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Abstract Analysis of continuous seismic waveforms from a temporary deployment at Sage Brush Flats
on the San Jacinto fault reveals earthquake- and tremor-like signals generated by the interaction of
wind with obstacles above the surface. Tremor-like waveforms are present at the site during wind
velocities above 2 m/s, which occur for 70% of the deployment duration. The response to the wind has
significant spatial variability with highest ground motions near large surface objects. The wind-related
signals show ground velocities that exceed the average ground motions of M1.0-1.5 earthquakes for 6-31%
of the day. Waveform spectra indicate a modulation of amplitude that correlates with wind velocity and
distance from local structures. Earthquake-like signals are found to originate from local structures and
vegetation, and are modified on length scales of tens of meters. Transient signals originating beyond the
study area are also observed with amplitudes greater than some microseismic events. The wind-related
ground motions contribute to local high-frequency seismic noise. Some of these signals may be associated
with small failures of the subsurface material. During elevated wind conditions a borehole seismometer
at a depth of 148 m shows increased energy in the 1-8-Hz band that is commonly used for earthquake
and tremor detection. The wind-related earthquake- and tremor-like signals should be accounted for in
earthquake detection algorithms due to the similar features in both time and frequency domains.

Proper recognition of wind-related ground motions can contribute to understanding the composition of
continuous seismic waveforms and characterize mechanical properties of the shallow crust.

Plain Language Summary Seismic recordings contain information on atmospheric and
anthropogenic phenomena which can occur over much larger portions of the daily records than tectonic
events. We characterize signals with earthquake- and tremor-like waveforms that are generated as wind gusts
interact with objects on the surface and modulate the ambient environmental noise. The wind interaction
may produce microfailures in the shallow crust generating high-frequency energy that contributes to the
local seismic noise. The classification of nontectonic signals is becoming increasingly important as
earthquake detection algorithms employ machine learning techniques that utilize the data to build a
detection model. Properly identifying different classes of signals will provide better detection models as the
algorithms continue to improve.

1. Introduction

Wind-related sources of ground motion are an important class of signals observed in continuous waveforms
that can reduce the observation potential of seismic stations located in many environments and obscure tec-
tonic events (De Angelis & Bodin, 2012; Lott et al., 2017; Naderyan et al., 2016; Withers et al., 1996). Daily and
seasonal changes in atmosphere pressure and temperature produce ground motion at various frequency
bands (Hillers & Ben-Zion, 2011; Sorrells, 1971; Sorrells et al., 1971; Sorrells & Goforth, 1973; Tanimoto &
Wang, 2018) with increased noise amplitudes that correlate with the wind velocity produced by these atmo-
spheric variations. Wind energy produces a wide variety of seismic signal that can vary over length scales of
hundreds of meters and less (Dybing et al., 2019; Johnson et al., 2019). These signals are a superposition of
horizontal and vertical motions from long-wavelength atmospheric pressure waves (Sorrells et al., 1971),
shear stress perturbations induced by near-surface wind-induced turbulence (Naderyan et al., 2016; Raspet
et al., 2008; Yu et al., 2011), direct interaction of wind with the sensor or in situ surface structures (Dybing
et al., 2019; Johnson et al., 2019; Mucciarelli et al., 2005; Withers et al., 1996), and possibly local subsurface
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failures generated by these effects. Establishing the source, duration, and characteristics of wind-related
energy in seismic records is essential to developing correct interpretations of these regularly occurring phe-
nomena and improving the detection of tectonic seismic signals.

Wind-generated ground motions may cover a large portion of the day with waveform amplitudes similar to
or larger than those produced by microseismicity (M < 2; Withers et al., 1996) and tectonic tremor. A pres-
sure power spectral density (PSD) of 10 Pa®/s is found to be a lower threshold to produce vertical ground
motions at frequencies in the 0.01-0.02-Hz band that can exceed other sources of seismic noise (Tanimoto
& Valovcin, 2016). Above this pressure threshold the variations in long-period seismic noise represent ver-
tical displacements and horizontal tilts that provide constraints on subsurface elastic properties (Tanimoto
& Wang, 2018). The ground motions produce a systematic increase in the lower limit of the PSD for wind
speeds greater than 3 m/s, thereby reducing the detection threshold for other geophysical signals of inter-
est. Proper recognition of wind-related ground motions can contribute to understanding the composition
of continuous seismic waveforms and characterize mechanical properties of the shallow crust through var-
iations in noise levels in different environments.

The increase in the number of seismometers at regional and local scales provides opportunities for detect-
ing, locating, and analyzing weak seismic signals from tectonic and other sources. The use of easy-to-
deploy, low-cost, autonomous geophones that produce high-quality seismic recordings are providing
detailed data sets for identifying and characterizing new signals. Dense seismic arrays typically operate
for a short duration (e.g., less than 35 days) with increased spatial resolution (e.g., tens to hundreds of
meter spacing) and a high sample rate (e.g., 250-1,000 Hz) that facilitate investigating weak coherent sig-
nals propagating in the shallow crust. Spatially dense arrays can be used for detection and analysis of
sources that have a signal-to-noise ratio (SNR) close to and below 1, allowing for the identification of
earthquakes, tremors, or other signals that are buried in the noise (e.g., Ben-Zion et al., 2015; Ross
et al., 2017; Schmandt & Clayton, 2013; Shelly et al., 2016). Advances in techniques for detecting small
earthquakes and tremor (Aguiar & Beroza, 2014; Barrett & Beroza, 2014; Hammer et al., 2012; Meng &
Ben-Zion, 2018b; Perol et al., 2018; Reynen & Audet, 2017; Ross et al., 2018; Yoon et al., 2015) increase
the need to properly decipher nontectonic transient signals in the waveforms that are originating at the
surface from anthropogenic and other natural phenomenon (e.g., Inbal et al., 2018; Meng & Ben-Zion,
2018a; Riahi & Gerstoft, 2015). Extracting the correct information from seismic waveforms requires a clear
understanding of local and regional anthropogenic sources, and the coupling of atmospheric processes
with the solid Earth to properly identify differences between tectonic and nontectonic signals.

