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ABSTRACT

Atmospheric processes are documented to modulate seismic
noise in Fairfield Nodal three-component geophones. Spectral
analysis has shown high-amplitude signals between 40 and
50 Hz in all waveforms inspected. The changes in spectral
amplitudes and frequency are found to be modified by daily
variations in wind velocity and temperature, which are tempo-
rally correlated for much of the study. The wind velocity is
shown to affect a wide spectral band with peak amplitudes that
depend on the distance from iz situ structures coupling wind
energy into the shallow crust. The wind velocity increases the
spectral amplitudes, most noticeably in the 40-50 Hz band; it
produces a 15 Hz frequency modulation in the conditions of
highest wind, with resonance frequencies up to 150 Hz. These
signals likely reflect a superposition of multiple local and
regional sources producing wind-generated ground motions
and nonlinear wave propagation in the shallow subsurface.
During periods of temperatures below 0°C, a similar frequency
modulation is observed, but the amplitudes are not as pro-
nounced without the elevated wind velocity. A possible source
of the continuous noise signal and the temperature-dependent
frequency modulation is the spike mount that is attached to the
nodal housing. The noise signals modulated by the wind and
temperature variations require installation procedures in order
to mitigate the effects of the contaminating noise on the geo-
physical processes of interest.

INTRODUCTION

Fully autonomous seismic geophones, developed primarily for
the petroleum industry, are increasingly being deployed by aca-
demic and research institutions for experiments that utilize
10s—1000s of sensors to address multiple geophysical questions.
The compact sensors are providing high-quality data for
experiments focused on subsurface imaging (Lin ez al., 2013;
Schmandt and Clayton, 2013; Ben-Zion ¢f al., 2015; Brenguier
et al., 2015; Nakata er al, 2015; Hillers er al, 2016;
Inbal er al, 2016; Ward and Lin, 2017; Wu ez al, 2017;
Mordret et al., 2018), microseismic event detection (Hansen
and Schmandt, 2015; Inbal ez 4/, 2015; Gradon ez al., 2017;
Meng and Ben-Zion, 2018b), and the exploration of nontec-
tonic signals in continuous waveforms (Johnson, Meng, ¢t al.,
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2018; Meng and Ben-Zion, 2018a). As the usage of these data
expands and the variety of experimental design diversifies, the
need to fully describe and quantify the limitations, resolution,
and variability of the instruments is becoming increasingly
important (Brenguier ¢ al., 2015; Farrell e al., 2018; Ringler
et al., 2018).

The focus here is on describing spectral characteristics of
the continuous waveforms from Fairfield Nodal ZLand 3C
SHz seismic sensors, referred to as nodes, in order to examine
how atmospheric processes modify the instrumental noise. The
nodes are cable free with onboard Global Positioning System
timing for a compact (11.7 x 16.3 cm), lightweight (2.8 kg),
and easy-to-install (spike mount) all-in-one three-component
geophone and data logger. Each node contains a rechargeable
lithium ion battery and has 32 GB storage, with the capacity to
record continuous ground motion for ~35 days at 500 samples
per second. In this study, we present results with respect to the
wind velocity and ambient temperature. We also show the
modulation of instrumental noise, due to surface objects shak-
ing in the wind and diurnal temperature fluctuations.

Previous efforts aimed at investigating these specific
Fairfield Nodal ZLand 3C SHz instruments have described
a persistent noise at frequencies between 10 to 100 Hz, with
the largest amplitude between 20 and 40 Hz; it is postulated
that this is modulated by ambient temperature changes and the
degree of coupling to the ground (Farrell ez al., 2018). The
authors have analyzed data from three different deployments
and shown a high-amplitude signal around 30 Hz that mod-
ulates to higher frequencies during colder temperatures. The
signal exhibits unpredictable behavior even when multiple
nodes are located in close proximity, as well as a 75% amplitude
increase during periods of warmer temperatures (see figs. 2 and
8 in Farrell e al., 2018). Using a meteorological station that
was located 2.4 km from one deployment, they found wind-
generated noise spanning a broad frequency range (between
20 and 200 Hz), but they do not observe a correlation with
the regional wind velocity, peak spectral amplitude, or fre-
quency (see fig. 9 in Farrell ez 4/, 2018). The amplitude of the
persistent noise is found to decrease when burying the nodes,
suggesting that increased coupling is the likely cause. This is
because the thermal insulation from burying 10 ¢m is minimal.

