & Pitarka,49

2016). However, with the ever increasing amount of seismic records, it has become clear50

that there are still significant differences between modeled and observed ground-motions51

across multiple scales that tend to produce large errors in seismic hazard estimates. Such52

discrepancies appear to stem from the fact that the shallow structure in Los Angeles basin53

is not well-characterized by the 3D models used in the simulations and that, as a result,54

its influence on the propagation of seismic waves is not entirely captured (Taborda et55

al., 2016; Wang & Zhan, 2020). These shortcomings have important societal impacts as56

the underprediction of expected ground motion possess an immediate risk to the inhab-57

itants of the area whereas the overprediction leads to costlier structural design and con-58

struction (Goulet et al., 2007).59

Substantial work has been done in order to improve the accuracy of the velocity60

models of southern California. Examples of such efforts include the development of so-61

phisticated imaging methods (e.g., Tape et al., 2009; Zhong & Zhan, 2020; Muir & Tsai,62

2020), the incorporation of more seismic data (e.g., Magistrale et al., 2000; Kohler et al.,63

2003; Lee et al., 2014), and the deployment of temporary nodal arrays that allows us to64

explore the complex architecture of Los Angeles basin with refined detail (e.g., Liu et65

al., 2018). In particular, the introduction of oil-industry surveys into the field of crustal66

geophysics has dramatically increased the resolution of regional velocity models and, with67

it, improved the prediction of several seismic observables (Lin et al., 2013; Jia & Clay-68

ton, 2021). Because of their unprecedented density, these seismic arrays are perhaps the69

most reliable way to determine the fine-scale structure of the crust and investigate the70

many complicated phenomena that can occur during seismic wave propagation. How-71

ever, because of their financial cost, only a few regions around the world have hosted this72

type of experiments, resulting in a lack of knowledge on both the scale of structural vari-73

ations and the spatial variability in shaking intensity that we can expect on this type74

of tectonic settings.75

In this study, we use three of the highest resolution seismic arrays ever deployed76

in southern California to probe the elastic properties of the Long Beach crust and in-77
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vestigate the seismic response of the ground beneath the surveys. Within this scope, we78

present a newly developed framework that allows us to perform reliable surface wave phase79

velocity measurements and construct a high-resolution 3-D model of the crust. We then80

report the peak ground motion acceleration that is expected at different sections of the81

experiment as obtained by propagating numerous wavefields through our velocity esti-82

mates. Finally, we discuss the potential of these type of arrays as well as their impact83

on future hazard assessment studies.84

2 Data and Methods85

2.1 Ambient Noise Data86

Three dense arrays, with a total of ∼13,000 seismic stations, were deployed as part87

of different petroleum industry surveys in Long Beach, CA, across the northwest-southeast88

trending Newport-Inglewood fault (NIF) system (Figure 1). Each of these networks (com-89

monly known as the Long Beach, the Extended Long Beach and the Seal Beach arrays)90

consisted in a large group of 100-meter-equispaced high-frequency velocity sensors that91

were designed to illuminate the shallow oil deposits associated with the faulting of the92

area (Wright, 1991). Fortunately, during their time of operation, these instruments recorded93

continuously and, therefore, not only captured the active source component of the sur-94

veys, but also several passive sources including the ambient noise field. This last char-95

acteristic of the experiments allows us to move beyond the focus of traditional petroleum96

seismology and use this type of instrumentation to investigate local microseismicity (e.g.,97

Li et al., 2018), the mechanics of active fault zones (e.g., Inbal et al., 2016), and the struc-98

ture of the deeper crust (e.g., Lin et al., 2013; Nakata et al., 2015; Castellanos et al., 2020;99

Clayton, 2020).100

In recent years, ambient-noise tomography has become a well-established imaging101

tool for investigating the elastic properties of the subsurface. This technique starts by102

cross-correlating the Earth’s background vibrations recorded at a pair of receivers to ap-103

proximate the Green’s function between the two instruments (Shapiro & Campillo, 2004;104

Shapiro et al., 2005; Bensen et al., 2007). Once a sufficiently long segment of ambient105

noise is cross-correlated, and the correlation function converges, classical tomographic106

techniques are applied to the emerged signals to extract critical information of the av-107

erage velocity structure of the Earth along the path that waves have traveled (Yao et108
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al., 2006; Moschetti et al., 2007; Lin et al., 2008; Ritzwoller et al., 2011). Because the109

resolution of ambient-noise tomography depends only on the geometry and distribution110

of seismic instruments, the analysis of noise-derived ballistic waves has enabled the con-111

struction of velocity models with unprecedented detail, and even allowed the mapping112

of the near-surface structure of seismically quiescent areas (e.g., Nicolson et al., 2012).113