Correct labeling of wind-related events and other sources of ground motion will greatly increase the ability to
detect microseismicity and track tectonic deformation at depths. Quantifying the total daily fraction that seis-
mic records contain atmospheric-related signals will decrease false detections of other phenomenon. An
improved ability to detect and classify sources producing ongoing ground motion is also important for tomo-
graphic imaging based on the ambient seismic noise, which requires a diffuse wavefield and the removal of all
localized sources (e.g., Bensen et al., 2007). Fully diffuse noise requires a stationary wavefield with uncorre-
lated wave modes at different frequencies (Liu & Ben-Zion, 2016; Sinchez-Sesma et al., 2008; Weaver, 1982)
and is fundamental for deriving accurate Green's functions from cross correlations of ambient seismic noise
(e.g., Campillo et al., 2011; Lobkis & Weaver, 2001). Defining the characteristics of different classes of wave-
forms for earthquakes, wind, air-traffic, trains, cars, and other sources of ground motion will advance the uti-
lity of dense arrays and regional seismic networks. The main objective of this paper is to define characteristics
of wind-related ground motion in dense array data.

The Sage Brush Flat (SGB) site on the San Jacinto Fault Zone (SJFZ) southeast of Anza, California is
the location of a previous dense geophone deployment (Ben-Zion et al., 2015) and various studies asso-
ciated with detailed imaging of the subsurface material (Hillers et al., 2016; Mordret et al., 2019; Roux
et al., 2016) and detection of small earthquakes and air-traffic events (Meng & Ben-Zion, 2018a, 2018b).
Using a frequency-domain matched-field processing technique involving beamforming and backprojec-
tion of continuous array data (Corciulo et al., 2012; Kuperman & Turek, 1997), very small events were
detected at the SGB site and were found to cluster near structures, fences, and within the vegetation.
The locations suggest that these events are associated with shallow ground motion generated at the
foundations of these objects by wind gusts (Gradon et al., 2019). In the present study we attempt to
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clarify properties of ground motion generated by trees, structures, and other surface objects that are
shaken by the wind. The study employs data from a temporary nodal array deployed for one month
at the SGB site. The data are a mixture of wind-generated ground motions, earthquakes, air traffic,
and additional unidentified sources of emergent and impulsive noise signals. The seismic records are
augmented by meteorological measurements to quantify the wind velocity in relation to time intervals
containing earthquake-like and tremor-like signals. Detailed waveform analyses in time and frequency
domains are used to characterize all periods of elevated wind velocity and the coupling of the structures
to the ground. We evaluate the total fraction of a day that contains wind-related signals and quantify
the change in noise amplitude during the wind events. The results indicate that tremor-like signals
occur when the wind velocity is above 2 m/s. Wind-related ground motions at the SGB site are found
to exceed the expected ground velocity of local M1.0-1.5 events for 6-31% of the day.

2. Sage Brush Flat Study Area, Data, and Methods

The analysis is based on continuous seismograms recorded for a one-month period in a ~0.1-km” area
at SGB atop the damage zone of the Clark branch of the SJFZ southeast of Anza, California. The site is
a local fault zone valley that has variable wind levels throughout the day and is the same location of the
dense nodal array deployed in 2014 (Ben-Zion et al., 2015). The location is privately owned and contains
structures, unused machinery and equipment, an unused airstrip, some fencing, and natural trees and
brush. We deployed 40 three-component 5-Hz Fairfield ZLand seismometers, referred to as nodes, from
9 February to 17 March 2018 and obtained continuous ground velocity measurements at 500 Hz with
12-dB gain. The nodes were arranged in a configuration to target in situ structures with a nominal sta-
tion spacing of 30 m in a 350 X 300-m area (Figure 1).

In the eastern extent of the study area 11 nodes were deployed parallel to the fault along the fencing
and in the natural vegetation (group 01 in Figure 1). To the north 17 nodes were aligned in cardinal
directions around an open-air covered parking structure with 1 in the center and 4 extending in each
direction (group 02 in Figure 1). In the southern section of the site 12 nodes were deployed around a
housing structure with 3 in each cardinal direction (group 03 in Figure 1). The nodes were secured
to the ground with a spike mount, oriented to the north, and leveled; no attempt was made to bury
the sensors, which can reduce noise levels in the horizontal component by ~15 dB but negligible gains
are observed in the vertical channel (Sweet et al., 2018). Located on the property is the Plate Boundary
Observatory borehole seismometer B946 installed at a depth of 148 m and in continuous operation since
2010 recording at 100 Hz (yellow square in Figure 1). The relatively quiet borehole seismometer is used
in conjunction with the nodes to identify surface generated signals that are observable at depth. The
seismic instrument response is removed by detrending the daily traces, applying a cosine taper, and
deconvolving the sensitivity and response sensor transfer function to obtain ground motion in units
of m/s.

The wind velocity was recorded as 1-min average and maximum values using an anemometer installed about
3.5m above the ground and located approximately 20 m southeast of the covered parking structure (Figure 2).
The average wind velocity during the deployment is 1.9 m/s with maximum wind gust reaching 14.9 m/s. The
wind direction is nearly constant between 315° and 345° following the topography of fault zone ridges and
blowing generally from northwest to southeast. Each day is examined for the total duration of wind velocity
in 1-m/s intervals and shown as the daily percentage. A wind velocity of 2-3 m/s is recorded for ~30% of each
day during the experiment.

