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Ⓔ

Sources of Long-Range Anthropogenic Noise in Southern California

and Implications for Tectonic Tremor Detection

by Asaf Inbal,* Tudor Cristea-Platon, Jean-Paul Ampuero,†

Gregor Hillers, Duncan Agnew, and Susan E. Hough

Abstract We study anthropogenic noise sources seen on seismic recordings along

the central section of the San Jacinto fault near Anza, southern California. The strong-

est signals are caused by freight trains passing through the Coachella Valley north of

Anza. Train-induced transients are observed at distances of up to 50 km from the

railway, with durations of up to 20 min, and spectra that are peaked between 3 and

5 Hz. Additionally, truck traffic through the Coachella Valley generates a sustained

hum with a similar spectral signature as the train transients but with lower amplitude.

We also find that wind turbine activity in northern Baja California introduces a sea-

sonal modulation of 1– to 5-Hz energy across the Anza network. We show that the

observed train-generated transients can be used to constrain shallow attenuation struc-

ture at Anza. Using the results from this study as well as available borehole data, we

further evaluate the performance of approaches that have been used to detect nonvol-

canic tremor at Anza. We conclude that signals previously identified as spontaneous

tremor (Hutchison and Ghosh, 2017) were probably generated by other nontectonic

sources such as trains.

Electronic Supplement: Seismograms during a transient, decomposition of the

large amplitude signal into sequences of repeating patterns, detection statistics in the

two stages of the tremor search procedure, velocity amplitude spectra of transients

from two collocated borehole–surface station pairs, median weekday–night spectra

for all stations in the Plate Boundary Observatory (PBO) Anza network, time varia-

tions of root mean square (rms) velocity for all stations in the PBO Anza network,

cumulative population and kilometers of railroad on which the allowed speed for

freight trains exceeds 50 mph, envelopes of vertical ground motions as a function

of time, vertical ground motions recorded by the Anza borehole stations, and spectro-

grams of vertical ground motion and corresponding wind speeds.

Introduction

The advent of modern seismological networks and

processing techniques has greatly facilitated earthquake de-

tection efforts, enabled characterization of seismic events in

low-quality data, and provided precise earthquake catalogs

used to illuminate active faults (Inbal et al., 2016). Identify-

ing weak signals in noisy data becomes progressively more

difficult as the overlap in the frequency content, duration,

and amplitude of the target signal and the ambient noise field

increase. This issue is accentuated in urban environments,

where anthropogenic sources induce signals that carry ample

energy in the 1- to 10-Hz frequency band often used to ob-

serve microseismic activity (Riahi and Gerstoft, 2015). Thus,

detection capabilities in densely instrumented urban areas are

low compared with nearby, less well-instrumented areas. For

example, the magnitude of completeness of earthquake cat-

alogs for the metropolitan Los Angeles (LA) area and the

adjacent Anza region are M ≈ 2 and M ≈ 1, respectively

(Hutton et al., 2010). Because station density in Anza is four

to five times smaller than within the LA basin, the dramati-

cally better detection capability in Anza is due to a much

lower noise level, which is mainly the result of sparse pop-

ulation. The 1- to 10-Hz noise amplitudes in Anza are about

50 times lower than within the city of Long Beach, one of

the noisiest and most seismically active regions in the LA

basin. The installment of the Plate Boundary (PB) borehole
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network in Anza, on which noise amplitudes are about a fac-

tor of 10 smaller than on the surface seismometers (Barbour

and Agnew, 2012), further enables the detection of many

M ≈ 1 earthquakes in that area (e.g., Meng and Peng, 2014).

In most cases, the signal caused by anM ≥ 2 earthquake

will exceed anthropogenic noise levels in the 1- to 10-Hz

band. Even smaller magnitude earthquakes will give rise to

distinct impulsive arrivals that are coherent across a regional

network, which greatly facilitates both event discrimination

and association stages. This, however, is not generally true

for tectonic tremors. This class of tectonic events was first

recognized and characterized in Japan in 2002 (Obara,

2002) and has subsequently been the target of extensive fur-

ther study in Japan and elsewhere (see Shelly et al., 2006;

Rubinstein et al., 2009, for reviews). Tectonic tremors are

associated with emergent, long-duration, low-amplitude seis-

mic signals. They are distinct from the harmonic tremor that

has long been observed in active volcanic settings (e.g., Aki

et al., 1977). The signals generated by tectonic tremor are

similar in many respects to those generated by anthropogenic

sources such as vehicle traffic, machinery, or wind farms.

The initial identification of tremor was based on the ob-

servation of transients appearing across a high-sensitivity

seismic network (Obara, 2002). The prolonged nature of

tremor signals and the absence of clear apparent phases com-

plicated efforts to determine precise locations until later work

identified so-called low-frequency earthquakes (LFEs) with-

in tremor: these events have identifiable body-wave arrivals

that are depleted in high-frequency energy relative to waves

generated by tectonic earthquakes of the same size (e.g.,

Shelly et al., 2006). Tremor is now thought to be composed,

wholly or in part, of many LFEs (Shelly et al., 2007). Be-

cause LFEs produce weak signals closely spaced in time,

they generally cannot be identified using standard seismic

event detection methods but rather require more sophisti-

cated approaches such as autocorrelation and template-based

stacking of identified LFEs (e.g., Gibbons and Ringdal,

2006; Ide et al., 2007). The main advantage of such methods

is their simplicity; when the level of autocorrelation within

the network exceeds some threshold, a positive detection is

declared. However, as with any other detection approach,

matched-filter techniques have their own limitations. An

implicit assumption built into those methods is that the an-

alyzed record is composed of a superposition of multiple

nearly identical signals arriving at the same station at a vary-

ing rate. In their simplest form, autocorrelation-based tech-

niques do not make any assumptions regarding the physics of

the target wavefield (i.e., ray parameter, particle motion, ra-

dial vs. tangential component amplitudes) but rather attempt

to validate these features after a positive detection has been

made. As will be shown here, signals induced by anthropo-

genic sources around Anza, which are typically the result of

some quasi-stationary superficial mechanical processes, are

erroneously labeled as tectonic tremors when subjected to a

conventional autocorrelation-based detector.

Tremor investigations have generated significant interest

because of the opportunity they offer to better understand

the mechanics of fault systems and, potentially, the nature

of earthquake nucleation and the earthquake cycle (e.g.,

Ariyoshi et al., 2012). Since 2002, studies of high-quality

seismic data have found tremors not only in Japan but also

in other subduction zones, including Cascadia, Alaska, Costa

Rica, and Taiwan (see Rubinstein et al., 2009). Tremors trig-

gered by dynamic strains associated with teleseismic waves

have been reported along some subduction zones, as well as

in other regions (e.g., Gomberg et al., 2008; Peng and Chao,

2008; Peng et al., 2009; Fry et al., 2011), including along the

San Jacinto fault (SJF) in southern California (Wang et al.,

2013). Along continental transform faults, spontaneous trem-

ors (i.e., not triggered by seismic waves) have been identified

in only two regions—the San Andreas fault in central Cal-

ifornia (Nadeau and Dolenc, 2005) and along a deep exten-

sion of the Alpine fault in New Zealand (Wech et al., 2012).