Here, we expand on the work of Lin et al. (2013) and use ambient noise data from114

all three temporary oil industry surveys to extract the Green’s function between nodal115

instruments. Because these arrays operated at different times and, therefore, recorded116

asynchronously, each network was only cross-correlated with itself. The processing scheme117

used to process the noise recordings closely follows that of Bensen et al. (2007) and re-118

sulted in more than 30 million correlograms that show clear surface waves traveling be-119

tween the different pairs of stations (Figure 2). Since the dense arrays were composed120

of vertical geophones only, the emerged signals likely correspond to Rayleigh waves. These121

arrivals are the base of our investigation and are the tool with which we image the struc-122

ture beneath the arrays.123

2.2 Inversion for a 1-D Velocity Model124

As with every structural investigation, it is desirable have some a-priori knowledge125

of the average velocity structure of the target area before characterizing the small de-126

viations from it. To this end, we use all of the available cross-correlations to generate127

a stacked gather for each of the surveys. We then convert these record sections to the128

Tau-p domain via a slant-stack scheme to obtain the frequency-phase-velocity represen-129

tation of the signals (McMechan & Yedlin, 1981). The collective analysis of multiple-offset130

traces allows to retrieve clear fundamental mode (FM) and first overtone (FO) disper-131

sion curves for the 0.5-4 Hz frequency band, which we use to construct a shear-wave ve-132

locity profile that represents the mean structure of the top kilometer of the crust beneath133

the arrays. For the actual inversion, we average all of the extracted phase velocities to134

build a single FM and FO dispersion curve, and use Haney and Tsai (2017) perturba-135

tional algorithm to jointly invert the two modes for the best-fitting shear-wave velocity136

model. The average correlation gather, dispersion curves, modes sensitivities, and inverted137

velocity profile are shown in Figure 3a-e.138
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2.3 Surface Wave Relative Traveltime Measurements139

Although the slant-stack analysis of entire record sections allows us to retrieve ro-140

bust velocity estimates, as evidenced by the agreement between our inversion results with141

the CVM-S4 reference model (Figure 3e), our ultimate goal is to analyze the small ve-142

locity variations across the seismic arrays. Such task, however, relies on our capability143

to extract reliable velocity measurements from individual cross-correlation functions, which144

can be problematic due to scattering, attenuation and the inherent high-noise level of145

the signals. For this reason, we implement an automatic neighborhood-based cross-correlation146

method for phase arrival picking that allows us to deal with complicated waveforms (Gouédard147

et al., 2012; Jin & Gaherty, 2015). This technique begins by band-pass filtering all of the148

existing traces of a given source to a particular narrow-band frequency and measuring149

their differential delay times, ∆t, with respect to the waveforms recorded at neighbor-150

ing stations (Figure 4). To perform this calculation, we window the correlograms around151

the expected arrival time of the ballistic wave using a cosine-tapered window that is flat152

for 5 times the center frequency of the band-pass filter. Moreover, to address the prob-153

lem of cycle-skipping, we limit the radius of the interstation cross-correlation to one wave-154

length long, as determined by the reference dispersion curve that was extracted from the155

stacked correlation gather in Figure 3. Once all of the cross-correlation derived differ-156

ential delay times are collected, we arrange them into the form:157
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, (1)158

so that the relative arrival time, t, of the wavefront recorded by every RN receivers can159

be inverted using a simple least squares method (VanDecar & Crosson, 1990). To en-160

sure that the traveltime field that is obtained from this operation is locally smooth, we161

introduce the regularization term:162
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S(r, r’) = exp

(
−|r− r’|

2σ2

)
, (2)163

∫
S

S(r, r’)dr’ = 1, (3)164

where r is the position vector of the stations and σ is the spatial smoothing width or cor-165

relation length (Barmin et al., 2001). Here, we set the value of this term to a half-wavelength166

of the filter’s center frequency, and determine the overall strength of the smoothing ker-167

nel, S, from an L-curve analysis (Figure 5a). For the actual inversion, we chose to con-168

sider only high-quality waveforms and remove all relative delay times with a correlation169

coefficient smaller than 0.90. Figure 5b-c shows the inverted relative traveltime measure-170

ments for the 1-s period fundamental model Rayleigh wave that is derived from a sin-171

gle virtual source located at the northwestern end of the Long Beach array. Note that,172

to honor the far-field approximation, we only solve for the relative traveltimes of stations173

that are more than three wavelengths away from the virtual source (Yao et al., 2006; Lin174

et al., 2008).175

To produce 3-D velocity model of the subsurface, it is necessary to characterize the176

propagation properties of surface waves that are sampling different depths of the crust.177

