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Correct identification and modeling of anthropogenic sources of ground motion are of
considerable importance for many studies, including detection of small earthquakes
and imaging seismic properties below the surface. To understand signals generated
by common vehicle traffic, we use seismic data recorded by closely spaced geophones
normal to roads at two sites on San Jacinto fault zone. To quantify the spatiotemporal
and frequency variations of the recorded ground motions, we develop a simple analyti-
cal solution accounting for propagation and attenuation of surface waves. The model
reproduces well-observed bell-shaped spectrograms of car signals recorded by geo-
phones close to roads, and it can be used to estimate frequency-dependent Q-values
of the subsurface materials. The data analysis indicates Q-values of 3–40, for frequen-
cies up to 150 Hz for road-receiver paths at the two examined sites. The derived Q-
values are consistent with attenuation factors of surface waves previously obtained
with other methods. The analytical results and analysis procedure provide a highly
efficient method for deriving Q-values of shallow subsurface materials.

Introduction
Seismic ground motions consist of superposition of contribu-
tions from various tectonic (earthquakes and tremor), environ-
mental (e.g., wind shaking objects, lightning, and thunders),
and anthropogenic (e.g., car, train, and air traffic) sources
(e.g., Seydoux et al., 2016; Meng et al., 2019). Correctly iden-
tifying different sources of ground motion is essential for the
numerous applications using seismic waveforms, including the
detection of small earthquakes and tremor (e.g., Gibbons and
Ringdal, 2006; Shelly et al., 2007; Cheng et al., 2020), imaging
subsurface structures based on the ambient seismic noise (e.g.,
Shapiro et al., 2005; Lin et al., 2013; Zigone et al., 2019), and
monitoring temporal changes of seismic properties (e.g.,
Brenguier et al., 2008; Zhan et al., 2013; Hillers et al., 2019).

The San Jacinto fault zone (SJFZ) is a major branch of the
North America–Pacific plate boundary in southern California
that is highly active seismically and well-instrumented with
several regional seismic networks and dense fault-zone arrays
(e.g., Hauksson et al., 2012; Ben-Zion et al., 2015; White et al.,
2019). The total contribution to the duration of recorded
ground motion from tectonic sources, even at this highly active
fault zone, is estimated to be around 1% (Meng and Ben-Zion,
2018b). For comparison, air-traffic and wind-related ground
motions occupy tens of percent of the seismic waveforms
recorded around the SJFZ (Johnson et al., 2019; Meng et al.,
2019). These signals, together with other anthropogenic,

sources such as trains and cars, can be nuisances for studies
aiming to detect tectonic sources (e.g., Douze and Laster,
1979; Inbal et al., 2018), because they mask tectonic signals
and can produce similar bursts and trains of weak ground
motions. The correct identification of anthropogenic sources
can not only enhance the fidelity of tectonic source detections,
but also be utilized for detailed seismic imaging and monitor-
ing changes of properties in the crust (e.g., Nakata et al., 2011;
Chang et al., 2016; Brenguier et al., 2019).

Vehicle traffic has been identified in previous studies as a
common source contributing to ground motions in continuous
seismic waveforms (e.g., Riahi and Gerstoft, 2015; Salvermoser
et al., 2015; Lindsey et al., 2020). The focus of this work is to
characterize vehicle-induced ground motions, using both con-
trolled and uncontrolled field experiments at sites on the SJFZ.
We model car-generated ground motion with analytical
expressions that account for the source spectrum and attenu-
ation of Rayleigh waves with increasing propagation distance.
The model is constrained using data recorded by two
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deployments of closely spaced seismic sensors aligned orthogo-
nal to roads. Fitting the model results to the data provides a
simple tool for deriving frequency-dependent seismic attenu-
ation coefficients for shallow crust materials between the road
and sensors.