Identifying what controls the occurrence of tectonic

tremors by comparing different source environments and

understanding their relation to other seismic and aseismic

phenomena have motivated attempts to detect tremor in other

regions, including southern California. The SJF has been an

attractive target for investigation because of the reported

presence of triggered tremor (Gomberg et al., 2008; Wang

et al., 2013), its high rate of low- to moderate-magnitude

seismicity (e.g., Wesnousky, 1994), and the high density

of stations caused by the expectation that a significant earth-

quake will occur in the future in the Anza seismic gap

(Thatcher et al., 1975; Sanders and Kanamori, 1984). Fur-

thermore, the observation of triggered slow-slip events in

the lower half of the seismogenic zone near the Anza gap

(Inbal et al., 2017) suggests the possibility of tremors in-

duced by slow slip occurring near the boundary between par-

tially creeping and locked fault regions, by analogy to the

tremor source region near Parkfield (e.g., Shelly and Harde-

beck, 2010). However, unlike Parkfield, the Anza region is

surrounded by nontectonic sources that generate loud

tremor-like signals contaminating the seismic records (Meng

and Ben-Zion, 2018). It is therefore instructive to assess

whether the signal-to-noise ratio (SNR) in Anza, which

allowed for a 1-magnitude-unit reduction in the complete-

ness of the seismicity catalog relative to more densely instru-

mented faults nearby, will also enable tremor detection.

Recently, Hutchison and Ghosh (2017; hereafter, HG17)

reported on five episodes in June 2011, which they attribute

to the occurrence of deep spontaneous tectonic tremor along

the central section of the SJF near Anza. Our goal here is to

reevaluate HG17 reports in light of an investigation of cul-

tural noise in the area. Li et al. (2018) found that the duration

and spectral content of train-induced signals observed at a

short range (< 20 km) are similar to the ones usually asso-

ciated with tectonic tremors. We also find low-amplitude

transients on borehole seismometers near Anza whose dura-

tion is consistent with tremor observed in other regions

and whose spectral range overlaps with the 2- to 8-Hz band
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usually associated with tectonic tremors. However, the spec-

tral shape of signals studied here is more peaked between

3 and 4 Hz (trains and trucks) or contains several sharp peaks

between 1 and 5 Hz (wind turbines). Cultural sources in

Anza may generate tremor-like signals observed at distances

as far as 100 km away from the source and are hence termed

long-range sources in this article.

To better understand the origin of transient human-made

signals and the potential pitfalls they pose to studies aiming to

detect tectonic tremors in Anza, we analyze data from a small-

aperture array deployed at the Piñon Flat Observatory (PFO)

in 2010 (the MAOTECTRA experiment, network code ZZ

[2011–2011]; see Data and Resources) and from permanent

stations in several networks: the Southern California Seismic

Network (code CI), the Red Sísmica del Noroeste de México

(BC), the surface stations of the Anza network (AZ), and the

borehole stations of the PB network (Fig. 1). The PB stations

are particularly valuable because of their low noise level (Bar-

bour and Agnew, 2012). We examine observed transients and

characterize the background noise, which allows us to identify

the main cultural sources that contribute to apparently note-

worthy (quasi-harmonic and/or low-frequency) signals. Long-

duration high-frequency signals caused by cultural sources

(Latorre et al., 2014) or small regional earthquakes (Caffagni

et al., 2015; Zecevic et al., 2016) have been misidentified as

tectonic tremors in the past. Such signals are frequent in Anza,

and they may also be mislabeled as tectonic tremors. There-

fore, after we gain better control of the background noise level

and distribution of cultural noise sources in Anza, we attempt

to assess the performance of the tremor detection approach

of HG17.

Previous studies suggest that train-induced signals may

be used to infer the medium’s shallow attenuation properties

(Fuchs and Bokelmann, 2018) or for interferometric struc-

tural imaging purposes (Nakata et al., 2011; Quiros et al.,

2016; Dou et al., 2017). In this study, we show that cultural

noise sources in Anza probe depths intermediate to the depth

ranges accessible to borehole and conventional seismic

investigations. Thus, signals generated by these cultural

sources provide a unique opportunity to refine the regional

attenuation versus depth model.

Seismic Noise Induced by Trains

Temporal Characteristics

Much of the episodic tremor-like noise comes from the

heavy freight trains operated by the Union Pacific Railroad

over its Yuma Subdivision (hereafter, YSD) as they pass
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Figure 1. Location map showing the seismic stations used in our analysis, including Plate Boundary (PB) borehole instruments (white squares)
and broadband AZ and CI stations in the Coachella Valley, Anza, and the Imperial Valley (solid squares). Seismic arrays ZZ.PFO, ZZ.CA, and
ZZ.GA are shown by black triangles. Mapped faults are shown in dark gray. (a) Regional map. Major railways and the Interstate-10 (I-10) highway
are shown by the solid thick and black dashed curves, respectively. Wind farms are indicated by black diamonds. YSD, Yuma Subdivision; DL,
Desert Line; PVSD, Perris Valley Subdivision; LR, La Rumorosa wind farm; SGP, San Gorgonio Pass wind farm. The dashed rectangle represents
the area presented in (b). (b) The central section of the San Jacinto fault (SJF) in Anza. The segment Hutchison and Ghosh (2017) report hosted
tectonic tremors in June 2011 is shown with the ellipse labeled HG17. The rose diagram shows the back azimuth of wavefronts during the 100
strongest transients detected by the ZZ.PFO array (collocated with broadband station B084). Dotted line A–A′ indicates the portion of the YSD for
which the predicted train noise amplitude is larger than the ambient noise amplitude at B084. The black curve overlaying the histogram shows the
predicted amplitude at Piñon Flat Observatory (PFO) as a function of azimuth to a source moving along line A–A′. The PFO array configuration is
shown in the inset map. The color version of this figure is available only in the electronic edition.
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through the Coachella Valley (Fig. 1; see also Fig. 8f for sum-

mary of rail traffic). Many of these are unit trains of double-

stacked containers, weighing up to 7000 kg=m of length and

with lengths of 1–1.5 km. Schedules for these trains are not

publicly available, so to investigate the nature and timing of

signals generated by them, we use CI seismic stations near the

tracks to record ground vibrations induced by each train. We

focus on data from CI stations at distances of 1–10 km from

the track (black squares in Fig. 1). To highlight train noise, we

bandpass filtered the data between 2 and 8 Hz and plotted the

time series from stations located from south to north along the

railroad. Figure 2 shows a record section with four clearly

observed transients at the CI station nearest the track.

We analyze the properties of the wavefield generated by

the identified transients using a small-aperture array we de-

ployed at PFO, collocated with borehole station PB.B084

(see Fig. 1b). The array operated between November 2010

and July 2011; we also operated arrays at two other locations

in Anza (GA and CA) for a shorter time interval between

April and July 2011. Each array consisted of 15–25 sensors

with average spacing of about 60 m. The array geometries

were specifically designed to study signals with frequencies

between 1 and 10 Hz. In this study, we use the recordings

from the PFO array at which the transients are most clearly

observed. We analyze the array data applying a coherency

stacking technique (Frankel et al., 1991; Fletcher et al.,

2006) to infer the ray parameters under the assumption of a

single incoming plane wave. Data are filtered between 2 and

8 Hz, and the back azimuth and apparent velocity are com-

puted for 20-s-long windows with 50% overlap. In Figure 3,

we present the results of applying the array analysis to the

interval containing the four induced transients shown in

Figure 2. In the array data, these correspond to periods of

increased amplitude (Fig. 3a) and coherence (Fig. 3b). The

observed transients are characterized by a similar duration of

about 1000 s, a systematic temporal evolution of back azi-

muth from near north to near northeast, and an apparent

velocity of ∼2500 m=s. The temporal evolution of back azi-

muth during each transient (Fig. 3c) is attributed to trains

along the YSD in the Coachella Valley. Projecting the back

azimuths on the railroad track or on Interstate-10 (I-10) to

estimate the velocity of the sources, we find speeds of about

30 m=s, consistent with the velocities we infer from record-

ings at stations located along the YSD (Fig. 2).