This task, in turn, requires us to extend our analysis to a wide range of frequencies, which178

can be challenging particularly when moving to a higher spectrum. For this reason, we179

introduce an intermediate step into our processing scheme, where we use the differen-180

tial delay times of the long period waveforms to track the correct phase delays to higher181

frequencies (Figure 5d). This implementation allows us to use simpler signals to guide182

the relative traveltime surfaces to higher frequencies and hence avoid cycle-skipping.183

In this study, we apply this algorithm to every virtual source available in all three184

of temporary surveys to generate relative traveltime surfaces of the fundamental mode185

Rayleigh waves for the 0.5-4 Hz frequency band. For these calculations, we used the 1-186

s measurements to track the correct phase delay to higher frequencies, and performed187

an individual inversion for all the longer periods. We also disregarded the first-overtone188

surface waves since these wave packets were not always visible in individual waveforms189

and, for certain offsets and frequencies, the two modes interfered with each other, with190

the fundamental mode dominating the first overtone. Lastly, we remove all data involv-191

ing the 300 marine nodes of the Seal Beach array as these recordings were particularly192
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noisy and no clear surface waves from these virtual sources were observed. This oper-193

ation resulted in almost 13,000 relative traveltime surfaces for each frequency that was194

analyzed, which we then used to construct phase velocity maps.195

2.4 Surface Wave Phase Velocity Measurements196

We use the collection of the relative traveltimes, to invert for the frequency-dependent197

phase velocities. To do so, we implement a time-based beamforming scheme, where, for198

a given virtual source, we take groups of relative arrival times that are less than a half-199

wavelength away from a given reference receiver and use a plane-wave approximation to200

solve for the horizontal slowness vector, u, that can best explain the observations (Fig-201

ure 6a-b). Here, we define said vector as:202

u = u

cos(θ)

sin(θ)

 =

ux
uy

 , (4)203

where u represents the horizontal slowness and θ the direction of propagation of the wave.204

From this expression, we can then write the relative arrival time of a group of receivers205

as:206

t(x,u) = u · (x− xc) (5)207

where the vector x represents the spatial coordinates of every station in the subarray and208

xc the center coordinates of the subarray. This formulation allows us to directly solve209

for the local phase velocity and the wave’s propagation direction at the different sections210

of the array with very few assumptions. However, the primary reason why we measure211

phase velocities with this approach is because this operation is efficient enough to allow212

the use of Gaussian statistics to quantify the robustness of the inverted slownesses and213

azimuths. To do so, we apply a bootstrapping method to every subarray relative trav-214

eltimes using a total of 300 resamples and, for each family of measurements, obtain a new215

local phase velocity and azimuth (Figure 6c-d). We then translate the spread of these216

quantities into an absolute error value by taking the product of the eigenvalues of their217

covariance matrix. To show the performance of our scheme, Figure 6e-g shows the lo-218

cal phase velocity, backazimuth, and associated error for the 1-s period Rayleigh wave219

that is derived from a single virtual source located at the southeastern end of the Long220
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Beach array. It is worth noticing how the stations with the largest error are coincident221

with the sections of the survey that have a relatively anomalous phase velocity and back-222

azimuth estimation.223

Once all of the virtual sources have been used to derive the frequency-dependent224

phase velocity measurements, we weight-stack them to produce an isotropic phase ve-225

locity map. For this process, we use the bootstrap-derived errors as a mean to weight226

the phase velocity values and opt to only retain sites in which more than 100 velocity227

measurements were made. This step allows us to dramatically reduce the effects of ir-228

regular measurements and obtain a robust representation of the phase velocity at each229

site. Figure 7 schematically shows the construction process of the 1-s period isotropic230

phase velocity map of the Long Beach array, together with a group of higher-frequency231

velocity maps that were generated using the longer period relative phase delay times as232

reference.233

Up to this point, all of the processing steps and examples that have been presented234

here have been derived using data from the Long Beach survey. Nonetheless, the adapt-235

ability of our framework makes it straightforward to extend our analysis to the neigh-236

boring arrays. Figure 8 shows the phase velocity distribution for the 1-s period Rayleigh237

wave that is obtained by combining all three of the temporary surveys. From this im-238

age, we can note the continuity of the phase velocity estimates, as evidenced by the northwest-239

southeast trending fast anomaly that is characteristic of the NIF (Lin et al., 2013). This240

feature of our velocity map suggests consistency in our processing scheme. Moreover, we241

compare our phase velocity measurements across the Seal Beach array with a reflective242

time slice that was provided by the oil company that processed the active source data243