The spectral analysis is performed using an adaptive weighted multitaper method with a time band-
width product of four and seven discrete prolate spheroidal sequences (Prieto et al., 2009; Thomson,
1982). Spectrograms are produced using a 1-s interval for short durations and a 60-s interval for daily
records, both with a 95% overlap and zero padded to the next power of 2. The PSD units are in decibel
(dB) as 10 log,g (m?.s%-Hz). Additionally, the seismic data are analyzed in 60-s nonoverlapping intervals
to produce spectra from 0 to 250 Hz. The wind data provide a quantitative metric to group each spec-
trum by the reported wind velocity using a 1-m/s interval from 0 to 4 m/s. The median spectra are cal-
culated for the PSD estimate for each node as a function of the average wind velocity.
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Figure 1. Node deployment locations on GoogleEarth image with inset map showing the location on the San Jacinto Fault. The nodes are arranged around
the vegetation (group 01 in blue), the covered parking structure (group 02 in green), and a housing structure (group 03 in red). The anemometer location
is marked by the inverted black triangle near the center of group 02. The permanent borehole seismometer B946 is shown as the yellow square

southeast of group 03. The dashed white lines are mapped USGS fault traces.

3. Wind-Generated Ground Motions
3.1. Peak Ground Velocity From Wind Shaking Surface Objects

To quantify the spatial variability of peak ground velocity with wind velocity we calculate the average
peak ground velocity (PGV) for 300-s moving windows with a 60-s overlap using unfiltered seismic data
collected between day of year (DOY) 50-60. The moving average PGV is compared to the 60-s average
wind velocity and shows a log linear correlation for both the horizontal and vertical ground motions for
a single node 01-32, with 01 denoting the group and 32 the sensor, located around the vegetation
(Figure 3a). In all wind conditions the horizontal ground motion exceeds the vertical and a day of week
dependence is not observed. The linear fit to the wind velocity and PGV is calculated using robust L1
regression to suppress PGV outliers. The slope of the fitted curve represents the expected noise produced
by wind generated ground motions in response to in situ objects shaking in the wind and the intercept
is the noise amplitude without wind (Figure 3b). The data for node 01-32 have a slope of 10°*’ (m/s)
per wind velocity (m/s) for horizontal ground motions with an intercept of 10> (m/s). The vertical
is 10°#' (m/s) per wind velocity (m/s) with an intercept of 107> (m/s).
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Figure 2. (a) Wind velocity during the nodal deployment. The velocity is reported as 1-min averages (black) with maximal wind gusts during the same intervals
(blue); the maximum recorded wind gust is 14.9 m/s. (b) Histogram of the wind azimuth showing an orientation subparallel to fault generally going from
northwest to southeast. (c) The percentage of each day when wind conditions are within 1-m/s intervals.

Extending this analysis to all stations shows significant spatial variability of the ground response to wind
with the largest values at nodes located in close proximity to large surface objects (Figure 3c). Throughout
the study area the horizontal ground response to wind is greater than the vertical. The highest values are
at a node located near a covered parking structure with a distance dependence observed in the neighboring
nodes. A node located among unused machinery also shows similarly high values. The nodes located near
trees and bushes show higher amplitudes near the fence (node group 01 sensors 22 and 33). The nodes farth-
est north are among tress and show similar response to those in the bushes. The nodes to the southwest on
the hillslope show minimal response in both horizontal and vertical ground motion and are juxtaposed by
the southernmost node situated atop the hill and more exposed to the wind. The correlation between ground
shaking and proximity to surface objects suggest that the signals are not dominated by wind interacting
directly with the nodes but generated by a combination of multiple sources.

The spatial distribution of seismic noise amplitude during minimal wind is shown as the fitted curve inter-
cepts (Figure 4). The pattern reveals noisy and quiet node locations with areas near trees and bushes hav-
ing background noise amplitudes similar to those near machinery. The minimum horizontal and vertical
seismic noise velocities are 10> and 10" m/s, respectively. None of the vertical ground velocities are
greater than the horizontal. Aggregating the PGV for the average and peak wind velocity intervals using
all nodes between DOY 50 and 60 further confirms a log linear relationship between PGV and wind gust
velocity (Lott et al., 2017), with horizontal ground motions exceeding the vertical (Figure 5). The interval
containing 90% of the PGV values for each wind velocity interval shows a change point where the PGV
increases above 1-2 m/s. The horizontal velocity indicates increasing seismic noise above 10> m/s dur-
ing wind conditions >1 m/s. The vertical shows a similar response but wind velocity over 2 m/s is needed
to increase above 107>~ m/s. Wind gust velocities >3 m/s are observed for 70% of the 33-day deployment,
suggesting that a portion of other weak signals are masked during the elevated wind conditions. We find
that 6.0 + 4.2% of the daily waveforms contain amplitudes above the upper 90% interval of 10~*°-m/s
ground motion during wind velocities >2 m/s (Figure 5). Applying the same metrics to the horizontal seis-
mic velocity, the percentage increase to 31.3 + 16.3% of the day.

The quietest location is on the southwest hill slope and the noisiest is east of the covered parking structure
(Figure 3). The energy originating from the covered parking structure shows values decreasing in all
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Figure 3. Peak ground velocity (PGV) response to the wind. (a) Data for node in group 01 sensor 32 showing moving
average PGV for the horizontal (green) and vertical (blue) ground motions for 10 days during the deployment. The 60-s
average wind velocity is shown in black. The top axis indicates the day of week by a single letter. (b) Robust linear
regression curve for wind velocity versus PGV for horizontal and vertical ground motions. The slope of the horizontal

curve is 10%%7 (m/s) per wind (m/s) and the vertical curve is 10%%! (m/s) per wind (m/s). (c) Slope of the robust regression

for all nodes in map view for the horizontal (square symbols) and vertical (inverted triangle in square) motions. The
node outlined in red is represents the data shown in (a) and (b).

directions and is explored further by comparing the PSD as a function of distance and wind velocity. The PSD
for the five nodes extending 128 m north from the covered parking structure is shown in Figure 6 for the
north-south and vertical ground motions. The PSD is calculated using the entire 35-day deployment for
every 1 min of nonoverlapping seismic data and grouped by the 1-min average wind velocity. The median
of the spectra for each 1-min wind velocity interval exhibits a variety of features that vary over the 128-m
distance, notably a systematic increase with the wind velocity and a decrease with distance from the
parking structure. All nodes show higher PSD values in the horizontal than the vertical, which is
consistent with the PGV values in Figure 3. The maximum PSD is observed during the 3-4-m/s wind
velocity at node 02-11 and shows a reduction of 5 dB per 1-m/s decrease in wind velocity across the entire
spectral bandwidth. Nodes 02-00 and 02-11 show similar features and are situated on opposite sides of the
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Figure 4. PGV values during no wind conditions for horizontal (square) and vertical (inverted triangle) motions based on
the curve fit intercepts in Figure 3.

parking structure and storage unit. A 20-dB decrease is observed at node 02-14 to 02-11 during the 3-4-m/s
wind velocity with a reduction of about 5 dB between wind velocity intervals at both locations. The results
indicate that a local structure is coupling wind energy to the shallow surface (Naderyan et al., 2016), which
can propagate at least 128 m from the source and modify the instrumental noise across a broad range
of frequencies.