The original objective of this study was to identify spon-

taneous tectonic tremors along the SJF. To this end, we de-

veloped a hierarchical algorithm for transient detection and

waveform decomposition and applied it to 2 yrs of continu-

ous ground-motion data recorded between 2008 and 2009

(see the Ⓔ electronic supplement to this article for full de-

scription of the method and the results). The initial transient

detection stage is based on the similarity between envelopes

of velocity measured at the PB borehole sites, which is a

commonly used approach for tremor detection (e.g., Obara,

2002; Wech and Creager, 2008). We select the 100 strongest

transients identified with this approach during 2011 and ap-

ply the array processing scheme to these data. Figure 1b

shows a rose plot histogram of the back azimuths estimated

for the selected transients. The impinging energy is consis-

tently characterized by a north-northeast–east back azimuth

pointing toward the railroad in the Coachella Valley (Fig. 1).

Clearly, the conventional low-resolution transient detection

technique yields many false (nontectonic) detections when

applied on recordings from the sensitive network in Anza.

This behavior is further discussed in the Signals Identified

by Hutchison and Ghosh (2017) section.

Although large wind farms operate in the Coachella

Valley, the Laguna Mountains east of San Diego, and the

Sierra Juárez in northern Baja California, they are located to

the north-northwest and south of the back-azimuth range

shown in Figure 1b. Wind turbines would also not produce

migrating sources but do appear to modulate the amplitude

of 1- to 5-Hz energy in Anza, as discussed in the Seismic

Noise Induced by Wind Farms section. The array analysis re-

sults point to vehicle traffic noise, with back azimuths roughly

in the direction of the nearest section of the YSD and highway

I-10, the main traffic arteries along the Coachella Valley.

Freight trains, being more than 100 times the mass of trucks,

are the most obvious candidate source. As reported by the

Federal Railroad Administration’s Rail Crossing Locator
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mobile application, an average of 33 freight trains move daily

through the YSD in the northern Coachella Valley, between

North Palm Springs and Mecca, at speeds typically not much

slower than 30 m=s and maximum speeds of 35 m=s, as in-

dicated from time tables. The speed limit for trucks is 25 m=s;

actual speeds are often somewhat higher.

Spectral Characteristics

We further consider the spectral signature of the transi-

ents observed in the Coachella Valley using 20-min windows

centered on individual transients. This time duration is com-

parable to the typical transient duration observed at the PB

borehole stations. We smoothed the spectra with a moving

average over 31 sample points (≈0:5 Hz width). The spectra

are found to be peaked near 4 Hz (Fig. 4a).

We find that low-amplitude transients generated by

trains moving along the YSD (with typical SNR of 2–3)

are observable on the borehole stations in Anza by visual

inspection of filtered seismograms in PB borehole stations

B084, B081, B082, B946, and B093. The loudest transients

are observed more than 40 km away from the railroad at PB

borehole sites B087, and under favorable SNR conditions,

they may also be observed at borehole site B088, located

more than 50 km from the railroad. Only large transients

are visible on surface stations located more than 50 km from

the railroad. The coarse detector based on envelope cross cor-

relation (ECC) is sensitive to even weaker transients (Fig. 4b

and Ⓔ Figs. S1–S4). Their typical duration is about 20 min,

and their timing generally corresponds to the times when

trains are passing through the Coachella section of the

YSD, nearest Anza. The spectra of the transients recorded

at the borehole stations are peaked from 3 to 4 Hz (Fig. 4a),

similar to the spectra of train-induced transients recorded in

the Coachella Valley. The borehole spectra are more strongly

peaked than spectra observed in the Coachella Valley. This is

consistent with expectations given the 2-Hz corner of the

borehole instruments and the preferential attenuation of high

frequencies along the path between the valley and Anza.

Surface-Wave Attenuation

We use the amplitude of the transients seen on the bore-

hole stations to estimate attenuation in the Anza region. As-

suming the transient signals are composed of high-frequency

Rayleigh waves affected by attenuation, their amplitudes ~A

are predicted to decay as a function of distance r as

EQ-TARGET;temp:intralink-;df1;313;307

~A ∝ e−πfr=VQ=
���

r
p

; �1�

which is commonly written as

EQ-TARGET;temp:intralink-;df2;313;267

~A ∝ e−πft
�
=

���

r
p

; �2�
in which f, V, and Q are frequency, wave velocity, and the

attenuation quality factor, respectively. The parameter t� is an

attenuation time scale that Anderson and Hough (1984) equate

to the observed spectral decay parameter κ�r�, and is the result
of integrating 1=VQ along the ray path, with κ�0� representing
the site’s seismic attenuation. As an approximation, we assume

a frequency-independent Q, which is a reasonable assumption

given the narrow bandwidth of the signals (Fig. 4a).

To determine the value of Q in Anza, we model the

observed amplitudes as the sum of the transient signal and

uncorrelated noise present in the data. We write the transient

amplitude as

EQ-TARGET;temp:intralink-;df3;313;94A � ~A� ϵ; �3�
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Figure 3. Train-induced ground motions recorded by a tempo-
rary seismic array in the PFO. Time (in seconds) starts at 06:48:20
UTC on 19 May 2011. (a) Ground velocity of the north–south com-
ponent at one of the array sensors. Data are bandpass filtered be-
tween 2 and 8 Hz and scaled by the maximum absolute value.
(b) The mean coherency, (c) back azimuth, and (d) apparent veloc-
ity. Gray windows indicate periods with strong train traffic noise.
Crosses indicate estimates with mean coherency > 0:4, a threshold
above which train-induced signal begins to exceed the background
noise in the seismogram. The color version of this figure is available
only in the electronic edition.
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in which A is the maximal spectral amplitude in the 2- to

5-Hz frequency band in a time window containing the tran-

sient and ϵ is the median spectral amplitude in the same fre-

quency band 1 hr preceding the transient. To remove the

common effect of the source on all stations, we normalize
~A by the observed transient amplitude at station MGE (lo-

cated 2 km from the railroad). From the observed decay of

the spectral amplitude at 3.5 Hz of transients detected at the

borehole stations (Fig. 5), we find that aQ-value in the range

between 20 and 50 is roughly consistent with the observa-

tions across the borehole array. We also find that average

surface-wave amplitudes in station B946, which is located

within a highly damaged zone (e.g., Qin et al., 2018), and

stations B087 and B093, located to the southwest of the

SJF, are systematically higher than the predictions of our

simplified 1D attenuation model. Understanding possible

interactions between train-induced surface waves and the lo-

cal geological structure likely requires a more elaborated

model that accounts for complex 3D propagation effects

and is outside the scope of this article.

Previous studies estimated local and regional attenuation

at Anza. Hough and Anderson (1988) use data from surface

Anza stations to estimate frequency-independent shear-wave

Q-values of ∼500 in the upper 5 km. Using shallow logging

techniques at surface Anza stations KNW and PFO, Fletcher
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Figure 4. Spectral and temporal analysis of induced ground velocities (horizontal north–south channels) caused by train passing on
29 November 2012. Measurement window is between 12:44:00 and 13:07:00 UTC. The horizontal bar indicates distance to the YSD railroad.
CI, California Integrated Seismic Network surface station; PB, Plate Boundary borehole station. (a) Spectral amplitudes. The gray rectangle
highlights the frequency band with peak near-railway train-induced motions. A smoothing window of 31 points (- width) was applied to the
spectra, followed by normalization by the maximum amplitude in the 2- to 5-Hz frequency band. (b) Observed (solid curve) and simulated
(dashed curve) envelops. Raw envelope amplitudes are normalized by the maximum observed at station MGE and represent vertical energy in
the 2- to 5-Hz frequency band. Modeled envelopes computed using the method described in the Surface-Wave Attenuation section. The color
version of this figure is available only in the electronic edition.
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3516 A. Inbal, T. Cristea-Platon, J.-P. Ampuero, G. Hillers, D. Agnew, and S. E. Hough

Downloaded from https://pubs.geoscienceworld.org/ssa/bssa/article-pdf/108/6/3511/4562963/bssa-2018130.1.pdf
by University of Helsinki user
on 07 December 2018



et al. (1990) estimateQ-values of ∼10 in the upper 50 m. The

transients generated by trains have a predominant frequency

of ∼3 Hz, assuming a velocity of 3 km=s, which suggests a

skin depth on the order of 500 m, intermediate between the

two depth ranges for which attenuation has been estimated in

previous studies.