(Gish & Boljen, 2021). From this comparison, we find that there is a remarkable agree-244

ment between our velocity estimates and the main reflection horizons, particularly those245

associated to the Garden Grove Fault and the prograding clinoforms located near the246

center of the survey. To show the comparison of these two quantities in a more dynamic247

manner, Video S4 shows a progressive overlay of the reflective image on the 1-s phase248

velocity map.249
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2.5 Inversion for Shear Wave Velocity250

After all of the velocity maps are constructed, we extract a regionalized dispersion251

curve at each point across the survey and use the Haney and Tsai (2017) perturbational252

algorithm to map the phase velocity as a function of frequency to shear wave velocity253

as a function of depth. For each inversion, we use a homogeneous velocity profile that254

is discretized into 25-m layers to iteratively update each component of the model until255

a satisfactory fit to the dispersion curve is achieved (Figure 9). Throughout this process,256

we assume a constant Vp/Vs of 1.8 for the entire structure and determine the density from257

the compressional wave velocity using the empirical relationship of Gardner et al. (1974).258

Each velocity profile is then integrated into a whole 3-D velocity model that represents259

the structure of the top kilometer of the Long Beach crust.260

3 Results and Discussion261

Figure 10a shows three depth-slices of the shear wave velocity model that is ob-262

tained through the inversion of the regionalized dispersion curves. It is clear from these263

images, that there are significant variations in the velocity structure beneath the sur-264

veys. At shallow depths (<100 m), the range of velocity variations across the survey is265

close to 10%, with the slower velocities being concentrated in the southern part of the266

Long Beach array and around the San Gabriel river. In these images the Silverado wa-267

ter bearing unit and a section of the Compton-Los Alamitos Fault system can be seen.268

Both of these structures are of great importance of the area as the former is the main269

supplier of the groundwater that is extracted in Long Beach (Poland, 1956), and the lat-270

ter is part of a blind thrust fault that is known to be capable of generating large mag-271

nitude earthquakes (Mw 7.0-7.4; Leon et al., 2009).272

At deeper depths (∼600 m), the most prominent feature in our velocity maps is273

the NIF. In agreement with Lin et al. (2013), we argue that the fast velocity signature274

of this structure is related to the presence of deeper (and hence faster) rocks that were275

exhumed by the transpressional stresses that are acting on this region (Wright, 1991; Wes-276

nousky, 2005). This deformation process would also explain why the migrated reflection277

images generated by oil company that carried out the seismic survey delineate the NIF278

as a flower-shaped damaged-zone rather than a single planar boundary that extends con-279

tinuously to the deep crust (Figure 10b). The identification of this type of structures is280
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relevant not only because they hold the potential of forming profitable hydrocarbon traps281

(Harding, 1985), but also because they can provide important insights into the type and282

extent of faulting that we can expect in a particular area (Inbal et al., 2016; Yang et al.,283

2021).284

As a final product of the surface-wave analysis, we present an azimuthal anisotropy285

model for the structure beneath the surveys. This quantity describes how the velocity286

of a particular wave varies with its direction of propagation which, for the very shallow287

earth, is often caused by the preferred alignment of cracks by the regional tectonic forces288

(Crampin, 1994). The analysis of anisotropy can thus illuminate the direction of the stress289

field and potentially detect faults that might be present in the area (e.g., Ozacar & Zandt,290

2009; Licciardi et al., 2018). Figure 11 shows how the phase velocities for the 1-s Rayleigh291

wave vary as a function of azimuth at two different sites of the Long Beach array. These292

variations display a strong directional dependence that can be well-described by the 2θ293

components of Smith and Dahlen (1973) model for surface wave phase velocity, C, in a294

weakly anisotropic media:295

C(T, θ) = C0(T ) + C1(T ) cos (2θ) + C2(T ) sin(2θ) + C3(T ) cos (4θ) + C4(T ) sin(4θ), (6)296

where T represents the period, θ the backazimuth, C0 the isotropic velocity, and C1−4297

the azimuthal coefficients (Backus, 1970). This parametrization allows us to translate298

the wavefield’s azimuthal dependence into a fast direction term and an amplitude term,299

which we can then visualize on a horizontal plane to determine whether any spatial pat-300

terns exists, and what association they have with the regional geologic structures. Fig-301

ure 16 shows how the anisotropy for the 1-s Rayleigh waves varies across surveys. These302

measurements are mostly sensitive to the 100 meters depth and exhibit a dominant north-303

south orientation that is overall consistent with the maximum horizontal compressional304

direction of southern California (Yang & Hauksson, 2013). However, with the resolution305

that is provided by the nodal arrays, we can now begin to illuminate sub-kilometer vari-306

ations of the stress field, as is evident by the slight rotation of the anisotropy vectors just307

at the center of the NIF near Signal Hill (yellow star in Figure 12). This observation is308

consistent with the results of Lin et al. (2013), who perform a similar analysis with the309

