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II. Technical Report 

A. Significance and Project Objectives 
Wind related sources of ground motion are an important class of signals observed in continuous wave-
forms that can obscure tectonic signals and reduce the observation potential of seismic stations located in 
windy environments [De Angelis and Bodin, 2012]. Daily and seasonal changes in atmosphere pressure 
and temperature produce ground motion at various frequency bands [Sorrells, 1971; Sorrells et al., 1971; 
Sorrells and Goforth, 1973; Hillers and Ben-Zion, 2011] with increased noise amplitudes that correlate 
with the wind velocity produced by these atmosphere pressure variations [Mucciarelli et al., 2005]. A 
pressure power spectral density (PSD) of 10 Pa2/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 and Valovcin, 2016]. Above this pressure threshold the variations in long-period seismic noise 
represent vertical displacements and horizontal tilts that provide constraints on subsurface elastic proper-
ties [Tanimoto and 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 geophysi-
cal signals of interest [Withers et al., 1996; Lott et al., 2017]. Wind generated ground motions may cover a 
large portion of the day with waveform amplitudes similar to or larger than those produced by microseis-
micity (M<2) and tectonic tremor. Proper recognition of wind-related ground motions can contribute to un-
derstanding the composition of continuous seismic waveforms and characterizing noise levels in different 
environments. Establishing the origin, duration, and characteristics of wind-related energy in continuous 
waveform records is essential to developing correct interpretations of these regularly occurring events 
and improving the detection of tectonic seismic signals.  

The increase in the number of seismometers at regional and local scales provides important opportunities 
for detecting, 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., 10’s-100’s m 
spacing) and a high sample rate (e.g., 250-1000 samples per second) that facilitate investigating weak 
coherent signals 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., Schmandt and Clayton, 2013; 
Ben-Zion et al., 2015; Shelly et al., 2016; Ross et al., 2017]. Advances in techniques for detecting small 
earthquakes and tremor [Hammer et al., 2012; Aguiar and Beroza, 2014; Barrett and Beroza, 2014; Yoon 
et al., 2015; Meng and Ben-Zion, 2018b; Perol et al., 2018; Ross et al., 2018] 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 and Ben-Zion, 2018a]. Ex-
tracting the correct information from seismic waveforms requires a clear understanding of local and re-
gional 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. An improved ability to detect and clas-
sify sources producing ongoing ground motion is also important for tomographic 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 uncorrelated wave modes at 
different frequencies [Weaver, 1982; Sánchez-Sesma et al., 2008; Liu and Ben-Zion, 2016] and is funda-
mental for deriving accurate Green’s functions from cross-correlations of ambient seismic noise [e.g., 
Lobkis and Weaver, 2001; Campillo et al., 2011]. Quantifying the total amount of time each day that con-
tains atmospheric coupling related signal will decrease false detections of other phenomenon. Defining 
the characteristics of different classes of waveforms for earthquakes, wind, air-traffic, trains, cars and oth-
er sources of ground motion will advance the utility 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 associated 
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with detailed imaging of the subsurface material [Hillers et al., 2016; Roux et al., 2016; Mordret et al., 
2018] and detection of small earthquakes and air-traffic events [Meng and Ben‐Zion, 2018b; a]. Using a 
frequency-domain matched-field processing technique involving beamforming and back-projection of con-
tinuous array data [Kuperman and Turek, 1997; Corciulo et al., 2012], 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., 2017]. In the present study we attempt to 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 1-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 measure-
ments to quantify the wind velocities 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 peri-
ods of elevated wind velocity and the coupling of the structures to the ground. We evaluate the total frac-
tion 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% of the day. 

B. Study area, data and methods 
The analysis is based on continuous seismograms recorded for a 1-month period in a ~0.1 km2 area in 
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. Locat-
ed 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 samples per second. We deployed 40 3-
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 samples per second with 12 dB gain. The 
nodes were arranged in a configuration to target in-situ structures with a nominal station 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). In the northern section 
of the site 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 and no attempt was made to bury the sen-
sors. 

The wind velocity was recorded as 1-minute average and maximum values with an anemometer installed 
about 3.5 m above the ground and located approximately 20 m southeast of the covered parking struc-
ture. The average wind velocity during the deployment is 1.9 m/s with the maximum wind gust reaching 
14.9 m/s. The direction of the wind is nearly constant at 315-345˚ 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 percentage of each day. A wind velocity of 1-2 m/s is 
recorded for ~30% of each day of the experiment. 