In each spectrum shown in Figure 6 a peak is observed between 35 and 50 Hz, regardless of wind velocity,
that shifts to higher frequencies as the distance from the covered parking structure increases. The spectra for
node 02-13 contain two peaks centered near 50 Hz that shift to higher frequencies with increased velocity. A
similar pattern is observed at node 02-14 for the 3-4-m/s wind velocity. Johnson et al. (2019) and Farrell et al.
(2018) performed detailed analyses exploring this 40-Hz signal and found a frequency modulation for this
peak amplitude as a function of wind and temperature changes that is unique to these instruments. The
spectral content of the signal changes under multiple conditions when the instruments are installed on
the surface or buried, and shows the greatest frequency modulation when temperatures drop below 0 °C,
suggesting that it is a function of ground coupling. One explanation for the increased amplitude is that a
combination of nearby structures and trees coupling wind energy in to the ground induce nonlinear
response at the shallow subsurface and excite different resonance frequencies (Johnson et al., 2019). This
feature of the data should be considered when examining high-frequency (>30 Hz) signals.

Wind-generated ground motions can reduce the ability to detect small earthquakes, even with borehole
instruments at 85-m depth (Withers et al., 1996). The borehole seismometer B946 shows evidence for
wind-generated ground motions observable at a depth of 148 m (Figure 7). Contrary to the nodes deployed
to target local structures as possible sources of noise, the borehole seismometer was installed at depth to iso-
late the sensor from surface-generated noise. The proximity of the borehole seismometer to sources of wind-
generated ground motions in this study provides a good test case for the noise variations as a function of wind
velocity. The spectrograms from DOY 50-60 reveal an increase of power in the 1-8-Hz band for the vertical
and horizontal seismic signals during sustained wind velocity above 2 m/s (Figures 7c and 7e). A close-up of
the waveforms indicates an undulation of the noise as a function of wind velocity that correlates with
increased power up to 8 Hz. The source of noise is not suspected to be anthropogenic since the signal is pre-
sent during nighttime hours and diminishes during periods of lower wind velocity. However, it is in the same
frequency band for noise associated with wind turbines, train and vehicle traffic, and other sources of cultural
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Figure 5. Peak ground velocity (PGV) versus wind velocity shown as a 2-D histogram for all nodes in the study area for data between DOY 50 and 60 for (a) the
horizontal velocity and 1-min average wind velocity, (b) the horizontal velocity and 1-min peak gust wind velocity, (c) the vertical velocity and 1-min average
wind velocity, and (d) the vertical velocity and 1-min peak gust wind velocity. The black lines show the interval containing 90% of the PGV values for each wind

velocity interval.

noise in this region, which could contribute to some of the amplitude increase (Inbal et al., 2018; Marcillo &
Carmichael, 2018). A plausible explanation is that these signals may be associated with numerous small
failures of the subsurface material that is strained by the wind loading of the surface objects. The weak
shallow material under low confining stress would be prone to local failures producing bursts of high-
frequency waves (e.g., Ben-Zion & Ampuero, 2009). The very low attenuation coefficient of the shallow
material (e.g., Aster & Shearer, 1991; Liu et al., 2015) precludes propagation of high-frequency waves over
large distances and implies that such data are generated locally. The increase in power occurs in the
bandwidth ideal for monitoring earthquakes, effectively reducing the detectability of microseismic events
or tremor even in borehole seismometers. This observation from a remote location at depth suggests that
seismic data recorded at shallow depth contain wind-generated noise (e.g., Dybing et al., 2019; Withers
et al., 1996) with earthquake- and tremor-like features, and require additional scrutiny for detections of
weak earthquakes and tectonic tremor signals.

Ground motions from earthquakes are expected to scale as a function of magnitude, distance from source to
receiver, and other source parameters such as stress drops and rupture velocity (Kwiatek & Ben-Zion, 2016).
Around the SJFZ, the average horizontal PGV generated by local earthquakes at near-zero epicentral dis-
tance is 10~ ** m/s for M1.5-2.0 events, 10~>® m/s for M2.0-3.0 events, and 10~ >* m/s for M3.0-5.0 events,
and the data indicate the PGV can vary by multiple orders of magnitude (Kurzon et al., 2014). We calculate
PGV estimates for the SGB study area using the vertical channel of the nodes for 345 M1.0-3.4 local earth-
quakes occurring within 150 km of the array. The arrival times are selected using the P wave arrival picked
from the borehole seismometer B946 to avoid estimating travel times. The events grouped into magnitude
ranges of M1.0-1.5, M1.5-2.0, and M2.0-3.4 and shown with the SNR as a function of distance (Figure 8).