The Q-value estimated in this study is an effective aver-

age path Q over the depth sampled by the presumed high-fre-

quency surface waves. Because attenuation is estimated from

relative amplitudes at borehole stations, the value will not re-

flect attenuation with the upper 150–200 m. Although it is not

the focus of this study, our result can be compared with results

for other depth ranges to refine the averageQ�z� model in the

Anza region. Our Q estimate of 35 for depths between 200

and 500 m implies that attenuation over this depth range will

contribute a t� of ∼0:003 given velocity structure constrained

from borehole and regional data (Fletcher et al., 1990; Yang

et al., 2012). Assuming the same Q-value for depths between

50 and 200 m, attenuation over this interval will contribute an

additional t� of 0.0057. A Q-value of 35 over 50–500 m

would thus correspond to a t� of 0.0087 from this depth in-

terval. In contrast, Fletcher et al. (1990) estimated t� for the

upper 50 m at stations KNW and PFO to be in the 0.003- to

0.004-s range. Estimating t� from the observed spectral decay

parameter κ�0� (e.g., Anderson and Hough, 1984), Hough and
Anderson (1988) show that values of κ�0� at Anza are low and

difficult to estimate precisely. Campbell (2009) estimates an

average κ�0� of 0.007 s for the six Anza stations where hard

rock is encountered at relatively shallow depths. The discrep-

ancy between this result and our slightly higher estimated t�

for the depth interval 50–500 likely reflects the uncertainties

of both estimates, but suggests that attenuation within the

upper 500 m at Anza contributes most of the observed t�

value. Although the calculations are simplified, they reveal

that the Q�z� structure at Anza increases more steeply with

depth than the models estimated by Hough and Anderson

(1988), which could only resolve the integrated attenuation

over the top 5 km.

The results of our attenuation analysis allow us to identify

the stretch of the YSD where train traffic most efficiently gen-

erates noise seen on the Anza borehole stations. Making use of

the calibrated amplitude–distance relation (equation 1) and as-

suming a single train running along the Coachella Valley rail-

road with speed c � 22 m=s acting as a steady source of

seismic waves, we can calculate a transient envelope shape in

Anza. As a further simplification, we represent the segment of

the railroad that lies nearest station B084 as a straight line

(roughly between stations DEV and NSS2, indicated by seg-

ment A–A′ in Fig. 1b). We obtain a time-dependent signal

amplitude by setting r �
����������������������

d2 � �ct�2
p

in equation (1), in

which d is the nearest distance between each station and the

railroad and t is time relative to the passage of the train by the

nearest point. The theoretical envelope is of comparable du-

ration and shape as the transients observed at the borehole sta-

tions (Fig. 4b). From array analysis of multiple train-induced

transients recorded by the PFO array (Fig. 1b), we infer that

the dominant energy is generated along a section of track

somewhat shorter than the extent of the track along A–A′. We

speculate that this might be due to path effects, due to the fact

that the train track departs from the assumed linear shape, or

due to variations in train speeds. Nonetheless, our results

(Fig. 4b) demonstrate a good general agreement between

the predicted and observed transient durations.

Seismic Noise Induced by Wind Farms

The Anza region is also close to the San Gorgonio Pass

(SGP) wind farm, the second largest wind farm in California.

The SGP, which has operated since the 1980s, contains more

than 2000 wind turbines distributed in the Coachella Valley

to the north of Anza. A second wind farm is located near the

town of La Rumorosa (LR) in northern Baja California,

Mexico, about 100 km from Anza (Fig. 1a). The LR high

wind power capacity is the result of strong winds that blow

primarily during the winter and spring times in northern Baja

California (see Data and Resources for wind speed data

sources). Although it contains only 50 wind turbines, the

LR wind farm energy capacity in 2016 was about 23% of

the SGP capacity (U.S. Energy Information Administration).

Under optimal wind speed and direction, the blades are

designed to rotate at a constant rate of 17.7 rpm. Actual ro-

tation rates may however vary because of changes in wind

speeds or the nacelle orientation. The blade rotation transmits

force via the base of the tower to the ground and hence gen-

erates elastic waves. The spectra of the induced motions con-

sist of stationary peaks frequently associated with the tower

natural frequencies and nonstationary peaks caused by the

time-dependent blade rotation speed (Saccorotti et al., 2011).

Observed motions associated with blade rotations are strong-

est in the 1- to 5-Hz band. In some cases, the wind-farm-

induced motions have been observed out to about 18 km away

from the wind farm barycenter (Schofield, 2001; Saccorotti

et al., 2011). A recent study by Marcillo and Carmichael

(2018) suggests that seismic-induced noise generated by wind

farm activity in Texas may be recorded by stations located up

to about 100 km away from the wind farm.

Seismic-induced noise generated by wind farm activity

has been shown to hinder microearthquake monitoring at dis-

tances < 10 km from the wind turbines (Neuffer and Krem-

ers, 2017). Here, we are interested in examining whether

wind turbine activity in LR may modulate the ground-motion

amplitudes at sites located tens of kilometers away from LR.

Between 2012 and 2016, the number of towers in LR has

increased by a 10-fold. This allows us to assess the effect

of wind turbine activity in LR on the amplitude of high-

frequency (1–8 Hz) seismic noise in Anza. This analysis is

particularly important in light of plans to increase the LR

energy capacity by about a 10-fold in the next years (Sunrise

Powerlink Project, State of California Public Utilities Com-

mission; see Data and Resources).

Figure 6 presents the envelopes of vertical ground veloc-

ity in Anza. At a time scale of several hours, both wind blow-
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ing on the stations and local temperature fluctuations are ex-

pected to modulate observed noise amplitudes. Air temper-

ature and wind speeds may be correlated, which makes

difficult separating their contribution to the observed records.

However, for the 29 January 2009 episode shown in Fig-

ure 6a, which was recorded before the installation of wind

turbines in LR, the correlation between wind speed in LR

and the amplitude of ground motion in Anza appears to

be poor. The timing of peak ground-motion amplitude in sur-

face station LVA2 and borehole station B088 is offset from

the peak wind velocity by 7–8 hrs. This suggests that factors

such as local winds or temperature fluctuations are control-

ling the amplitude of seismic motions recorded at the surface,

as observed, for example, in station LVA2 on 29 January

2009 between 18:00 and 21:00 in Figure 6a.

The modulation of ground-motion amplitudes at some

of the Anza sites is highly accentuated by activity of the

LR wind turbines. This is mostly visible after 2014, when

most of the wind turbines in LR had been installed. One ex-

ample is presented in Figure 6b, which shows the envelope

of vertical ground velocity in Anza on 6 March 2016 (see

also spectrogram analysis inⒺ Fig. S11). Unlike the episode

shown in Figure 6a, the ground velocity envelopes in stations

LVA2 and B088 are well correlated with wind speeds mea-

sured near LR and not with local air temperature or wind

speed in Anza. Also under wind speeds comparable to

the ones observed on 29 January 2009, station MONP2,

located about 47 km away from LR, exhibits peak ampli-

tudes that are about 25 times the three-day median amplitude.