Seismic Data
The data were recorded by two short (<250 m) linear arrays of
5-Hz Fairfield ZL and seismographs deployed across the Clark
branch of the SJFZ at the Sage Brush Flat (SGB) and the
Ramona Reservation (RA) sites near Anza California (Fig. 1).
At the SGB site, we analyze data recorded at 500 Hz by four
sensors with a nominal station spacing of 40 m (Johnson et al.,
2018), during a controlled experiment on 6 March 2018 using a
mid-size Sport Utility Vehicle (SUV; ∼1800 kg) and a compact
sedan (∼1400 kg). The SGB site is an inactive ranch, with a
500 m hard-packed runway, or dirt road, through the center.
The location is relatively isolated from urban noise and was the

subject of numerous previous seismological studies (e.g., Ben-
Zion et al., 2015; Hillers et al., 2016; Meng et al., 2019). During
the experiment, the vehicles accelerated from one end of the
dirt road (red line in Fig. 1c), maintained constant speeds
between 10 and 40 km=hr for more than 25 s, and stopped
at the other end. The ground motions generated in 14 driving
experiments (Table S1, available in the supplemental material
to this article) are investigated in this study.
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Figure 1. (a) A regional map showing the two seismic arrays (red
triangles) on San Jacinto fault zone. (b) A conceptual diagram of
a car traveling with constant speed along a straight road. (c,
d) Seismic nodes (red triangles) and dirt roads (redlines) shown on
a Google Earth image of the Sage Brush Flat (SGB) and Ramona
Reservation (RA) sites centered around −116.593°/33.539° and
−116.699°/33.607°, respectively. White-dashed lines are
mapped U.S. Geological Survey (USGS) fault traces. The color
version of this figure is available only in the electronic edition.
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At the RA site, we use data recorded at 500 Hz, by eight
sensors with a nominal spacing of 30 m (Allam, 2015), four
on each side of a dirt road, during regular (uncontrolled)
vehicle traffic with unknown speed (Fig. 1d). The RA site is
near the Hog Lake paleoseismic study area, where surface rup-
tures of over 20 moderate–large events were documented
(Rockwell et al., 2015), and was also the subject of previous
seismological studies on fault-zone imaging (Yang et al.,
2014; Wang et al., 2019; Zigone et al., 2019). The different set-
tings at the two sites allow us to verify that the developed tech-
niques are applicable for a range of conditions.

Modeling and Results
Modeling of vehicle source spectra and wave
propagation
To quantitatively analyze the recorded ground motions, we
consider a simple model with a car moving at constant velocity
v0 along a straight road. The car is sufficiently far from the
sensors and can, therefore, be represented as a point source
(Fig. 1b). In the model, the vehicle exerts a downward force
on the ground and primarily radiates away from the road
Rayleigh waves with a source spectrum A0�f �. The waves gen-
erated by the vehicle at time t propagate with a phase velocity
c�f � and arrive at the seismograph at time t′:

EQ-TARGET;temp:intralink-;df1;41;431t′ � t � r
c�f � ; �1�

in which r �
����������������������
l2 � �v0t�2

p
and l is the distance between the

receiver and road (Fig. 1b). The vehicle speed v0 is on the order
of 10 m=s (36 km=hr), which is much smaller than the phase
velocity of surface waves (>200 m=s) in the frequency range
5–150 Hz. Solving equation (1) for t with v0 ≪ c�f � gives

EQ-TARGET;temp:intralink-;df2a;41;324t � t′ −

�����������������������
l2 � �v0t′�2

p
c�f � : �2a�

To model data with an arbitrary reference time, we add a
reference time t′0 to equation (2a):

EQ-TARGET;temp:intralink-;df2b;41;244t � �t′ − t′0� −
�����������������������������������
l2 � �v0�t′ − t′0��2

p
c�f � : �2b�

At t � 0, the vehicle is the closest to the seismograph, and
the generated ground motion arrives at the seismograph at t′.
The arrival time t′ can be obtained from the seismograms, for
example, at the peak of the vertical ground motions. The refer-
ence time can then be determined by

EQ-TARGET;temp:intralink-;df3;41;129t′0 � t′ −
l��������������

c2 − v20
p : �3�

Assuming that the horizontal force exerted by the vehicle
on the ground is negligible compared with the vertical (i.e.,

relatively smooth roads), the radiation pattern is nearly iso-
tropic in all azimuthal directions. Considering the geometrical
spreading and attenuation, the recorded amplitude A at
frequency f and time t′ is given by (e.g., Inbal et al., 2018)

EQ-TARGET;temp:intralink-;df4;308;691A�f ; t′� � A0�f ����������
r�t0�

p exp

�
−πf

r�t′�
Qc

�
: �4�

Taking the natural logarithm of equation (4) gives

EQ-TARGET;temp:intralink-;df5;308;626 ln�A�f ; t′��� ln�A0�f ��−
1
4
ln�l2��v0t�2�−πf

���������������������
l2��v0t�2

p
l

t�;

�5�

in which Q � Q�f � is the frequency-dependent quality factor
of Rayleigh wave, and t��f � � l=�Q�f �c�f �� is the attenuation
factor that is widely used in seismic attenuation tomography
(e.g., Roth et al., 1999; Liu and Zhao, 2015).