They tested the effect of increased coupling by placing an 11 kg
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A Figure 1. Study area showing the node locations (square symbols) on Google
Earth imagery with the regional inset map showing the field site with a black dia-
mond. Black squares with white outlines are nodes used to evaluate the local
structures as sources. Nodes with an orange outline are not used in the analysis.
Green, blue, red, and orange squares are nodes shown for the spectral analysis in
subsequent figures. The anemometer is shown as the yellow diamond. The white
dashed lines represent the mapped fault trace. The color version of this figure is

available only in the electronic edition.

weight on the node and found that the persistent noise
remained but was altered and present at a different frequency.
The only test performed that eliminates the 20-40 Hz persis-
tent noise involved removing the spike mount and placing the
node in an isolated seismic vault. The authors concluded that
burying the nodes to increase ground coupling is the preferred
deployment method, but the inconsistency in the response
between different nodes suggests that additional processes
are possibly responsible for the variations in the noise signal.

In this study, we deploy 40 nodes for 35 days to assess the
modulation of noise recordings with respect to the changing
wind velocity and temperature. The data were collected at the
Sage Brush Flats site on the Clark branch of the San Jacinto
fault near Anza, California, between 9 February and 17 March
2018 (Fig. 1). The study area is the same location as that of a
previous dense nodal deployment (Ben-Zion ez al., 2015), and
the property was formerly an active ranch that still contains
unused buildings and machinery, an unused airstrip, some
fencing, and natural vegetation (Fig. 1). The experiment was
designed to target the wind-generated ground motions pro-
duced by the wind interaction with 7z situ structures and veg-
ctation (Johnson, Meng, et al., 2018). The instruments were
deployed using the spike mount on the surface and not buried.
The wind velocity was recorded on site as the 1 min average
and maximum at a height of about 3.5 m, in order to get rep-
resentative values of what the buildings and vegetation

-116.591

experience. The temperature data were obtained
from the internal sensor in each node with a
30 min sampling rate; additional temperature
data were also acquired from a local weather sta-
tion (KCAMOUNT4) located 3 km north of
the study area with a 15 min sampling rate. The
wind and temperature data show diurnal fluc-
tuations that increase by midday local time and
subside during the evening and nighttime
hours. The internal temperature sensor and
regional measurements are very similar, with
a difference of about 2°C between the daily
extreme values for nodes located in direct sun-
light. The waveform spectra are analyzed during
discrete wind velocity intervals in order to
evaluate the amplitude and frequency modula-
tion as the wind and temperature change
throughout the duration of the deployment.

The analysis is performed using the multi-
taper spectral method, with adaptive weights to
obtain high-resolution spectral estimates for a
time bandwidth product of 4 and 7 discrete
prolate spheroidal sequences (Thomson, 1982;
Prieto et al., 2009). The instrument response is
removed by deconvolving the transfer function
from the detrended cosine-tapered waveforms.
The data are cut into 60 s intervals and grouped
by average wind velocity from 0 to 5 m/s, using
a 1 m/s interval. The median of all spectra in
each velocity interval represents the spectral
estimate for each geophone as a function of the average wind
velocity. The spectrograms are produced using 1 min intervals
with 10% overlap.
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NOISE AMPLIFICATION FROM WIND
INTERACTION WITH SURFACE OBJECTS

The median spectra as a function of wind velocity show an
increase in power throughout the 5-200 Hz band, with an
increase of ~20 dB when the wind velocity is between 4 and
5 m/s (Fig. 2). The node used in this case is located between a
covered parking structure and a housing structure next to
unused machinery (red square in Fig. 1). The amplitude modu-
lation is observed throughout the entire spectrum, suggesting
that multiple local and regional surface objects are shaking in
the wind and coupling energy to the ground. A peak around
40-50 Hz is present in all the spectra, similar to the high-
amplitude signal reported by Farrell ez /. (2018), and shows
a systematic increase with the wind velocity.