The results indicate vertical PGV values ranging from 10> to 10~°> m/s for all the events. For the popula-
tion of events between M1.0 and 1.5 the SNR is below 2 for 11% of the events and a range of values between
10~*° and 107> m/s is observed. The events between M1.5 and 2.0 contain only 3% with an SNR below 2
and show a similar range of values. The population of the largest magnitude events between M2.0 and 3.4
have <1% of the observations with SNR below 2. This analysis is repeated for the north and east seismic
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Figure 6. Spectra for the (a) north and (b) vertical seismic data as a function of distance from the covered parking struc-
ture and wind velocity for nodes in group 02 deployed along the northern transect (00, 11, 12, 13, 14). For each 1-min
waveform, the spectrum is calculated and the median value is shown for each average wind velocity interval. The node
label and distance in meters from the parking structure are shown in each panel in (b) and the color denotes the wind
velocity interval.

channels and similar percentages are obtained. Using the seismic noise velocity of 107> m/s during low
conditions (Figure 5) we estimate 55% of M1.0-1.5 earthquakes during the deployment have recorded
PGV below this threshold. For the M1.5-2.0 and M2.0-3.4 population of events the percentages are 38%
and 25%, respectively. Without access to the borehole seismometer to pick the exact arrival times the
nodes would have reduced observation potential during elevated wind conditions especially if installed in
or near a built structure (Dybing et al., 2019; Johnson et al., 2019; Naderyan et al., 2016). The percentages
presented should be considered a lower bound for tectonic tremor observations, which we expect to be
more obscured than small earthquakes during elevated wind conditions due to the characteristics of
tremor and wind being similar (Inbal et al., 2018).

3.2. Earthquake- and Tremor-Like Signals Generated by the Wind

The daily continuous waveforms from node 01-33, located near the fence adjacent to the fault (Figure 1),
show earthquake- and tremor-like waveforms that correlate with the changing wind velocity (Figure 9).
The waveforms are band-pass filtered from 5 to 20 Hz to show representative ground motions in the fre-
quency band typically used for earthquake monitoring. The node is surrounded by vegetation and is ~30
m from the fence, ~175 m from the housing structure, and ~200 m from the covered parking (Figure 1).
The tremor-like waveforms are most apparent when the wind gust velocity is >2 m/s. Inspection of short
time windows within the multihour tremor-like signal reveals earthquake-like waveforms with an impulsive
arrival followed by higher amplitudes with a duration less than 10 s (Figures 9b and 9c). The waveforms
exhibit characteristics similar to tectonic earthquakes with an impulsive arrival similar to a P wave followed
by longer-period ground motion similar to a S wave on all seismic channels for both examples. The
spectrogram for the vertical waveform shown in Figure 3c contains high-frequency energy during the
earthquake-like signal with a pronounced increase around 40 Hz that is not observed at the neighboring
node located 30 m to the west (Figure 10). One noticeable difference from a tectonic earthquake is the

JOHNSON ET AL.



~0
AGU

100

ADNWACUING Las™
AND IPACT ST PN

Journal of Geophysical Research: Solid Earth 10.1029/2018JB017151

Day of the week
S M T W T F S S M T

-
w

—
o

Wind velocity (m/s)
w

[ 11 .
| . " ‘ ‘ ’ ‘ . ""\1‘) &l v f‘J ‘- g : \ ‘}4‘
o NIPTWIWRRRAY )k ASIRANROA FEOATIINITY ) o SN | A iy

56 58 60

50 52 54

-4

0.05

0.00

North (um/s)

$

10.0

7.5

5.0

Frequency (Hz)

2.5

DOY 2018

\
0.05

0.00

Vertical (um/s)

-0.05

10.0 -165

1.5 ~170

5.0 =175

Frequency (Hz)
Power (dB)

-180
2.5

~185

50 52 54 56 58 60
Day of the year 2018

Figure 7. Wind velocity, seismic waveforms, and spectrogram for borehole seismometer B946 at 148-m depth for day of
year 50-60. (a) Wind velocity is shown as the 1-min average in black and the 1-min peak in blue. The top axis shows
the day of the week by letter. (b) North seismic channel with the vertical axis limited to +0.05 um/s and (c) the corre-
sponding spectrogram limited to 0-10 Hz. (d) The vertical seismic channel and (e) corresponding spectrogram with the
same axis limits.

lack of high-frequency energy during the P wave-like first arrival. Instead, the power in the signal is
concentrated 3 s later in the wave packet during the later arrivals. This is a possible distinguishing feature
between the wind-generated earthquake-like waveforms and tectonic events when applying microseismic

detection techniques.

The earthquake- and tremor-like waveforms shown in Figures 9 and 10 are not unique to the day or node
selected. Similar waveform characteristics are observed in all nodes in the study area throughout the dura-
tion of the deployment. The examples presented are impulsive waveforms, but many have a weak emergent
arrival followed by an earthquake-like waveform. Interestingly, the earthquake-like waveforms are not
always observable at adjacent nodes so the signals are modified considerably during propagation even over
short distances. This is seen in the waveforms and spectrograms in Figure 10 for two nodes located about
30 m apart, with one containing an earthquake-like waveform with increased energy up to 50 Hz and the
other showing little change. These examples demonstrate the variability in the earthquake-like waveforms
and the need to carefully classify these signals at different locations. The lack of a coherent signal within
30 m suggests that signals are generated in close proximity to a node but attenuate quickly in the subsurface
where the Q values are as low as 10 (Aster & Shearer, 1991; Liu et al., 2015). Assuming a shallow crustal velo-
city of 400 m/s and node spacing of 30 m, the amplitude is expected to decay by a factor of 0.8 and 0.3 for

JOHNSON ET AL.

10



M\ . a
100 Journal of Geophysical Research: Solid Earth 10.1029/2018JB017151
a. 10'35
10
10'4'3
] 8
"2]
\ g
E 1075 4 6 o
5 4
a .
10 E 2
! 0
10‘7-5
10°
b, 107,
| M1.5-2.0 Lo
1074 + N=74
. 5 >4 .. & 8
@ - RN I
E 10_5_‘ p B .': O“.. ® . 6
> R D
L) "““"""“""'-"“'-":'"T“"TF Ty 'it:“ 4
8 1 n& d: 13
1079 - ¥ 0.,'
’ . 2
. .. - 0
10_7‘5 . ) ..r. . "::
E — i
c. 107°
| M2.0-3.4 : Lo
10""5 N=38 i "
— 5 | . 8
m L
~ 1 o a
g 10—'5‘: | P s ot ' 6 o
: R TR =
S FEd
a. | : R
10-6-g ! .J' 2
] . 0
10'7'5
ke — —

Distance from source (km)