The observed spectral amplitude A�f i; t′j� for frequency f i at
receiver time t′j can be obtained by performing Fourier trans-
form on short time windows of recorded waveforms. A com-
putationally convenient form is obtained by rearranging the
terms in equation (5) to be

EQ-TARGET;temp:intralink-;df6;308;444

ln�A�f i; t′j�� �
1
4
ln�l2 � �v0tj�2�

�
�
1 −πf i

���������������
l2��v0tj�2

p
l

�
·

�
ln�A0�f i��
t��f i�

�
; �6�

in which tj � �t′j − t′0� −
�����������������������������������
l2 � �v0�t′j − t′0��2

q
=c�f i�. The cen-

tered dot in equation (6) represents a dot product and this
notation is applied throughout the article. For each frequency,
f i, of interest, measurements of the spectral amplitude A�f i; t′j�
may be made at multiple time steps. As shown in the Appendix,
we can then estimate the source spectrum ln�A0�f i�� and the
attenuation factor t��f i� from equation (6), using the obser-
vations.

Data analysis and results
We first analyze example observations of a controlled vehicle
event at the SGB site and a detected vehicle event at the RA site,
and then present results for additional vehicle events at both
sites. To illustrate the data and analysis procedure, we start by
examining the seismic signals generated by a mid-size SUV
moving at the SGB site at 40 km=hr and recorded by four sen-
sors with distances from the road of 16, 20, 67, and 110 m
(Fig. 1c). The envelopes and amplitudes of the recorded wave-
forms vary with increasing distance from the road (Fig. 2a). At
the two sensors (1.20 and 1.21 in Fig. 1c) near the road, the
data have clear central peaks and resemble tremor with a dura-
tion of about 20 s. The amplitudes and high-frequency content
of the waveforms attenuate rapidly with increasing distances.
Spectrograms corresponding to the 25 s waveforms in

Volume XX • Number XX • – 2021 • www.srl-online.org Seismological Research Letters 3

Downloaded from http://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220200457/5238527/srl-2020457.1.pdf
by UC San Diego Library user
on 05 March 2021



Figure 2a are obtained by performing Fourier transform using
short moving time intervals of 512 samples (1.024 s) with 256
overlapping samples. The spectrograms have symmetric bell
shapes for stations very close to the road (Fig. 2b), and the spec-
tral shapes flatten rapidly with increasing distance. These obser-
vations reflect basic aspects of the propagation and attenuation
of seismic waves. The data at sensors 1.20 and 1.21 near the road
contain signals with high amplitude and frequencies over
150 Hz, when the moving vehicle is in close proximity to the
sensors (around 12 s, Fig. 2a,b). Because the vehicle velocity
is much less than the seismic wave-propagation speed, the
results are, approximately, symmetric when the vehicle is mov-
ing toward and away from the sensors (Fig. 2b). At sensors 1.12
and 1.13 located farther from the road at the SGB site (Fig. 1c),
similar flattening effects are observed that are due to the higher
attenuation and scattering resulting from the larger source-
receiver separations (Fig. 2a,b).

As an application of the described methodology, we extract
the amplitudes of the spectrograms for 20 s windows high-
lighted by the white-dashed boxes in Figure 2b recorded in
field experiment 1 (Table S1). Using spectral amplitudes for
various time and frequency of interest on the spectrograms
(Fig. 2b) allows us to stably perform an inversion of the spec-
trum of a given source and t� for the paths between the source
and multiple receiver locations (see Appendix). In the inver-
sion, the reference time t′0 for each analyzed waveform is deter-
mined by the time of the peak ground motion, which varies for
each seismograph, with a subtraction of l=