We select day-of-year (DOY) 46 and 50 to represent days with low and high wind velocity, respectively, 
and compare the waveforms from the same node during different wind conditions. On DOY 46 there is an 
extended period of wind velocity <1 m/s and on DOY 50 there are 2 periods where the average wind ve-
locity is up to 3 m/s with wind gusts >14 m/s. The data are examined for transient ground motions and 
tectonic earthquakes using dbpick in the Antelope software package to manually identify and label non-
stationary signals observed in the waveforms. The relatively quiet borehole seismometer is used in con-
junction with the nodes to identify surface generated signals that are observable at depth. The instrument 
responses are removed by detrending the daily traces, applying a cosine taper, and deconvolving the 
sensitivity and response transfer function to obtain ground motion in units of m/s. The calculations are 
done using the vertical channel and example waveforms using the horizontal channels are labeled ac-
cordingly. 
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Figure 1. Regional and local map showing the node locations on GoogleEarth imagery to illustrate the 
structures and vegetation in the study area. The nodes are arranged with a focus on the 1 m high fence 
(group 01 in blue), the covered parking structure (group 02 in green), and the housing structure (group 
03 in red). The anemometer location is shown by the inverted black triangle. The permanent borehole 
seismometer B946 is shown as the yellow square. The dashed white lines are the mapped USGS fault 
trace. 
The spectral analysis is performed using an adaptive weighted multitaper method with a time bandwidth 
product of 4 and 7 discrete prolate spheroidal sequences [Thomson, 1982; Prieto et al., 2009]. Spectro-
grams 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 log10 
(m2/s2/Hz). Additionally, the seismic data are analyzed in 60 s non-overlapping intervals to produce spec-
tra from 0-250 Hz. The wind data provides a quantitative metric to group each spectrum by the reported 
wind velocity using a 1 m/s interval from 0 to 4 m/s. The median spectra are calculated for the PSD esti-
mate for each node as a function of the average wind velocity. 

C. Wind related ground motions 
The ground motions from node 01.33, with 01 denoting the group and 33 the sensor, located near the 
fence adjacent to the fault (Figure 1) shows earthquake- and tremor-like waveforms that correlate with the 
increase in wind velocity (Figure 2). 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. The tremor-like waveforms are 
most apparent when the wind gust velocity is >2 m/s. Inspection of short time-windows reveal earth-
quake-like waveforms with an impulsive arrival and a duration less than 10 s within in the multi-hour trem-
or-like waveforms. The waveforms exhibit characteristics similar to tectonic earthquakes and are observ-
able on all channels (Figure 2b and 2c). The spectrogram for the vertical waveform shown in Figure 3c 
contains high frequency energy up to 150 Hz during the transient signal (Figure 3a). One noticeable dif-
ference from a tectonic earthquake is the lack of high frequency energy during the P-wave-like first arri-
val. Instead the power in the signal is concentrated 3 s later in the wave packet during the later arrivals. 
This characteristic is possibly a distinguishing feature between the wind generated earthquake-like wave-
forms and tectonic events when applying microseismic detection techniques. 

The earthquake- and tremor-like waveforms shown in Figure 2 and 3 are not unique to the day or node 
selected. Similar characteristics in the waveforms are observed in all nodes in the study area throughout  
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the duration of the deployment. The 
examples presented are impulsive 
waveforms, but many have a weak 
emergent arrival followed by an earth-
quake-like waveform. Interestingly, the 
earthquake-like waveforms are not al-
ways observable at adjacent nodes so 
the signals are modified considerably 
during propagation even over short 
distances. This is seen in the wave-
forms and spectrograms in Figure 3 for 
two nodes located about 30 m apart, 
with one containing an earthquake-like 
waveform with increased energy up to 
150 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 loca-
tions. The lack of a coherent signal 
within 30 m suggests signals are gen-
erated in close proximity to a node but 
attenuate quickly in the subsurface 
where the Q values are as low as 10 
[Liu et al., 2015]. The sources for the 
earthquake- and tremor-like waveforms 
are likely the nearby trees and brushes 
that shake during the wind gusts and 
are coupled to the ground to produce 
these ground motions. 