Figure 8. Vertical component peak ground velocity (PGV) for 345 M1.0-M3.4 earthquakes within 175 km of the nodal
deployment. PGV is shown as a function of distance from the earthquake origin for (a) 233 M1.0-1.0 events, (b) 74
M1.5-2.0 events, and (c) 38 M2.0-3.4 events. The color of each indicates the signal-to-noise ratio (SNR), which saturates at
10, and the horizontal dashed line is 107> m/s.

waves at 10 and 50 Hz, respectively. The damaged fault zone material in the top 50 m can have S wave
velocity of 200 m/s (e.g., Bonilla et al., 2002; Zigone et al., 2019), which decreases the values to 0.6 and 0.1
for waves at 10 and 50 Hz, respectively. A second important consideration is a similar degree of coupling
at the specific node to observe comparable signals over short distances. We assume that the installation is
sufficient to provide usable data and did not further test coupling effects. The sources for the earthquake-
and tremor-like waveforms are likely superposition of signals generated by nearby buildings, machines,
trees, and brushes that shake during the wind gusts and are coupled to the ground to produce broad
spectrum signals.

The waveforms from node 02-11 are representative of a sensor that is installed near a built structure and sus-
ceptible to increased noise from the foundations during wind gusts, while node 02-14 is located to the north
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Figure 9. (a) Daily trace of vertical velocity for node 01-33 during DOY 50 shown with the 1-min average wind velocity
(green) and maximum wind velocity (blue) to display the tremor-like signals produced by wind interacting with the
vegetation. The seismic waveforms are filtered between 5 and 20 Hz to show the representative ground motions in the
frequency band typically used for earthquake monitoring. The red lines correspond to the time of the east, north, and
vertical waveforms shown at (b) 19 February 2018 01:27:46 UTC and (c) 19 February 2018 11:14:48 UTC which exhibit
earthquake-like waveforms within the tremor-like signals.

in the trees (Figure 1). The data from node 02-11 contain the highest PGV increase during wind changes due
to the proximity to the nearby covered parking structure, while data from node 02-14 are closer to the

average (Figure 3). To show characteristics of the waveforms from the same node during different wind

conditions, we select DOY 46 and 50 to represent days with low and high wind velocity, respectively. On
DOY 46 there is an extended period of wind velocity <1 m/s, and on DOY 50 there are two periods where

the average wind velocity is up to 3 m/s with wind gusts >14 m/s.

The vertical waveforms for node 02-11 are shown for 10-11 UTC during nighttime hours (2-3 am local time)

to reduce anthropogenic sources of ground motion for low and high wind velocity conditions (Figure 11).
Four low-amplitude infrequent bursts in the waveforms are observed when the wind velocity is below
1 m/s. These bursts in the waveforms are not associated with four P wave arrivals from small earthquakes
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observed in the borehole seismometer waveforms during this 1-hr period. A close-up view of the waveforms
and spectrogram for a 10-min interval shows that some of these bursts in the waveforms have energy >5 Hz
and amplitudes similar to the earthquake represented by the red dashed line but extending to much higher
frequencies. The ground shaking seen in the spectrogram produces a diffuse increase in power lasting
several minutes with an increase up to 200 Hz (Figure 11c). The low wind velocity example in Figure 11a
is contrasted with a period of high wind velocity that exceeds 8 m/s at times and contains a 1-hr period of
near continuous tremor-like signals (Figure 11d). The 10-min interval displayed in Figure 11e shows the
sensitivity of the burst-like signals to the wind gusts (blue line). The example between 10.58 and 10.63 as
the wind gusts between 5 and 7 m/s appears to produce a tremor-like burst of energy in the waveforms.
The spectrogram of the 10-min interval shows increased amplitudes throughout the spectrum, with the
greatest values during the tremor-like signals that have the potential to obscure naturally occurring
earthquakes (Figure 11f).

Examining the horizontal waveforms for node 02-14 located 128 m north from the parking structure in the
trees indicate very similar features but with reduced amplitude (Figure 12). During the nighttime hour the
same signal is observed between 10.58 and 10.61 hr and the amplitude is the same order of magnitude as the
earthquake shown by the red dashed line. The ground motions during the higher wind velocity show char-
acteristics similar to node 02-11 with many bursts of high-frequency energy. The commonality between
these nodes suggests that the signals are produced by numerous objects on the surface and propagate in
the study area.

3.3. Nontectonic Waveforms

The data for DOY 46 and 50 are examined for transient ground motions and tectonic earthquakes using
dbpick in the Antelope software package to manually identify nonstationary signals observed in the contin-
uous waveforms. Exploring the waveforms by plotting all the records simultaneously and testing different
filter widths highlights multiple signals originating from local structures and traversing the array. The dura-
tion of these signals varies from 2 s to hundreds of seconds. Inspection of the records for subarray 02 and 03
show earthquake-like waveforms with a radial moveout pattern originating from the foundations of struc-
tures and transient signals originating outside the study area moving across the array. An example of the
radial moveout shown in Figure 13 highlights a signal originating from the parking structure. The wave-
forms are not filtered but normalized by the maximum amplitude of all traces to retain the relative ampli-
tude information and the high-frequency content. When filtered between 5 and 20 Hz, the waveforms
show a clear impulsive P wave-like signal followed by a large amplitude wave with a moveout velocity of
about 450 m/s. This value is similar to the average P wave velocity of the subsurface material at the site
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Figure 11. Earthquake- and tremor-like signals recorded on the vertical channel at node 02-11 adjacent to the parking structure during UTC 10-11 (2-3 PST) for
(a-c) low wind conditions on DOY 46 and (d-f) high wind conditions on DOY 50. The average wind velocity is shown in green with peak wind velocity shown
in blue. The red dashed lines are arrival times of P waves observed at the borehole station B946. The gray dashed lines show the 10-min interval of waveforms
and spectrogram displayed in (b) and (c) and (e) and (f).

(Meng & Ben-Zion, 2018b; Mordret et al., 2019). The duration is <1 s for each signal and much shorter than
the earthquake-like signals observed in the vegetation (Figures 9b and 9c).