��������������
c2 − v20

p
. Because

high-frequency waves are attenuated rapidly with growing

propagation distances (Fig. 2b), we estimate Q-values only
up to 150, 100, and 50 Hz, as the sensor distances increase from
16 to 110 m. The time windows and frequency bands (dashed
boxes in Fig. 2b) that are selected for analysis exceed the noise
level in spectral amplitudes. Performing the analysis on data
with wider time window or frequency band may result in
biased or unstable estimate of Q-values. Figure 2c shows the
resolved source spectrum for the mid-size SUV traveling
at 40 km=hr during field experiment 1 at the SGB site
(Table S1). The source spectrum ln�A0�f i�� has a peak at
50 Hz, with decreasing values at lower and higher frequencies.
Based on previous seismic imaging results, the average phase
velocity c�f � of the shallow material at the SGB site is about
300 m=s (e.g., Hillers et al., 2016; Mordret et al., 2019). For
the frequency range of interest (5–150 Hz), the dispersion
of surface waves is relatively weak and can be approximated
by a constant value, because surface waves with wavelength
<60 m only sample the top sedimentary layer and do not
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Figure 2. (a) Vertical waveforms recorded by four sensors at the
SGB site, during the experiment 1 on 6 March 2018 (Table S1)
with a mid-size Sport Utility Vehicle (SUV) moving at 40 km=hr.
(b) The corresponding spectrograms with white-dashed boxes
denoting data used in the inversion. (c) The resolved source
spectrum of the moving car. (d) The derived Q-values between 8
and 150 Hz for paths between the car and sensors. (e) The
modeled spectrograms using the resolved source spectrum and
Q-values shown in panels (c,d). The color version of this figure is
available only in the electronic edition.
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interact with the deeper bedrocks (Meng and Ben-Zion,
2018a). Using the relation, Q�f � � l=�c�f �t��f �� estimate Q-
values between 8 and 150 Hz for surface waves propagating
in the shallow subsurface materials (<60 m) at the SGB site
(Fig. 2d). The estimated Q-values with the same data, repre-
senting average quality factors of Rayleigh wave between the
road and seismographs, generally increase with frequency
and are mostly in the range 4–14 (Fig. 2d). Using equation (5)
with the resolved source spectra ln�A0�f i�� and Q-values
shown in Figure 2c,d, the modeled spectrograms (Fig. 2e)
match closely to the observations, given the assumed simplified
source spectrum, surface waves propagation, and attenuation
(Fig. 2b). The spectrogram modeling provides a consistency
check on the analysis procedure and evidence that the source
is properly characterized at the level of the recorded data.

To demonstrate the utility of the method for uncontrolled
car traffic data, we analyze a detected vehicle event at the RA
site (event 1; Table S2) traveling at an unknown speed (Fig. 3).
Seismic imaging at the RA site shows that the average
Rayleigh-wave phase velocity is about 300 m=s (Zigone et al.,
2019). Because v0 in equation (5) is unknown, a grid search is
then performed from 10 to 100 km=hr, using a 5 km=hr incre-
ment. The best v0-value is determined by minimizing the L2
norm of the observed and modeled spectrograms misfit. The
estimated speed for the detected vehicle event 1 at the RA site is
40 km=hr (Fig. 3c). The resolved source spectrum has a peak at
40 Hz, and it decreases at lower and higher frequencies
(Fig. 3d). Similar to the results at the SGB site, the estimated
Q-values at different stations generally increase with

frequencies but span a higher range from 5 to 40 (Fig. 3e).
The model spectrograms (Fig. 3f) are consistent with the
observed results highlighted by the white boxes in Figure 3b.