The occurrence of the tremor-like sig-
nals qualitatively correlates with the 
peak wind velocity (Figure 2). Using 
node 01.33 we determine the peak 
ground velocity (PGV) and average 
ground velocity for each 1-minute in-

terval during the 33-day deployment and combine this information with the 1-minute wind gust velocity. 
The results indicate a log-linear relationship between PGV and wind gust velocity [Lott et al., 2017]. The 
increase in PGV suggests the onset of tremor-like signals occur during wind gusts between 2-3 m/s and 
are near continuous above 3 m/s, similar to results investigating the onset of high frequency background 
seismic noise [Withers et al., 1996]. The interval containing 90% of the PGV values for each wind velocity 
interval is calculated and a change point is observed where the PGV increases above ~2 m/s. In wind 
conditions above 2 m/s the average ground velocity increases 0.04 log units per 1 m/s increase in wind 
velocity. The wind data at SGB indicate that a wind gust velocity >3 m/s is present for 70% of the 33-day 
deployment, suggesting a large portion of other weak signals are masked during the elevated wind condi-
tions. 

D. Significant findings 
The recorded data and performed analyses indicate that 6% of the day in the study area has wind condi-
tions that are unfavorable for detecting earthquakes in the magnitude range 1.0-1.5. Proximity to obsta-
cles above the surface such as structures and trees produces wind related ground motions that exceed 
the shaking during microseismic events. 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 condi-
tions at and around the sensor location as well as spatial distribution of obstacles above the ground. The  

 

Figure 2. (a) Daily trace of vertical velocity filtered between 5-
20 Hz for node 01.33 during DOY 50 shown with the 1-minute 
average wind velocity (green) and maximum wind velocity 
(blue) to display the tremor-like signals produced by wind in-
teracting with the vegetation. The red lines correspond to the 
time of the east, north, and vertical waveforms shown at (b) 
01:27:46 UTC and (c) 11:14:48 UTC which exhibit earthquake-
like waveforms within the tremor-like signals. 
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high frequencies and rapid attenua-
tion of these signals suggests the 
wind interaction with surface objects 
lead to wave energy in the shallow 
crust that is modified considerably 
during propagation. For wind gusts 
with velocities >3 m/s the earth-
quake- and tremor-like events origi-
nate from the trees, bushes and built 
structures and produce ongoing en-
ergy and perhaps also micro-failures 
in the shallow crust that elevate the 
local noise [Hillers and Ben-Zion, 
2011; Ben-Zion et al., 2015]. The 
process is not unique to the subset 
of data presented and is expected to 
occur with variations essentially in all 
environments. These types of local 
sources contribute to variations in 
high frequency seismic noise and at 
times reduce the detectability of mi-
croseismic events. The non-tectonic 

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. A noticeable feature of the spectral analysis is increased PSD around 40-50 Hz that is 
present during all conditions tested and amplified during periods of increased wind velocity [Farrell et al., 
2018]. This feature appears to be modulated by the amplitude of wind velocity [Johnson et al., 2018] and 
will be analyzed in more detail in follow up work. 

Improved detection of microseismic events requires identification of first arrivals with a SNR close to 1, 
and an ability to separate genuine events from similar signals originating from non-tectonic sources. Im-
pulsive signals with a high SNR are recognizable by algorithms looking 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 and Ringdal, 2006] or sub-
space singular value decomposition [Harris, 2006] can identify signals with low SNR but require prede-
fined 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 2). The spatial and temporal variabil-
ity of waveforms at the SGB site (e.g. Figure 3) demonstrate that more advanced detection techniques 
are needed to identify multiple 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 [Kuyuk et al., 2011; Rubin et al., 2012; Hammer et al., 2013], and are be-
ing tested to enhance earthquake detection for existing regional networks [Hammer et al., 2012; Aguiar 
and Beroza, 2014; Barrett and Beroza, 2014; Ruano et al., 2014; Yoon et al., 2015; Perol et al., 2018]. 
Machine-learning techniques that incorporate time- and frequency-domain data features to target varying 
noise signals will help evaluate the detections and reduce the rate of false-positives. In particular, imple-
menting 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 signals. 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 detections. 

 

  

 

Figure 3. (a) Earthquake-like vertical waveforms and spectro-
grams for DOY 50 11:14:48 UTC shown in Figure 3c from node 
01.33 and (b) node 01.32 located 30 m to the west to demon-
strate the variability over a short distance. 
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