The modulation at that station on 29 January 2009 is minor

and amounts to no more than three times the three-day

median amplitude at the time of peak wind speeds in Anza

(Fig. 6a). Energy at frequencies > 5 Hz recorded by station

LVA2 during the 6 March 2016 episode is larger than the

amplitude of the 1- to 5-Hz frequency band (Fig. S11), sug-

gesting a local noise source near that site. Seismic motions

recorded at borehole station B088, whose SNR is generally

much higher than the surface stations, also exhibit better cor-
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Figure 6. Envelopes and spectra of ground velocity as a function of hour of day (UTC) during episodes with strong winds near the LR
wind farm (indicated by a black diamond in Fig. 1a). Raw traces were filtered between 1 and 5 Hz, squared, smoothed with a 10-min running
average window, and normalized by the three-day median amplitude. The bottom plots on (a,b) represent the wind speed in LR and in Anza
(AZ), the air temperature in Anza, and the downhole temperature in site B088, respectively, with the line styles indicated in the legend in (a).
Station names are indicated above each trace (locations are shown in Fig. 1). (a) 29 January 2009; (b) 6 March 2016, after installation of 50
wind turbines in LR; (c) spectral amplitudes of peak observed ground velocities. Analyzed time window is between 6 March 2016 20:00:00
and 6 March 2016 23:59:59. Distance to LR (in kilometers) is indicated in the brackets near the station name. SeeⒺ Figure S11 (available in
the electronic supplement to this article) for spectrogram analysis of the interval presented in (b,c). The color version of this figure is available
only in the electronic edition.
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relation with wind speeds in LR than with local wind speeds

in Anza or with temperature measured inside the borehole.

To assess the effect of wind turbine activity in LR on

regional stations, we examined the multiyear variation in daily

median amplitudes at selected surface stations with good

SNRs. To avoid data gaps, we extract for each station the peak

value of daily medians of smoothed vertical ground-motion

envelopes for 20- or 40-day windows. This allows us to obtain

a continuous time series more amenable to spectral analysis.

Figure 7a,c,e,g shows the results of this analysis for data

recorded before 2011 and after 2014 using peak values com-

puted from 20-day windows at stations IKP, MONP2, and

BOR, and from 40-day windows as station LVA2. Most

of the stations show a strong annual peak during the winter

and spring months, when wind speeds are largest. We com-

pute the power spectral density (PSD) of the time series in

Figure 7a,c,e,g using multitaper spectrum analysis (Prieto

et al., 2009; Krischer, 2016) and present in Figure 7b,d,f,

h the PSD estimates and the 95% confidence intervals for

each station. The annual modulation of high frequencies

is manifested by the peak around 320–370 days in each

of the periodograms. Remarkably, we find that the annual

peaks in stations located tens of kilometers from LR are am-

plified after the LR wind farm–initiated operation. To illus-

trate this, we show in Figure 7b,d,f,h the spectral amplitudes

of the 20-day peak of median daily values during a 6-yr

period preceding the initiation of wind turbine activity in

LR at stations installed on or before 2001. For the period

between 2014 and 2018, sites MONP2, BOR, and LVA2

exhibit statistically significant (p value < 0:001) increase

in annual peak median amplitudes relative to years preceding

2011 (when the first turbine in LR has been installed). At

stations BOR and LV2, located 82 and 96 km from LR, re-

spectively, we find that the annual peak median PSD ampli-

tudes increase by a factor of 2–4 after 2014. Station MONP2,

located 47 km away from LR, exhibits annual modulation

before the installment of the LR wind farm, which is only

modestly increased after 2014. It is possible that this station

is also sensitive to local winds blowing near the station.

Analyzing the records measured in the Anza borehole

sites in the same manner as the surface stations is difficult be-

cause of data gaps present in the borehole records. Instead, we

analyze the correlation between 2 and 8 Hz, 24-hr-long enve-

lopes of vertical ground velocity measured in the borehole sta-

tions, and wind speed recorded in LR. Because daily energy

production values for LR are not publicly available, we only

analyze days when wind speeds exceeded 36 km=hr. We

compute the envelopes by selecting a 24-hr window around

the time of peak wind speed. The ground velocity in the se-

lected time window is filtered between 2 and 8 Hz, squared,

and smoothed using a 20-min running mean window.

We use records obtained between 2009 and 2011, before

the installation of wind turbines in LR, and between 2015

and 2017, after more than 50 turbines were installed at that

site. All borehole stations show a positive correlation be-

tween ground velocity amplitudes and wind speed in LR

for the time period between 2015 and 2017. A few stations

also exhibit a slightly positive correlation for records ob-

tained prior to 2011. However, the mean correlation values

obtained for the period 2015–2017 exhibit a marginally

significant (p value < 0:1) increase relative to the mean cor-

relation obtained for 2009–2011.

We used the recorded wind speed in Anza during the

same time windows when strong winds were recorded in

LR to verify that the increase in the correlation values after

2015 is not caused by changes in local wind speeds affecting

the stations. We find that the correlation between vertical

ground velocity amplitudes and wind speed in Anza did

not exhibit a statistically significant increase after 2015.

The modulation of seismic noise levels during strong

winds could be the result of wind turbine activity in SGP.

However, U.S. Energy Information Administration records

indicate that by 2011 energy capacity in SGP reached

96% of the average capacity between 2012 and 2016 (the

total number of turbines in SGP actually decreased during

that period), and hence it is unlikely that activity at the

SGP site may explain our observations. In addition, we could

not find a significant difference in wind speeds in Anza from

2011 to 2018 that could explain the systematic increase in

1- to 8-Hz energy levels observed across the Anza region.

Seismic Noise Induced by Traffic

In addition to the transient signals produced by trains and

wind farms, the borehole seismometers in the Anza region

also show a peak in noise at about 3 Hz, which appears to be

present more or less continuously, with an amplitude variation

that suggests a different, though still anthropogenic, source.

Figure 8 shows some of the relevant data. Figure 8a,b

shows power spectra for a horizontal component of two

of the borehole sites. The spectrum estimation was done us-

ing the procedure of Barbour and Agnew (2012): the power

spectrum was estimated every 18 min using a sine multitaper

method followed by resampling of the spectrum at frequency

points spaced roughly at logarithmic intervals (eight values

per octave). The spectra shown are median values at each

frequency either for all weekdays or for all nighttime periods.

The difference shows a peak at about 3 Hz for weekday noise

compared with that at night, even for B088, for which neither

spectrum shows a peak.Ⓔ Figure S5 shows similar plots for

all working components of the Plate Boundary Observatory

borehole seismometers, and it is clear that this variable peak

is present on them all.