To constrain the uncertainties of the estimated Q-values,
the inversion is repeated using data recorded during 13 addi-
tional field experiments with the mid-size SUV and compact
sedan vehicles traveling with known speeds at the SGB site
(Table S1), and 10 additional examples of detected vehicle
events with unknown speeds at the RA site (Table S2). The
resolved source spectra are shown in Figure 4 and Figure S1,
and the estimated Q-values for all experiments are presented in
Figure 4 as averages and 1 standard deviations. The derived Q-
values are consistent with attenuation factors of surface waves
obtained from analysis of high-frequency seismic noise in the
SJFZ area (Liu et al., 2015) and Q-values of S waves in the
upper 50 m, based on shallow logging data in southern
California (Fletcher et al., 1990).
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Figure 3. (a) Vertical waveforms recorded by the RA nodal array
during the passage of an unknown vehicle (detection 1,
Table S2). (b) The corresponding spectrograms with white
dashed boxes to denote the data incorporated in the inversion.
(c) The gird search results to estimate the vehicle speed with a red
dot showing the best fit value. (d) Resolved source spectrum of
the moving vehicle. (e) Derived Q-values for paths between the
car and sensors. (f) Modeled spectrograms using the resolved
vehicle speed, source spectrum, and Q-values in (c,d,e). The color
version of this figure is available only in the electronic edition.
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Discussion and Conclusions
The vehicle-generated waveforms resemble short-duration
tremor near the road, and the corresponding spectrograms
have bell shapes, which are indicative of a moving source
(Figs. 2 and 3). The amplitudes attenuate rapidly with increas-
ing road-receiver distances, especially for the high frequencies.
The sensors at both sites with distances >110 m from the road
record signals only at frequencies between 5 and 30 Hz
(Figs. 2b and 3b). The source spectra resolved from the vehicle
events at SGB and RA sites have, approximately, a triangle
shape, with peaks around 40–50 Hz (Fig. 4a,b and Fig. S1).
For the field experiments at the SGB site, the source spectra
are stronger for the heavier mid-size SUV compared with
the compact sedan traveling at the same speed.

The source power generated by both the vehicles is signifi-
cantly stronger for cars moving at higher speeds, indicating
stronger interactions between the vehicles and the road surfa-
ces (Fig. 4a,b). This can be explained by analytical modeling of
the vertical forces generated by a vehicle with a given mass,
approximated by a single-axle model with a combination of
springs and dampers (Hao and Ang, 1998). For a faster-
moving vehicle, larger vertical forces are expected to be exerted
on the ground surface, as the wheels accelerate and decelerate
more rapidly in the vertical direction by rolling over small
bumps and the unevenness of the road.

In the developed model, we assume that the vehicle is trav-
eling at constant velocity along a straight road, which is

appropriate for the controlled field experiment at the SGB
site. The recorded seismic waveforms and the corresponding
spectrogram at the SGB site are relatively symmetric in time
(Fig. 2). These features were used as criteria to select the 10
events at the RA site for analysis with the basic developed
model (Fig. 3). Vehicles not traveling at a constant speed or
moving on a curved road are expected to produce more com-
plex signals (Fig. S3). Modeling these signals becomes more
difficult, because the source spectra may change by an
unknown speed history and the forces exerted on the road sur-
face evolve during periods of accelerations and decelerations in
the vertical and horizontal directions.

We assume that the horizontal force exerted by the vehicle
on the ground is negligible compared with the vertical. This is
generally true when the vehicle travels at a constant speed on a
relatively smooth surface. To test whether this assumption is
representative of the conditions relevant for the examined data,
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Figure 4. (a,b) Estimated source spectra of the two experimental
vehicles moving at different velocities in the SGB site. (c,e) The
resolved averageQ-values (solid line) with one standard deviation
(shaded area) between the road and sensors at the RA array.
(d) The derived Q-values estimated for paths between the road
and sensors shown as the average (solid line) with one standard
deviation (shaded area). The color version of this figure is
available only in the electronic edition.
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we analyze the polarizations of the two events discussed in the
Data Analysis and Results section (Figs. 2 and 3). Figure 5
shows the horizontal waveforms for experiment 1
(Table S1) at sensor 1.20. We evaluate the horizontal particle
motions for each 0.25 s window (125 samples) and then fit
directions using a linear-square algorithm. The fitted particle
motion directions are initially parallel to the road (6–8 s in
Fig. 5e) and then gradually turn clockwise as the vehicle moves
toward the sensor. Variations around this pattern are possibly
due to unevenness of the road or superposed high-frequency
noise generated by wind-related or other sources (Johnson
et al., 2019). When the vehicle is closest to the sensor (around
10 s), the particle motion direction is, approximately,
perpendicular to the road strike. Because the vehicle moves
away from the sensor toward the southwest, the particle
motion direction becomes again generally parallel to the road
(12–15 s in Fig. 5e). This implies that the moving vehicle pri-
marily exerts a vertical force on the ground, which generates
Rayleigh wave with particle motion parallel to the direction
from the source to sensor. For detected event 1 (Table S2)
at sensor RA33, the horizontal particle motion directions
are also generally parallel to the road in the beginning (15–
17 s in Fig. 5f) and then turn counterclockwise, implying a
moving direction toward the northwest. Because the vehicle
moves away from the sensor, the particle motion direction
gradually returns to be overall parallel to the road.