Long Beach array data and suggested that there might be a small-scale stress change near310

the fault zone segmentation.311
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With the modest improvements in our processing scheme, which permits the re-312

trieval of velocity estimates with much less spatial averaging, we are able to detect and313

interpret even smaller changes in the anisotropy pattern that could potentially be related314

to unmapped faults or other geological boundaries (red dashed lines in Figure 12). To315

validate this claim, Figure 13 shows snapshots of a propagating wavefront that is obtained316

by cross-correlating the ambient noise data of the dense surveys with the broadband sta-317

tion LAF from the SCSN (see Figure 1 for its location). The path to this particular in-318

strument is oriented parallel to most tectonic faults in the area (relative to the port of319

Long Beach) and is thus ideal to detect the presence of any geologic structures that have320

a similar strike. This figure shows that there exist large lateral variations on the prop-321

agation properties of the wavefield and that the wavefront appears to be ”cut” just along322

the planes where our anisotropy measurements suggest the presence of a structural bar-323

rier (cyan dashed lines in Figure 13). This feature is largely evident at propagation time324

of 45 seconds, where wavefront is deflected just at the boundary where our anisotropy325

vectors display a dramatic change in orientation, at the site where the seismic reflection326

image marks the location of the Garden Grove Fault (see reflection image in Figure 8).327

These results suggest that the analysis of azimuthal anisotropy has the potential of de-328

tecting sharp structural boundaries.329

With the robust velocity estimates that were derived from our ambient noise anal-330

ysis, it is now possible to investigate the effects of the fine-scale structure on ground mo-331

tion acceleration. For this endeavor, we propagate realistic 3-D wavefields through our332

high-resolution velocity model using Salvus, a high-performance spectral-element solver333

(Afanasiev et al., 2019), and calculate the amount of shaking that is expected on differ-334

ent parts of the survey. The peak ground acceleration (PGA) that is obtained in this step335

is then compared to the one that results from propagating an equivalent wavefield through336

the 1-D model that was obtained from the inversion of the average dispersion curves in337

(Figure 3b). This approach, in principle, allows us to characterize the influence of the338

local geological structure on the amplitude of the seismic waves and separate the influ-339

ence of factors such as the source radiation pattern and geometric spreading from the340

response.341

To provide a concrete example of the above, we place a vertical point source at the342

surface on the north-western end of the Long Beach survey, just a-top of the NIF, and343

record the entire time evolution of the wavefield (Figure 14). Here, because of the choice344
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of source geometry and configuration, most of the energy that is inserted into the sys-345

tem will propagate in the form of surface waves (Harkrider, 1964). This exercise allows346

us to see the largely asymmetric shape of the wavefront and reveals the existence of sig-347

nificant lateral variations on the magnitude of acceleration as the energy propagates away348

from the source. Such variations are particularly obvious in Figure 15, where we present349

the PGA ratio that is obtained by comparing our estimates with those obtained from350

the 1-D modeling. From this analysis, we can quantitatively observe how the small-scale351

variations in the shallow velocities can produce rapid changes in the vertical PGA and,352

most interestingly, how the structure of the NIF can generate elongated zones of intense353

amplification that result from the focusing and self-intersection of the propagating wave-354

front (i.e. from multipathing). These findings are in remarkable agreement with those355

of Clayton et al. (2011), who used data from a nearby earthquake to document that the356

velocity contrasts underneath the Long Beach array can cause ground accelerations to357

vary by a factor of five over a horizontal scale length of one kilometer.358

The results in Figure 15 show that near-surface velocity variations can significantly359

alter the propagation properties of earthquake wavefields. To quantify this phenomena,360

we determine the amount of shaking that is expected from a vertically incident shear wave361

by placing an earthquake source beneath each station of the survey and propagating them362

to the surface (e.g., Wills et al., 2000; Bowden & Tsai, 2017; Jia & Clayton, 2021). For363

a source, we use a horizontal force injected by a 2 Hz Ricker wavelet located at 2-km depth364