The modulations of the spectral amplitude and peak fre-
quency are further evaluated using the vertical channels of 16
nodes for a single day; these nodes extend in each cardinal
direction from the covered parking structure over a distance
of 10-130 m. An amplitude decay with distance is evident
in all transects during wind velocities >1 m/s, suggesting that
the covered parking structure is contributing to the noise as a
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A Figure 2. Median spectra shown by average wind velocity, as indicated by the
color of the curve for the red node in Figure 1 located near the unused machines
between the parking structure and housing structures.
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A Figure 3. (a) Spectral amplitude and (b) peak frequency are shown for the
nodes around the covered parking structure, as a function of distance from the
structure for 1 m/s wind velocity intervals. The transect directions are shown
as red (north), green (east), blue (south), and black (west) line, with the decay
in power as a function of distance shown for each panel. The color version of
this figure is available only in the electronic edition.

local source (Fig. 3). When the wind velocity is between 4 and
5 m/s, a decrease of 25 dB is observed at distances of more
than 130 m. The peak frequency remains nearly constant at
each location during the changing wind conditions, with var-
iations representing site-specific conditions. Within 25 m of
the parking structure, the peak frequency is 35-45 Hz and
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shifts to >40 Hz as the distance increases in
all directions. The second node on the east tran-
sect shows a peak frequency that is abnormally
high at ~65 Hz, which is not observed at other
sensors installed in similar conditions; this high-
lights the variability in the ground motions over
distances of 10s of meters in the study arca.

The analysis is repeated using the 12 nodes
around the housing structure to the south. An
amplitude decay with wind velocity is observed,
but no clear indicator that the house is an iso-
lated source is found. The building is lower in
height than the covered parking structure and is
situated in a position that is adjacent to the hill-
slope. The spectral amplitudes are lower than
the nodes to the north around the parking
structure. The lack of a distance dependence
suggests that shaking produced by the housing
structure contributes weakly to the noise and
that frequency modulation is influenced by site-
specific changes in the shallow subsurface on
length scales of 10-30 m. The peak frequency
is about 45 Hz near the housing structure in all
directions except to the south, which contains
large granite boulders in a hillslope. To the west,
north, and east, the ground is basin fill; also, the
peak frequencies systematically increase by
5-10 Hz in these directions.

SPECTRAL MODULATION WITH
WIND AND TEMPERATURE

Spectrograms for the east and vertical channels
are calculated starting on Julian day 50-59 and
are shown with the wind and temperature data
(Figs. 4-6) for three nodes located near trees
(green square in Fig. 1), under the parking struc-
ture (blue square in Fig. 1), and in areas of low
vegetation (orange square in Fig. 1). The tem-
perature data from each node are shown with
the regional temperature measurements in
order to highlight the subtle difference in tem-
perature between the locations. In all nodes, the
horizontal amplitudes are larger than the verti-
cal amplitudes, and both channels show an
increase during elevated wind velocity (Johnson,
Meng, et al., 2018). The spectrograms show
many interesting features associated with the
daily changes in wind and temperature that vary
between the nodes that are located less than

300 m apart but situated in close proximity to different surface
objects and shade conditions. An increase in amplitude of more
than 20-200 Hz is shown in each spectrogram during the
highest wind conditions, with a peak amplitude present in
the near-continuous signal between 40 and 75 Hz that corre-
lates with the wind velocity. The frequency modulation differs

Volume 90, Number 4 July/August 2019



Local hour of day
16 4 16 4 16 4 16 4 16 4 16 4 16 4 16 4 16 4 16 4

Wind velocity (m/s)
Temperature (°C)

(]
0.000029 | W '
2 0.00001
£
2 0.00000
S
s
© -0.00001
~0.00002 "JM 1
1
54
-120
N 150 -130 _
z @
z -140 g
$ 100 -150
3 -160 3
g -170%
& 50
-180
50
0.00002 VERTIC
2 0.00001
E
2 0.00000
S
s
© -0.00001
~0.00002

50 ; 54 56 58 60
200
VERTICAL -120

Frequency (Hz)

—180

DOY 2018

A Figure 4. The top panel shows the average (green line) and maximum (blue line)
wind velocity, along with the node sensor temperature (solid red line) and regional
temperature (dashed red line) for the day-of-year (DOY) shown. The additional pan-
els show the east and vertical waveforms and spectrogram for the node located in
the trees (green square in Fig. 1). The color version of this figure is available only in