The obtained frequency-
dependent attenuation coeffi-
cients for up to 150 Hz are
important results with practi-
cal applications, to under-
standing the properties of
the top geotechnical layer
(<100 m depth). Simple ana-
lytical results and data analysis
procedure allow us to easily
and stably estimate the source
spectra of the moving vehicles
and the average Q-values
between the road and receivers
from the data recorded by an
array of sensors. Figure 4d
summarizes the average and
corresponding one standard
deviation Q-values estimated
from the 14 field experiments
at the SGB site. The Q-values
generally increase with fre-
quency and are mostly in the
range of 4–14. An increasing
trend of frequency-dependent
Q-values has been widely
observed in previous studies

(e.g., Aki and Chouet, 1975; Hasegawa, 1985; Mayeda et al.,
1992; Erickson et al., 2004). The overall increase of Q-values
with distances from the road to receivers is consistent with the
proximity of the road to the main fault trace and core damage
zone at the SGB site (Ben-Zion et al., 2015; Qin et al., 2018;
Share et al., 2020). Similar results are found for the Q-values
estimated from the vehicle traffic events at the RA site, in
which the road also follows a main fault trace (Wang et al.,
2019; Qin et al., 2020). At this location, the Q-values are in
the range of 5–40 and again show an increasing trend over
growing frequency and distance from the road (Fig. 4c,e).
The obtained Q-values at both sites are consistent with low-
quality factors of surface waves derived from analysis of
high-frequency seismic noise in the SJFZ area (Liu et al.,
2015) and low Q-values of S waves in the upper 50 m based
on shallow logging data in southern California (Fletcher et al.,
1990). Because seismic energy can be trapped in the fault dam-
aged zone (e.g., Ben-Zion and Aki, 1990; Ben-Zion et al., 2003;
Hillers et al., 2014), the geometrical decay of the wavefield is
expected to be stronger in the fault perpendicular direction
than it in the fault parallel direction. Therefore, the resolved
increasing trend of Q-values with distances from road to
receiver at both sites is unlikely caused by an over correction
of the geometric spreading factor 1=

��
r

p
.

Local peaks in the resolved frequency-dependent Q-values
are observed around 15–25 Hz at both the sites (Fig. 4c–e).
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Figure 5. (a,c) Horizontal waveforms recorded by sensor 1.20 at the SGB site, during the experiment
1 on 6 March 2018 (Table S1) with a mid-size SUV moving at 40 km=hr. (b,d) Horizontal
waveforms recorded by sensor RA33 at the RA site, during the passage of an unknown vehicle
moving at 40 km=hr (detection 1, Table S2). (e) Colored dots show the particle motion for each
0.25 s window (125 samples). Bottom black lines show the fitted particle motion directions for
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this figure is available only in the electronic edition.
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These peaks are probably produced by the assumed constant
phase velocity of Rayleigh waves applied in our analysis. Using
a higher phase velocity will reduce the estimated Q-value for an
observed attenuation factor t��f � � l=�Q�f �c�f ��. To illustrate
this, we introduce a dispersion over the frequency range of
5–25 Hz with a decreasing cosine function of phase velocities
from 600 to 300 m=s (Fig. S2a), similar to SJFZ observations
(Zigone et al., 2019). Analyzing the data of experiment 1 at the
SGB site with the assumed dispersion c�f � reduces the peaks of
resolved Q-values around 15–25 Hz (Fig. S2c) while keeping
the source spectrum almost unchanged (Fig. S2b). This indi-
cates that the simple modeling procedure described in the
Seismic Data section provides stable estimates of the vehicle
source spectra and attenuation factor t�, but the derived Q-val-
ues depend, to some extent, on the assumed phase velocities. In
addition, the variations of the resolved Q-values at various sen-
sors may be somewhat overestimated for a given frequency,
because the phase velocity can also vary across the damage
zones (Zigone et al., 2019). Heterogeneities of phase velocities
can also perturb the radiation generated by the moving vehicle
from the assumed isotropic pattern.