The largest amplitude is at node 02-11 (Figure 13a), implying that the signal originates from the wind shak-
ing the storage container adjacent to the parking structure. The signal does not attenuate as quickly as the
waveform produced by the vegetation likely due to better ground coupling of the built surface structures
transferring stress to the subsurface. The signal propagates ~250 m from the covered parking structure
and is recorded by the 148-m-deep borehole seismometer, which shows an increase in amplitude and PSD
from 5 to 15 Hz (Figure 13c). The exact source of this signal is unclear but the distance traveled, increased
PSD, and clarity of this signal suggests a microfailure event in the shallow crust below the base of the struc-
ture producing a local low-amplitude seismic event (Ben-Zion et al., 2015; Hillers & Ben-Zion, 2011).
Additional waveforms are observed originating from the housing structure with a moveout velocity of about
500 m/s, but the amplitude of many waveforms are an order of magnitude less than the signal observed from
the example shown in Figure 13.

Not all of the observed signals originate from a local structure or vegetation within the study area as evi-
dent from moveout pattern across the subarrays. An example of a transient waveform from an unknown
source beyond the study area moving across the 03 group of nodes with amplitudes that exceed an earth-
quake is shown in Figure 14. The transient waveforms contain high-frequency energy and indicate a
source direction from the southeast. Coincidentally, a P wave from a local earthquake arrives immediately
after the transient signal but with much lower amplitudes. The spectrogram from the borehole seism-
ometer shows an increase in energy during the earthquake with no change detected before the P wave arri-
val during the passage of the transient waveforms (Figure 14c). If the employed nodes were installed with a
spacing interval of several hundreds of meters or more, the wind-generated ground motions would be
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Figure 12. Earthquake- and tremor-like signals recorded on the north channel at node 02-14 located near some trees. The figure details are the same as Figure 11.

indistinguishable from tectonic events using a traditional detection algorithm based on impulsive energy
and tuned for small earthquakes.

The moveout patterns for the earthquake-like waveforms are best observed using a 5-20-Hz band-pass filter,
although they contain power in higher frequencies as evident in the spectrograms (e.g., Figure 11f). The fil-
tering helps to identify the moveout pattern when all the stations are exhibiting high-frequency noise. The
signals occur at all hours and are best observed during 1-2-m/s average winds. The ability to identify them
decreases as the wind velocity increases, suggesting that they are present but have a low SNR and become
indistinguishable from the ongoing tremor-like waveforms. On DOY 46 there are >350 waveforms traver-
sing the 02 group of nodes. The number of detections reduces after UTC hour 17 when the sustained wind
velocity is >2 m/s with wind gusts >6 m/s producing tremor-like signals. The reduced detectability of these
transient signals during higher wind velocities is also apparent on DOY 50 when very few detections are
made during hours of wind gusts above 6 m/s, which span 60% of the day. To assess the arrival orientations
we cross correlate the waveforms for a subset of 133 transient detections that have a high enough correlation
(>0.7) values to obtain the back azimuth directions (Figure 15). The data resolution prevents accurate loca-
tions beyond an arrival direction. The example shows an arrival from the northwest (Figure 15a) but we find
that many of the transient signals originate from all azimuths with no preferential direction (Figure 15b).
The signals containing high-frequency energy can have multiple origins, including various induced local
subsurface failures, and require additional detailed study with multiscale array over a larger region to fully
characterize the signals.

4. Discussion

The data indicate that 6-31% of the day at the SGB study area have wind-generated ground motions with
high-frequency content and long durations that can mask detection of microseismic earthquakes and tec-
tonic tremor. During wind gusts of velocities >3 m/s, earthquake- and tremor-like signals originate from
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Figure 13. Earthquake-like ground motions produced from local structures and observations of signals propagating

to nearby borehole seismometer at 15 February 2018 14:54:00 UTC. The unfiltered nodal waveforms show ground
shaking originating from the covered parking structure. The (a) north-south transect and the (b) east-west transect both
show a radial pattern originating from the structure. (c) The borehole seismometer waveforms and spectrogram
indicate an arrival consistent in time for this event, but others in the data are not always observed at depth.

the trees, bushes, and built structures and produce ongoing energy and possible microfailures in the shallow
crust that elevate the local noise (Ben-Zion et al., 2015; Hillers & Ben-Zion, 2011; Johnson et al., 2019). The
high frequencies and rapid attenuation of these signals suggest that the wind interaction with surface objects
lead to wave energy in the shallow crust that is modified considerably during propagation (Withers et al.,
1996). The examples presented are representative of earthquake- and tremor-like wind-related waveforms
for the SGB site and should not be considered templates for this class of signals. In general, the wind-
related waveforms are expected to vary strongly depending on site conditions at and around the node
location as well as spatial distribution of obstacles above the ground (Figure 3). The process is not unique
to the subset of data presented and is expected to occur with variations essentially in all environments.
Nontectonic signals should be classified properly to reduce false detections of small earthquakes and
tectonic tremor, quantifying seasonal or long-term trends in the continuous recordings, and imaging the
subsurface with ambient noise.

High-frequency seismic signals are of particular interest to characterize source properties of microseismic
events (Kwiatek & Ben-Zion, 2016) and image the upper 500 m of the crust (Hillers et al., 2016; Mordret
et al., 2019; Roux et al., 2016; Zigone et al., 2019). The presented data contain high-frequency nontectonic
signals up to 200 Hz that are near continuous for many hours during elevated wind conditions, and not
expected to originate from a single source location as shown by the variation in amplitude throughout the
study area (Figure 3). The noise amplification decays with distance with respect to the proximity to obstacles
above the surface which indicates some objects act as sources of high-frequency energy (Figure 6). However,
the ubiquity of these signals at all nodes with a quantifiable variation at different wind velocities suggests
that multiple processes are contributing the noise signals.