(Figure 17). We then compare these estimates with the ones that are obtained from an365

equivalent 1-D run to obtain a measure of the relative amplification that occurs at each366

site. We record the three-component acceleration and calculate the PGA from the mag-367

nitude of acceleration to account for any non-vertical propagation that might occur due368

to the heterogeneous 3-D structure. The amplification measurements that are obtained369

from this exercise are presented in Figure 17.370

The amplitude of variation in the amplification factors that we obtain through this371

analysis is smaller than the one we observe from a distant source. However, it is impor-372

tant to note that these measurements are meant to look at the amount of local ampli-373

fication at each individual site without taking into consideration the integrated effects374

from other lateral heterogeneities. Within this context, we observe that the largest amount375

of amplification can be expected at the northwest and southeast sections of the survey,376

and that the area with the least amount of amplification is concentrated around the NIF.377
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This result is theoretically-consistent with what is expected since, as mentioned above,378

the NIF zone appears to be composed of faster earth materials and, therefore, has stiffer379

site conditions. The standard quantity that is used to determine near-surface amplifi-380

cation is Vs30, the shear wave velocity in the top 30 m of the crust (Thompson et al.,381

2014). In Figure 18, we show the velocity variations averaged from the top two layers382

in our model (top 25 m) and is about a factor of two higher, which is likely due to av-383

eraging from deeper layers as indicated by the sensitivity kernel show in the figure. How-384

ever, the biggest difference is in the contribution from the topographic slope component385

of the USGS estimate. This is dominated by the small compact edifice of Signal Hill, which386

rises 100-m above the surrounding area, and is pop-up structure caused by convergence387

across two strands of the Newport-Inglewood Fault. This comparison suggests that Vs30388

may not be a useful measure of amplification in the Long Beach area.389

4 Conclusions390

In this study, we used ambient noise data recorded at three dense petroleum in-391

dustry surveys that were deployed in Long Beach, California, to map the small-scale het-392

erogeneities of the crust and investigate their impact on the amplification of seismic waves.393

For this purpose, we developed a fully-automatic neighborhood cross-correlation method394

for phase arrival picking that allowed us to perform robust phase velocity measurements395

across a wide frequency range. We then used these dispersion measurements, together396

with a time-based beamforming approach, to construct high-resolution phase velocity397

maps and invert for a 3-D shear wave velocity model of the top kilometer of the Long398

Beach crust. Our velocity estimates compare well with the structure image from the active-399

source reflection survey that was done with the array, and also show a strong correla-400

tion with the main geological features of the area. We also presented evidence that speak401

of the possibility of using seismic anisotropy observations to detect small-scale changes402

on the regional stress regime and illuminate faults whose traces are not necessarily vis-403

ible at the surface. Lastly, we propagated synthetic wavefields through our velocity model404

to quantify the scale of variability and intensity of amplification that can be expected405

across the different parts of the experiments. For the case of surface waves, our results406

revealed that some of the fine-scale structures that are present in this area are capable407

of causing complicated wave phenomena that can result in rapid lateral changes on the408

intensity of shaking of over a factor of ten over a horizontal distance of less than one kilo-409
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meter. For the case of vertically propagating shear-waves, our results suggest that the410

mildest shaking can be expected in the vicinity of the Newport-Inglewood fault, as the411

majority of the fault zone is composed by denser earth materials that were exhumed by412

the transpressional stresses that are acting on the region. In general, our results not only413

provide insights into the geo-mechanical properties of sedimentary basins but also high-414

light the enormous potential of dense nodal arrays to improve the reliability of modern415

hazard assessments.416

Figure 1. Regional map of southern California and the Continental Borderland. The black

rectangle marks the area where the three petroleum industry surveys were deployed and the inset

map shows the distribution of the instruments (with the Long Beach array in red, the Extended

Long Beach in green, and the Seal Beach array in blue). The stations of the Southern Califor-

nia Seismic Network (SCSN) are shown as inverted triangles and the regional mapped faults are

delineated with thick gray lines. Seismic station LAF is shown as an inverted red triangle.
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Figure 2. Wavefield snapshots of the ambient noise correlation functions from a single vir-

tual source of the Long Beach array (left), Extended Long Beach array (middle), and the Seal

Beach array (right). Clear ballistic waves propagating away from all three of the sources can be

observed. The number of instruments and time of operation of each survey is presented on top

of each panel. For the complete time evolution of the wavefields, the reader is referred to Videos

S1-3.
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Figure 3. Stacked gather of the ambient noise cross-correlations and inversion for an average