The reason for restricting one median to weekdays is

shown in Figure 8c,d, which display the variation in power

with time, modulo one week, integrated over the frequency

band of this peak. These plots show a very clear day–night

cycle, which might be thought to be meteorological if it did

not shrink every weekend, with the values at midday on Sun-

day being roughly comparable to those at midnight during the

week. A plot for all components at all stations (Ⓔ Fig. S6)

shows that this variability is common to all stations.
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Figure 7. Temporal and spectral analysis of multiyear vertical ground velocity envelopes at selected stations in southern California. (a,c,
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envelopes of data recorded after and before 2014, respectively. Gray regions denote 95% confidence intervals on the PSD estimates. PSDs
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figure is available only in the electronic edition.
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Both the day–night cycle and the weekend decrease are

inconsistent with this steady noise being caused by rail traf-

fic. As noted earlier, the details of this traffic are proprietary,

but a very different geophysical measurement allows us to

determine how it varies. The University of California at

San Diego operates two long-base laser strainmeters less

than 1 km from the YSD track and south-

west of the Coachella valley. These instru-

ments show a characteristic signature from

passing trains caused by loading of the

ground. We identified a number of such

signals by manual scanning through the

data and averaged them to construct a

matched filter for detecting all rail traffic

over a 4-yr span. Figure 8f shows that rail

traffic shows neither a clear decrease at

night nor one on the weekend, although

there is a possible decrease on Mondays.

Daily variation of seismic noise, with

lower values on weekends, has been seen

before in seismic noise at frequencies of

several Hz; for example, Yamanaka et al.

(1993) observed it in Los Angeles, Groos

and Ritter (2009) in Bucharest, Bonnefoy-

Claudet et al. (2006) in Grenoble, and

Hillers et al. (2012) in Taiwan. However,

all of these observations came from urban

areas: for example, there are two million

people within 10 km of the site used by

Yamanaka et al. (1993). B084, at Piñon

Flat, has only about 2000 people living

within the same distance, and B088 has

even fewer (seeⒺ Fig. S7). It is surprising

to observe a pattern usually associated

with large numbers of people in a place

where there are few to none.

Aweekend decrease in anthropogenic

noise may seem unproblematic in a city

such as Bucharest, where the central re-

gions are likely to be much less crowded

than during the week. But the spatial uni-

formity of this pattern in the Anza area im-

plies that whatever the noise source is, it

must also be widespread. The most ob-

vious choice is vehicle traffic, which cer-

tainly declines at night. But it does not on

weekends. Figure 8e shows a stack of

hourly data on total vehicle miles traveled

in the urban areas nearest to Anza in early

2010: this series has a double peak during

the week but an equally large single peak

on both Saturday and Sunday.

Atef et al. (2009) noted this same dif-

ficulty in trying to explain the weekly var-

iations in seismicity rate and concluded

only that because traffic did not vary as needed, there must

be some kind of general activity that did. One possibility is

industrial machinery, but the Anza region is an open space,

rural residential, and agriculture area without any large in-

dustrial plants.

One anthropogenic source with a pattern matching the

seismic noise is a subset of vehicle traffic: large trucks. Fig-

(a) (b)

(c) (d)

(e) (f)

Figure 8. The properties of the 3-Hz hum observed on stations of the Plate Boun-
dary Observatory (PBO) network in the Anza area along with possible sources. (a,b)
Median power spectra of horizontal component 2 for two PBO sites; spectra were esti-
mated using the method described in the Seismic Noise Induced by Traffic section. In
each panel, the gray line shows the median spectrum for times from 09:00 to 15:00 (local
time) on weekdays; the black line shows the median spectrum for times from 21:00 to
03:00 on all nights. The filled area shows the difference between these. (a) Station
PB.B084. (b) Station PB.B088. (c,d) The time variation of the spectrum at station
PB.B084 and PB.B088, integrated over frequencies from 1.7 to 3.9 Hz, where the largest
peak is. The values are medians for root mean square (rms) values binned at 36 min and
folded to be days of the week; each median estimate is based on about 700 individual
values. (c) Station PB.B084. (d) Station PB.B088. (e) Two measures of highway traffic:
the bottom subpanel shows total vehicle miles traveled on state highways in Caltrans
District 8 (Riverside and San Bernardino counties), and the top subpanel shows the truck
traffic through a weighing station (Dillon Road) on I-10 (location shown in Fig. 1): both
are hourly averages for the total over the time span of 1 March–9 April 2010 and for
trucks over the time span of 18 March–20 April 2010. (f) Average rail traffic on the YSD
of the Union Pacific Railroad based on detections at the Durmid Hill laser strainmeter for
2008–2011. The color version of this figure is available only in the electronic edition.
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ure 8e also shows, from a Caltrans station near Indio, a

weekly stack of several weeks of hourly data for truck traffic

on the I-10 highway for the most common vehicle class (five-

axle semitrailer); because both number of trucks and average

weight are available, we computed a mass flux. This flux

varies with time in much the same way that the seismic noise

does, including drops in both quantities not just on weekends

but also on holidays such as Memorial Day, which again

have overall traffic levels comparable to weekdays.

Numerical models of vehicle-based vibrations (e.g.,

Lombaert and Degrande, 2003) show that these include two

modes of vibration: one set, with frequencies from 1 to 3 Hz,

corresponds to translation and rotation of the frame, and

another from 10 to 20 Hz corresponds to motions of the

wheel–tire–shock-absorber system, known as wheel hop.

The former corresponds to the spectral peak observed on

the Anza borehole seismometers.

Signals Identified by Hutchison and Ghosh (2017)

To identify and locate spontaneous tectonic tremors in

Anza, HG17 analyzed continuous time-series data from June

2011 recorded by permanent stations in Anza and by the

three temporary arrays. In this time interval, all three arrays

were operative. HG17 reports on five 2- to 3-min time win-

dows during which they observe tremors that appear to origi-

nate from a deep source along the SJF. Next, we examine in

detail their detection scheme, pointing out several assump-

tions that significantly reduce its robustness against train-

induced signals recorded by the arrays or by the permanent

network. We then reanalyze each of the time windows re-

ported by HG17 to look for potential signals generated by

trains moving along the railroad surrounding Anza.

HG17 lists several measures they take to prevent false

detections of cultural noise sources. They state that train-

induced signals in Anza last 15–20 min, generally longer

than the 2-min episodes they identify as tectonic tremors oc-

curring along the SJF. We find, however, that because of their

emergent nature and low amplitudes, the exact origin and

durations of these transients are difficult to determine and

thus may have escaped the HG17 visual inspection. For ex-

ample, we find that sources active along a different stretch of

railroad (the Perris Valley subdivision of Metrolink, hereafter

PVSD; indicated in Fig. 1a) give rise to bursts of energy in

the target frequency band, which exceed the background

noise level for periods as short as 1 or 2 min at stations lo-

cated tens of kilometers from the source. Additionally, to

avoid false detections caused by train-induced signals in

the 3- to 4-Hz band, HG17 filters the data between 6 and

8 Hz. Our analysis of train-induced signals originating from

the Coachella Valley shows that their spectra in Anza is

peaked between 3 and 4 Hz (Fig. 4a). Nonetheless, the am-

plitude of the largest train-induced signals originating from

the PVSD or YSDmay sometime exceed the 6- to 8-Hz noise

level. From visual inspection of several windows containing

transients, we find that Anza seismograms recording trains

moving along the PVSD exhibit a distinguishable signal that

persists after applying a 6- to 8-Hz bandpass filter. Thus, the

duration and filtering criteria used by HG17 may only

unequivocally reject signals caused by trains moving along

the YSD but not along the PVSD.

Windows that match the accepted duration criteria are

further analyzed by HG17 using two different approaches.

In the first approach, multibeam backprojection (MBBP;

Ghosh et al., 2012) is used simultaneously with all three tem-

porary arrays deployed in Anza (PFO, CA, and GA arrays;

see Fig. 1b). The MBBP technique uses beamforming array

analysis to resolve the slowness with each of the arrays. The

source location is determined from the intersection of rays

backprojected in 3D using the slowness obtained at each

of the arrays. A true detection is declared when at least two

of the arrays point to a deep source located along the SJF. We

refer to the requirement that a source must be identified by at

least two of the arrays as the two-array criterion.