Possible contributions to these high-frequency signals include direct wind coupling to the surface mounted
recording instruments (Withers et al., 1996) and turbulent and shear stresses from wind interaction with the
ground (Naderyan et al., 2016; Raspet et al., 2008; Yu et al., 2011). Withers et al. (1996) found that surface
seismic noise is present up to 60 Hz during winds above 3 m/s and is reduced when installing seismometers
at a depth of 43 m, but still present at frequencies less than 20-30 Hz. The results from the 148-m borehole
station show correlated noise with winds above 2 m/s and indicate attenuation of the high-frequency noise
with signals present at less than 8 Hz (Figure 7). Naderyan et al. (2016) modeled the predicted power
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Figure 14. (a and b) Transient ground motions moving across the 03 group of nodes with larger amplitudes than the
earthquake arrival around 5 s on 15 February 2018 01:14:00 UTC. (c) Waveform and spectrogram from the borehole
seismometer showing the temporal and spectral features of an earthquake without any indication of the passage of the
transient signal.

spectrum for horizontal and vertical ground motions from wind turbulence and found good agreement in
the vertical component data, but significantly underpredicts the horizontal ground motions regardless of
burial depth. The lack of depth dependence and correlation with wind velocity demonstrate that the
source is not direct wind interactions with the instrument and possibly originating from a nearby fence
coupling wind energy into the ground. A plausible explanation of the high-frequency noise and horizontal
ground motions is that the forces produced by the wind at the base of trees, vegetation, and structures
deform the subsurface and lead to local failures. In shallow materials with low overburden pressure,
deformation is essentially controlled by the effective cohesion with values between 5 and 50 kPa that vary
with matric suction due to pore pressure changes (Dupuy et al., 2007; Rahardjo et al., 2009). Laboratory
experiments indicate that geomaterials under low confining pressure fail under strain levels as low as 10’
(e.g., Pasqualini et al., 2007; TenCate et al., 2004). Such strain levels are likely to be produced around the
bases of trees and structures deflected by the wind, leading to micro brittle failures involving transient
changes of elastic moduli and generation of high-frequency radiation (Ben-Zion & Ampuero, 2009).
Detailed understanding of the observed high-frequency waves requires more detailed observations and
modeling that are beyond the scope of the present study.

Improved detection of microseismic events requires identification of first arrivals with a SNR close to 1, and
the ability to separate genuine events from similar signals originating from nontectonic sources. Impulsive
signals with a high SNR are recognizable by algorithms searching for a change in waveform energy (Withers
et al., 1998), but are not sophisticated enough to discern nontectonic signals with the same characteristics.
Waveform similarity techniques such as match-filter (Gibbons & Ringdal, 2006) or subspace singular value
decomposition (Harris, 2006) can identify signals with low SNR but require predefined example waveforms
and parametric thresholds that could result in false detections from earthquake-like waveforms such as
those documented in this paper (e.g., Figure 9). The spatial and temporal variabilities of waveforms at the
SGB site (e.g., Figure 10) demonstrate that more advanced detection techniques are needed to identify multi-
ple classes of waveforms originating from diverse sources with spectral and temporal features similar
to earthquakes.

Machine learning algorithms have shown positive results for discriminating earthquakes from rockslides,
quarry blasts, and avalanches (Glasgow et al., 2018; Hammer et al., 2013; Kuyuk et al., 2011; Rubin et al.,
2012), and are being tested to enhance earthquake detection using regional networks (Aguiar & Beroza,
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2014; Barrett & Beroza, 2014; Hammer et al., 2012; Perol et al., 2018; Reynen & Audet, 2017; Ruano et al.,
2014; Yoon et al., 2015). Such techniques with time- and frequency-domain data features to target varying
noise signals can help evaluate the detections and reduce the rate of false positives. In particular, implement-
ing supervised learning techniques using engineered features derived from earthquake physics and signal
processing metrics may provide new insight about the physical process of earthquakes and other tectonic sig-
nals. Our results demonstrate that blind implementation of a detection algorithm can identify earthquake-
like waveforms that are not originating from tectonic sources and result in false-positive detections that
require removal during an association algorithm to locate.

There is considerable interest in the detection of tremor that represents a bridge between seismic and aseis-
mic motions (e.g., Ide et al., 2008; Peng & Gomberg, 2010). The results of this study show emergent tremor-
like signals that are produced by atmospheric processes coupling to the ground. Airplanes and helicopters
can also produce tremor-like signals (Eibl et al., 2015; Meng & Ben-Zion, 2018a). Some studies inferred
the existence of tectonic tremor in the SJFZ (Hutchison & Ghosh, 2017; Wang et al., 2013), but these obser-
vations may have been produced by anthropogenic sources in the frequency band consistent with tremor
observations (Inbal et al., 2018). We expect tremor detectability to be reduced by wind-related ground
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motion (e.g., Figures 3 and 7) further than the thresholds discussed for small earthquakes due to the emer-
gent low-amplitude nature of tremor. The air-traffic signals documented by Meng and Ben-Zion (2018a) that
occupy >7% of the daily recording at the SGB site are similar to the wind generated tremor-like signals pre-
sented in Figure 9 but with durations of hundreds of seconds. The spectrograms of air-traffic events include
clear Doppler effects indicating a moving acoustic source, but otherwise contain similar spectral features as
the wind-generated ground motions. We emphasize again that details of the spectral content and waveform
characteristics of the wind-related events depend on local propagation and attenuation properties of the sub-
surface, so they may appear differently at other locations. The results demonstrate the need to carefully eval-
uate earthquake- and tremor-like signals observed in dense array and regional network data.

5. Conclusions

Wind-related ground motions produce a class of waveforms that occupy a significant percentage of contin-
uous seismic records and affect sensors both at the surface and shallow boreholes. As dense deployments
become more common in the scientific community, the need to properly classify signals becomes more
important to reduce false detection of tectonic events. In the SGB study area, about 6-31% of the day has
wind conditions that produce PGV greater than the ground motions expected from local M1.0-1.5 earth-
quakes, thereby limiting the ability to detect such and smaller microseismic events. Tremor-like signals gen-
erated by high wind conditions are expected to occur in many regions and caution should be exercised to
separate such events from tectonic tremor in data of dense arrays and regional seismic networks.
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