1-D shear-wave velocity model. (a) Shows the first 30 seconds of the stacked cross-correlations

from all three surveys. The bin-size of the spatial stacking is of 100 meters. The waveforms are

band-passed filtered between 0.5 and 4 Hz. Clear fundamental (FM) and first overtone (FO)

surface waves traveling at velocities between 0.3 and 1.5 km/s can be observed for the entire

distance range. (b) Shows the average FM and FO dispersion curves that are obtained through

the slant stack analysis of each survey’s dataset. The continuous red lines represent the predicted

dispersion curve that results from our inversion process. (c-d) Shows the sensitivity kernels for

the FM and FO, respectively. (e) Shows a comparison between shear wave velocity profile that is

obtained from jointly inverting dispersion curves in (b) (black line) and a profile that is extracted

from the CVM-S4 model (Shaw et al., 2015) at the geographic center of the nodal stations (red

line). The black dashed line on top of panels (c-e) represents the free surface (FS).
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Figure 4. Schematic representation of the neighborhood-based cross-correlation method for

phase arrival picking. Receivers that are less than one wavelength apart (<1λ) from a reference

station (R1) are grouped together to form a subarray. The differential delay times, ∆t, between

the reference waveform and all the other waveforms in the subarray are measured through wave-

form cross-correlation.
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Figure 5. Example of relative phase delay measurements for a virtual source of the Long

Beach array. (a) Shows the L-curve analysis that was performed to determine the strength of the

regularization term, S, in the inversion of the relative traveltimes. (b) Shows how the resulting

relative traveltimes of the 1-s period waveforms vary as a function of distance from the virtual

source. The dashed red line on top of the measurements has a corresponding slope of 0.70 km/s.

(c) Shows the spatial distribution of the relative traveltimes that are in (b). The contours are

drawn in time increments of 1 second. The red star denotes the location of the virtual source and

the thick dashed circle around the source marks the three-wavelength minimum distance crite-

rion that was imposed in our analysis. (d) Shows the process by which we extend the differential

delay measurements to higher frequencies. The waveforms on the top are two ambient noise

cross-correlations functions that are filtered at 1-s period and windowed around the expected

time of arrival of the ballistic surface waves. The source-receiver raypath of these two waveforms

is shown in (c). The bottom panel shows the correlation function of the two traces as a function

of period. To determine the differential delay time of these two waveforms across the entire fre-

quency range, we use the 1-s measurement to track down the phase delay to higher frequencies

(red dashed line).
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Figure 6. Example of phase velocity measurements for a virtual source of the Long Beach

array at 1-s period. (a) Shows the source and receiver configuration that is used to make a single

phase velocity measurement at a particular site. The yellow star marks the reference station that

is used to form the receiver subarray and the green circles correspond to all the stations were

grouped together using the half-a-wavelength maximum distance criterion. The aperture of the

subarray is approximately one-wavelength long. (b) Shows the relative traveltime of the receiver

subarray in (a) as a function of their distance from the virtual source. Each marker is color-coded

by the amount of times that a differential measurement of that station was used to construct the

relative traveltime surface. The red circles depict the predicted relative arrival time that result

from our time-based beamforming. (c-d) Show the distribution of our bootstrapped backazimuth

and velocity measurements for the data shown in (b). (e-g) Shows the spatial distribution of all

the velocity, backazimuth and error measurements that were obtained for the same virtual source.

–20–

ESSOAr | https://doi.org/10.1002/essoar.10507964.2 | Non-exclusive | First posted online: Sun, 12 Sep 2021 07:20:33 | This content has not been peer reviewed. 



manuscript submitted to Journal of Geophysical Research

Figure 7. Schematic representation of the construction process of isotropic phase velocity

maps. (a-c) Show the phase velocities, backazimuths and error measurements for different virtual

sources of the Long Beach array at 1-s period. The errors in (c) are used to weight the averag-

ing of the velocities in (a) to ultimately construct a frequency-dependent isotropic velocity map.

The backazimuth measurements in (b) are reserved and used at a later step to characterize the

anisotropy across the array. (d) Shows, from left to right, the isotropic phase velocity maps for

the 1-, 0.8-, 0.6-, and 0.40-s Rayleigh waves. Each of these maps are generated in the same fash-

ion, with the exception that the relative phase delay measurements of the higher frequencies were

derived from the 1-s period waveforms. For periods larger than 1-s, such measurements were done

independently.
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Figure 8. Comparison of our 1-s isotropic phase velocity map (left) with a reflective time

slice of the active part of the survey at 0.40 s (right). Despite their difference in nature, the two

different quantities in these images appear to illuminate similar tectonic features. The reflection

image is courtesy of 3D Seismic Solutions. For a dynamic overlay of these two images, the reader

is referred to Video S4.
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Figure 9. Inversion process of the regionalized dispersion curves. The maps on the left show

how the phase velocities vary as a function of period. The black dashed black lines on the right

panels correspond to the dispersion curves that are extracted at locations A and B of the maps.