The resolution limit of the arrays is determined by the

array response function (Rost and Thomas, 2002) under the

assumption of perfect wavefield coherence across the array.

For a 2D array, these functions are characterized by a main

lobe whose width is inversely proportional to the ratio be-

tween the array aperture to the characteristic wavelength

of the incoming signal. The aperture of the temporary Anza

arrays used by HG17 is small (∼600 m), and hence their

angular resolution for coherent signals in the 2- to 8-Hz fre-

quency band is between 10° and 50°. In practice, the two-

array criteria of HG17 allows them to distinguish between

two sources only if these sources are separated by an angle

that is larger than the angular resolution of at least one of the

two arrays. For example, such is the case for the portion of

the YSD to the north-northeast of Anza, where the back

azimuth resolved by the GA and PFO arrays is sufficient

to discriminate between sources located in the Coachella Val-

ley from sources located along the SJF segment in Anza

(Fig. 1a). However, the separation between potential sources

located south of Anza and the target segment of the SJF is

close to or even below the resolution limit of both the PFO

and GA arrays. To safely reject a signal whose origin is to

south-southeast of Anza, one must include back azimuths

measured at array CA in conjunction with back azimuths

at array GA or PFO. The case of the PVSD railroad is more

difficult as it is near Anza, therefore potentially generating

large signals, and is separated from the target fault segment

by an angle that is close to the resolution limit of all three

arrays. To safely reject signals caused by trains moving along

that railroad, one must also include information from more

distant stations. Thus, the two-array criterion of HG17 is ef-

fective for discarding signals from trains moving along the

YSD, may also work for sources located to south of Anza

only if one of the two back-azimuth measurements is ob-

tained by the CA array, and is insufficient for discarding

signals caused by trains moving along the PVSD.

In principle, a second reliable measure against false de-

tections of shallow cultural sources is the observed apparent
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velocity, which should approximate the local wavespeeds in

each site for wavefronts leaving shallow sources and imping-

ing on the array at near-horizontal incidence angles. We find,

however, that during transients that originate from shallow

sources, resolved apparent velocities in isolated windows

may appear to be consistent with a deep source (Figs. 3d,

4, and 5 in HG17). To overcome this difficulty, one should

analyze the mean apparent velocity over several consecutive

time windows, thus ensuring the transient-averaged apparent

velocity across the array is within the range expected from a

source at depth.

The second approach used by HG17 as a complement to

the MBBP is an ECC technique (e.g., Wech and Creager,

2008). In this procedure, the source may be crudely located

using differential arrival times obtained by cross-correlating

waveform envelopes recorded in a regional network. HG17

cautiously considers detections only if both the ECC and the

MBBP approaches yield similar results. However, the reso-

lution of the ECC approach is severely limited by the station

distribution in Anza. Because of interstation distances that

are small relative to the distance to the remote cultural

sources giving rise to low-amplitude transients, surface-wave

arrival lag times between Anza borehole stations are short,

typically within a few seconds. Computing signal envelopes

involves smoothing, which further reduces temporal resolu-

tion to the point that waves generated by a distant shallow

source located tens of kilometers from Anza appear to arrive

at several of the local stations at once (Ⓔ Fig. S1). This con-

figuration poses a major difficulty for methods relying on

ECC to detect and locate tremors.

Deep sources located along the SJF are expected to give

rise to signals with lag times between the Anza borehole sta-

tions that are easily below the resolution of envelope-based

techniques. Given the frequent occurrence, spectral content,

duration, and amplitude of train-induced signals in Anza, us-

ing envelope-based techniques on local stations will likely

result in many false detections, even if reasonable steps

are taken to avoid them. One alternative is to smooth the

envelopes using a short (< 2 s) window. This solution is

not optimal because it may result in misidentifying many lo-

cal and regional events as tremor. As we will show, a second,

much simpler solution is to include regional stations located

near the railroads surrounding Anza. Because train-induced

signals are easily recognizable on traces recorded less than

50 km from the source, regional stations outside Anza and

borehole stations located near the SJF can be simultaneously

used to effectively reject transients whose envelope-derived

differential arrival times in near-SJF stations appear to be

consistent with a deep source located along the SJF.

In light of its design, we expect the HG17 approach to

yield many false detections despite their efforts to prevent this.

Figures 9 and 10 present ground motions recorded on 10 and 8

June 2011, respectively. Both these time windows were re-

ported by HG17 to contain signals from a deep tremor source

located along the SJF (see figs. S7 and S6 in HG17). Traces in

Figure 9 were bandpass filtered between 2 and 5 Hz, squared,

and smoothed using a 0.5-s median window. The moveout of

motions recorded by regional permanent stations are consis-

tent with seismic waves propagating from a source located to

the northwest (Fig. 9) or south (Fig. 10) of Anza and not with a

source located along the SJF. It is most likely that a train mov-

ing along the PVSD railroad (Fig. 1a) on 10 June 2011 gave

rise to the signal observed in Anza. A separate detection on 22

June 2011, reported by HG17 to contain signals from tremors

along the SJF (see fig. 4 in HG17), but that shows a clear

moveout consistent with a source moving along the PVSD

is presented in Ⓔ Figure S8.

We find that peak amplitudes at site PLS, located nearest

the railroad, are a factor of 1.2–2.9 smaller than at station

MUR located farther southeast but that peak amplitudes mea-

sured over a distance of 90 km to the southeast of the tracks

decay by roughly a factor 10, as expected from surface waves

generated from a source located on the tracks. A tremor

source located in the Anza section of the SJF is expected

to produce signals that decay in the northwest direction

toward the PVSD railroad, which is inconsistent with our ob-

servations (Fig. 9 and Ⓔ Fig. S8). Because of the distribu-

tion of stations around the PVSD and the high levels of noise

present in seismograms in that part of Riverside, tracking

a train moving along that railroad is more difficult than along

the YSD. Thus, the slight deviation from expected ampli-

tudes for stations near the track may be simply because the

trains were not accurately located or because of conditions

affecting sites PLS or MUR.

The arrivals presented in Figure 10 are caused by a unreg-

istered regional event located in Baja California.

Unfortunately, the small number of stations in that area pre-

vents us from determining the epicentral location of this

22 June 2011 event. However, Figure 10 clearly shows

that the arrivals identified by HG17 cannot be associated with

an event in Anza. Presumably, the high apparent velocity of

seismic phases at regional distances gave rise to apparent

velocities consistent with the deep source reported by HG17.

In two other dates reported by HG17, we do not observe

a signal that may be easily associated with a source outside

Anza as in the case of the transients on 8, 10, and 22 June

2011. We examined the traces recorded by the Anza borehole

stations during the 1 and the 6 June 2011 transients reported

by HG17. Because of their superb SNR and given that they

lie in close proximity to the area HG17 indicate is the tremor

source region, the Anza borehole stations should clearly

exhibit signatures of any tremor-related signal detected with

the temporary arrays. Visual inspection of seismograms at

these sites during the intervals reported by HG17 do not re-

veal any signal that may be associated with tremor (Ⓔ

Figs. S9 and S10), and we therefore regard them as false de-

tections. The 1 June 2011 transient is indeed visible on sta-

tions of the CA and GA arrays (but not by the borehole

stations). However, the arrival lag time between these two

arrays is inconsistent with a deep source located along the

SJF and is thus likely due to a single shallow source or multi-

ple uncorrelated shallow sources.
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To summarize, we find no evidence for tectonic tremor

activity during any of the dates reported by HG17. On three

of these dates, we find clear evidence that signals associated

by HG17 with deep tectonic tremors occurring along the

SJF actually originated from shallow remote sources located

50–100 km from Anza or are caused by a regional earthquake.