The source spectrum reflecting the interaction between the
vehicle and road surface can be represented by a triangle in
the frequency domain with a peak at a given frequency, as shown
in Figure 4a,b and Figure S1. Using a triangle vehicle source spec-
trum with a peak at 50 Hz and a constant Q-value of 15 for
frequencies 0–150 Hz, we synthesize spectrograms (Fig. S4) that
match the observations in Figures 2b and 3b. The modeling
results provide guidance to properly identify vehicle traffic events
from other sources of weak ground motions commonly observed
in continuous seismic records (Inbal et al., 2018; Meng and Ben
Zion, 2018b; Johnson et al., 2019, 2020; Meng et al., 2019). By
developing a broad model space of source spectra, Q-values,
phase velocities, and traveling-speed parameters, we can create
a training dataset of spectrogram templates of vehicle events
for studies using machine-learning techniques for signal classi-
fication. The developed method can also be utilized to monitor
temporal variations of attenuation factors of shallow subsurface
materials in areas with seismographs deployed near roads. This
may be implemented with controlled driving experiments or ran-
dom vehicle traffic as done at the two different sites in this article.

Data and Resources
The original data used in the study at the Sage Brush Flat (SGB) site
and Ramona Reservation (RA) site can be obtained from the
International Federation of Digital Seismograph Networks, DOI: 10
.7914/SN/7A_2018 (Johnson et al., 2018) and DOI: 10.7914/SN/
9K_2015 (Allam, 2015), respectively. The supplemental material
for this article includes two tables and four figures.
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Appendix
In the Appendix, we show the implementation of the inversion
for a vehicle traffic event recorded at multiple sensors.
Assuming there are in total N sensors, the distance between
road and sensor k is lk. The surface wave generated by the
vehicle at time tj propagates with a phase velocity c�f i� and
arrives at the sensor k at time t′j. The observed spectral ampli-
tude Ak�f i; t′j� for frequency f i at receiver time t′j can be
obtained by performing Fourier transform on short windows
of recorded waveforms. Here, we let

EQ-TARGET;temp:intralink-;dfa1;320;743bk�f i; t′j� � ln�Ak�f i; t′j�� �
1
4
ln�l2k � �v0tj�2�; �A1�

and

EQ-TARGET;temp:intralink-;dfa2;320;697ak�f i; t′j� � −πf i

�����������������������
l2k � �v0tj�2

q
l2k

; �A2�

in which tj � �t′j − t′0� −
�����������������������������������
l2k � �v0�t′j − t′0��2

q
=c�f i� and t′0 varies

with sensors. Equation (6) can then be simplified as

EQ-TARGET;temp:intralink-;dfa3;320;605bk�f i; t′j� � � 1 ak�f i; t′j� � ·
�
ln�A0�f i��
t�k �f i�

�
; �A3�

in which A0�f i� is the source spectrum and t�k �f i� � lk
Qk�f �c�f � :

Considering one event for N sensors sharing identical source
spectrum, equation (A3) can be expanded as

EQ-TARGET;temp:intralink-;dfa4;320;511

b1�f i; t′j�
b2�f i; t′j�

..

.

bk�f i; t′j�
..
.

bN�f i; t′j�

2
6666666664

3
7777777775

� �1N×1 A�f i; t′j�N×N � ·

ln�A0�f i��
t�1 �f i�
t�2 �f i�

..

.

t�k �f i�
..
.

t�N�f i�

2
66666666664

3
77777777775
; �A4�

in which A�f i; t′j�N×N � diag�a1�f i; t′j�;a2�f i; t′j�;…;ak�f i; t′j�;…;
aN�f i; t′j��. For a given frequency f i, each measurement at time t′j
can build a linear system using equation (A3). By padding the
measurements made at various time steps, we can stably esti-
mate ln�A0�f i�� and t�k �f i� by performing an inversion of the
overdetermined linear system. Repeating this procedure for
all frequencies of interests gives the source spectra and fre-
quency-dependent Q-values at all analyzed sensors. It is also
possible to perform the inversion for all frequencies of interest
at once and apply a regularization term, such as Laplacian
smoothing, to stabilize the results.
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