The red continuous lines correspond to the dispersion’s best-fit. The number of updates that

were required for the inversion to converge in these two examples are shown on the top-right of

each panel.
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Figure 10. Depth slices and cross-sections of our velocity model. (a) Shows a depth slice our

velocity model at 50-, 100-, and 600-m depths. (b) Shows 4 cross-sections of our velocity model

plotted on top of the migrated reflection images that were generated by the petroleum company

that carried out the Seal Beach survey. To highlight the amount of lateral variation in each of

our profiles, we removed the average velocity at each depth. The black dashed lines are used

to mark prominent discontinuities in the migrated images. The location of each cross-section is

shown in the left-most map in (a). The migrated reflection profiles are courtesy of 3D Seismic

Solutions.
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Figure 11. Example of the Rayleigh wave azimuthal dependence at 1-s period for two differ-

ent locations at the Long Beach array. The color of the point cloud represents the density of the

velocity measurements and the black curve marks the predicted directionality using the first three

terms in Equation 6. The best fitting coefficients, along with their 95% confidence intervals, are

shown in the bottom right of each panel.
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Figure 12. Anisotropy measurements for the 1-s period Rayleigh wave for the Long Beach

array. The bars point to the fast direction of anisotropy and their length is proportional to the

magnitude. The colored markers behind each anisotropy vector denote the isotropic velocity (C0

term in Equation 6). The continuous red line on the right map marks the mapped surface trace

of the regional faults, whereas the dashed red lines delineate sharp changes in the anisotropy

measurements that we suggest might be indicative of the presence of faults or other geologic

boundaries. We associate these structures to the following: (a) NIF zone; (b) Silverado aquifer;

(c) Compton-Los Alamitos Fault; (d) Garden Grove Fault; (e) Prograding clinoforms (see reflec-

tion image in Figure 8). The yellow star marks the location of Signal Hill.
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Figure 13. Wavefield snapshots of the ambient noise correlation functions using station LAF

of the SCSN as a virtual source. Clear fundamental mode (FM) and first overtone (FO) sur-

face waves can be observed. The dashed lines are the same as in Figure 12 and delineate the

zones where the anisotropy measurements exhibit a drastic change in direction. The wavefield

was band-passed filtered between 0.5 and 1.5 Hz. The time-stamp of each frame is shown in the

upper right side of the panels.

–27–

ESSOAr | https://doi.org/10.1002/essoar.10507964.2 | Non-exclusive | First posted online: Sun, 12 Sep 2021 07:20:33 | This content has not been peer reviewed. 



manuscript submitted to Journal of Geophysical Research

Figure 14. Snapshots of a synthetic wavefield propagated through our velocity model. The lo-

cation of the source is indicated by the yellow star and corresponds to a vertical force injected by

a ricker wavelet with a central frequency of 2 Hz. Note the lateral differences in the wavefront’s

amplitude as it propagates away from the source. The time-stamp of each frame is shown in the

lower right side of the panels.
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Figure 15. Map of relative amplification for the source configuration shown in Figure 14.

These values describe the expected PGA relative to the one that is obtained from a 1-D model.

The red star marks the location of the source. The right panels show the synthetic waveforms

that are recorded at locations A and B of the map for both our 3-D model (black) and a 1-D

model (red). Note how the structure of the NIF generates elongated zones of intense amplifi-

cation that result in ground motion changes that vary for several factors on the sub-kilometer

scale. The waveforms are low-passed filtered at 4 Hz, which is the maximum frequency that is

resolvable in our simulations.
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Figure 16. Experiment set-up for the estimation of the amplification factors for the case of a

vertically propagating shear wave. The source wavelet, and its frequency content, are shown in

the upper right panel.
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Figure 17. Map of relative amplification for the case of a vertically propagating shear wave.

These values describe the expected PGA relative to the one that is obtained from a 1-D model.
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Figure 18. Comparison between the Vs30 and the velocity measurements of this investiga-

tion. (a) Shows the Vs30 values across the surveys. (b) Shows our shear wave velocity estimates

at 15-m depth. (c) Shows the ratio of (a) and (b). (d) Shows the sensitivity kernels of our mea-

surements for the frequency range of analysis. The shallowest kernel peaks at around 30-m depth

(red circle).
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