Two other reported detections do not give rise to a discernible

signal at borehole stations located within about 10 km from

the SJF, and hence we consider them false detections.

Discussion and Conclusions

Vibrations from truck and train traffic along the Coachella

Valley, a major transportation artery, appear to be the primary

source of seismic noise at roughly 1–5 Hz in the Anza region.

These traffic signals are low amplitude (relative to the

background noise level) and difficult to distinguish in the time

domain at the noisier surface stations but are readily detected

by dense arrays and are more clearly seen on Anza borehole

instruments. Using data from borehole Anza stations as well

as surface CI stations along the Coachella Valley, we show that

trains running along the YSD in the Coachella Valley in prox-

imity to station MGE and along the PVSD generate vibrations

that are associated with visually detectable transients at most

of the borehole sites. We determined that the transients are

associated with train traffic, but the sustained hum is associ-

ated with truck traffic. Both forms of seismic noise have

similar frequency-domain signatures. We believe there is

a simple reason for this: the natural frequency f of a

mass-spring system is related to its static deflection d under

gravity: d � g=4π2f2. A frequency of 3 Hz corresponds to

d � 2:7 cm (about 1 inch). It seems reasonable to assume that

the suspensions of both railcars and trucks are designed to
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Figure 9. Envelopes of vertical ground motions as a function of
time (UTC) caused by a source active on 10 June 2011. Traces are
sorted according to their distance from the PVSD railroad (location
indicated in Fig. 1a). Stations names and squared peak ground
velocity amplitudes (cm2=s2) are indicated above each trace. Diago-
nal line indicates propagation velocity of 3 km=s. Gray area indi-
cates the window Hutchison and Ghosh (2017) identify as
containing deep tectonic tremors occurring on the SJF (tremor
source region determined by Hutchison and Ghosh, 2017 is indi-
cated by the ellipse in Fig. 1b). The color version of this figure
is available only in the electronic edition.
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Figure 10. Vertical ground motions as a function of time (UTC)
caused by a regional unregistered event that occurred in southern
Baja California on 8 June 2011. Stations are sorted according to
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in Baja California, the southernmost station that recorded this event.
Diagonal line indicates propagation velocity of 6 km=s. Stations
names and peak ground velocity (cm=s) are indicated above each
trace. Other symbols are as in Figure 9. The color version of this
figure is available only in the electronic edition.
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allow comparable static deflections. We thus conclude that

both trains and trucks generate the predominate 2- to 5-Hz

noise observed across the Anza array, with trains moving

along the YSD generating visually apparent transients with

durations on the order of 20 min. Trains moving along the

PVSD railway may give rise to visually detectable transients

with duration that is on the order of 5 min.

The Anza stations are expected to be sensitive to oper-

ations in the SGP wind farm, the largest wind farm in

southern California (> 2000 wind turbines). Instead, we find

that the construction of about 50 towers at the LR wind farm

in northern Baja California caused a significant increase in

the amplitude of 1- to 5-Hz noise present in the Anza stations

between 2014 and 2018. Most stations show very weak sea-

sonal modulation before2011, although by that time, more

than 2000 of the SGP wind turbines were already in place.

The radius influenced by operations at LR wind is surpris-

ingly large and extends out to about 100 km. It is possible

that wind farm–induced signal generated at SGP decays rap-

idly with distance traveled within the soft sediments of the

Coachella Valley. Favorable wind conditions and the wind

turbine’s proximity to the bedrock underlying the Sierra

Juárez range in LR are most likely the reason wind turbines

in LR are capable of inducing such loud transients. Plans to

increase the number of wind turbines in LR from 50 to 500 in

the coming years are expected to degrade the capability for

monitoring of weak tectonic transients in Anza.

The traffic-induced transients are strong enough to gen-

erate correlated noise envelopes across the Anza borehole ar-

ray within the 2- to 8-Hz frequency band, lasting a up to a few

tens of minutes (Fig. 3). Moreover, the transients consist of

near-repeats of highly similar short-duration waveforms (Ⓔ

Fig. S2) because of the localized nature of the sources (small

size relative to wavelength). Because these features are similar

to those of tectonic tremor signals, the train-induced signals

can effectively masquerade as tectonic tremor. Thus, these

signals were identified using a tremor-detection approach de-

signed based on characteristics of tremor observed elsewhere.

The ubiquitous nature of the identified noise sources in the

Coachella Valley is likely one of the reasons why tectonic

tremor has been difficult to observe along the SJF; the other

possible reason is that perhaps it simply does not occur. In any

case, our results place bounds on the capability to detect spon-

taneous tremors in southern California with current instrumen-

tation and analysis techniques. Our characterization of the

noise will be useful to develop tremor detection algorithms

that are not fooled by cultural noise sources that have con-

founded previous approaches.

We examined the dates when HG17 reported tectonic

tremors that occurred along the SJF. Despite their efforts to

prevent false detections, we find that during three of the five

transients identified by HG17, the moveout across regional

surface and borehole stations is more consistent with cultural

or natural sources that are not located along the SJF. The tran-

sients on 10 and 22 June 2011 are most likely caused by a

freight train moving along the PVSD, and the transient on

8 June 2011 is caused by an unregistered regional event in

Baja California. Two other transients on 1 and 6 June 2011 do

not give rise to signals that can be readily identified in the

seismograms recorded by borehole stations located in Anza.

Given the superb SNR (in time windows not containing train-

induced transients) of the tremor target frequency band at the

borehole stations and given that at least two of the stations are

located at shorter distance to the tremor source region than any

of the temporary arrays used to detect them, the lack of a clear

signal suggests that the transients on 1 and 6 June 2011

reported were incorrectly identified as tremor.

Although our analysis reveals an anthropogenic origin

of the transient signals observed at Anza, these waveform

data, which we have shown can be traced to identifiable

(moving) sources, can be used to improve the shallow attenu-

ation model for the region. The skin depth of the inferred

high-frequency surface waves generated by trains is in be-

tween the depths accessible to boreholes and the depth range

over which conventional seismological investigations pro-

vide resolution. Simplified calculations presented in this

study reveal that Q increases more strongly with depth than

suggested by coarser models inferred from analysis of seis-

mic data. Similar studies exploiting high-frequency ground

motion induced by traffic could be undertaken in regions of

low-seismicity rate to complement the earthquake hazard as-

sessment of critical facilities.

Data and Resources

Seismic data used in this study were recorded and main-

tained by the Anza seismic network (doi: http://dx.doi.org/10

.7914/SN/AZ), the Southern California Seismic Network (doi:

http://dx.doi.org/10.7914/SN/CI), the Plate Boundary

Observatory Borehole Seismic Network (http://www.fdsn.org

/networks/detail/PB), and the Red Sísmica del Noroeste de

México (doi: http://dx.doi.org/10.7914/SN/BC). The MAO-

TECTRA array data are available at doi: http://dx.doi.org/

10.7914/SN/ZZ_2011. The laser strainmeter data are available

at https://www.unavco.org/data/strain-seismic/lsm-data/lsm-

data.html. Traffic data are from the Caltrans Performance

Measurement System at http://pems.dot.ca.gov. Wind speed

data are from UNAVCO at http://www.unavco.org and from

the National Climatic Data Center at https://www.ncdc.noaa

.gov. Wind energy data are from the California Energy Com-

mission at http://energy.ca.gov/almanac/renewables_data/

wind and the U.S. Energy Information Association at https

://www.eia.gov/electricity/data/eia860. The La Rumorosa re-

port by the State of California Public Utilities Commission is

available at cpuc.ca.gov. Data were last accessed March 2018.
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