temperature. When the wind and temperature
increase, the spectral amplitude increases, the sig-
nal moves to higher frequencies, and resonance
signals are observed in the horizontal channels.
However, on day 50.5 with the elevated winds
during the nighttime hours, no modulation of
the frequency is observed, but the increased
amplitude and resonance signals are present.
Conversely, during day 54, the wind velocity
remains above 2 m/s and the temperature is
slowly decreasing; however, it remains above 0°
C while the peak frequency is gradually increas-
ing throughout the day over a period of many
hours. The higher wind velocity produces a
long-duration amplitude increase, and the
high-frequency resonance signals are present.
The node located under the covered parking
structure that is not exposed to direct sunlight
exhibits some of the highest noise amplitudes,
due to the close proximity of the structural foot-
ing that is coupling wind energy into the ground
(Fig. 5). The temperature record indicates night-
time lows 2-3°C above the regional measure-
ment, with consistent values for the daytime
highs. The spectrogram shows increased power
up to 200 Hz when the wind velocity is above
2 m/s, with the most pronounced increase con-
sistently in the 40-50 Hz band. However, the
record of the node does not show a shift in
the peak frequency or the resonance signals that
are observed for the node near the tree (Fig. 4).
The peak amplitude remains in the 40-50 Hz
range, with a dual band observed for the horizon-
tal channel, similar to the node by the tree; how-
ever, only a single high-amplitude band is found
in the vertical channel. On day 59, a frequency

the electronic edition.

at each location, with an increase in peak frequency during the
coldest temperatures present in the data of one of the nodes.

The node located close to the trees shows a near-continuous
high-amplitude signal between 40 and 50 Hz with two distinct
bands (Fig. 4). When the wind velocity is above 2 m/s, a non-
linear response is shown as the spectral amplitude within this
narrowband increases, and the peak frequency increases by
15 Hz. In the horizontal channel, resonance signals are observed
up to 150 Hz and exhibit the same amplitude and frequency
modulations as the near-constant signal around 45 Hz. The ver-
tical channel shows a similar spectral modulation with increased
amplitude that moves to higher frequencies around 65 Hz, but
the high-frequency resonance signals have much lower ampli-
tude. The frequency modulation and presence of overtones indi-
cate changing behavior during different wind and temperature
conditions. Between day 50 and 52, there are three distinct peri-
ods of elevated wind conditions and two peaks in the
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modulation is present during low-wind condi-

tions and temperatures below 0°C that is not

found during other periods of similar wind
and temperature conditions, such as day 52. The lack of modu-
lating frequency suggests that the high-amplitude ground shak-
ing induced by the close proximity parking structure is obscuring
the ability to observe other resonance frequencies.

The node located in the low-vegetation area and direct
sunlight adjacent to the unused runway shows a mix of features
found in the other two nodes (Fig. 6). The daytime high tem-
perature is 0-2°C above the regional measurement, with con-
sistent lows. The spectrogram shows an increase in amplitude
from 20 to 200 Hz, correlating with the changing wind veloc-
ity. A dual band signal is observed in the horizontal channel,
with a single band in the vertical. Both show an amplitude
increase in this band during wind-generated ground shaking.
The frequency modulation has similar characteristics to the
node in the trees (Fig. 4), but the higher resonance frequencies
are not observed. A noticeable difference is found on days 51.5,
55.5, and 59.9, when the nighttime temperature reduces below
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in theory, laboratory experiments, and other seis-
mic data to produce nonlinear wave propagation
effects and changes of resonance frequencies
(Johnson and Jia, 2005; Lyakhovsky er 4,
2009; Wu ¢t al., 2010). The exact origins of these
signals are not clear but probably involve a com-
bination of multiple sources, combined with
nonlinear wave propagation effects. Resolving
these and other unclear features of the data
requires further investigations to mitigate prob-
lematic noise signals in a frequency band of
interest.

A common feature in the data is increased
power around 40-50 Hz that is modulated to
higher frequencies around 65 Hz and contains
different properties, depending on the sensor
location in the study area. Using the same type
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of nodes, Farrell ez al. (2018) described a persis-
tent noise signal in the 20-40 Hz range that
exhibited a temperature-dependent modulation
of the peak frequency that increases during con-
ditions below 0°C, but they did not observe a
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A Figure 5. Same as Figure 4 for the node located under the parking structure
(blue square in Fig. 1) for the DOY shown. The color version of this figure is avail-

able only in the electronic edition.

0°C and a frequency modulation is observed up to 80-100 Hz;
this is more consistent with the frequency modulation reported
by Farrell ez /. (2018) during temperatures that drop to —15°C.
The signal is lower in amplitude than the wind-generated noise
and increases to slightly higher frequencies than during temper-
atures below 0°C and elevated wind velocity.

DISCUSSION AND CONCLUSIONS

Instrumental noise in frequency bands of interest for geophysical
monitoring can limit the usability of seismic data or produce
inaccurate interpretations. Presented results shown in multiday
spectrograms for three nodes located within 0.1 km? indicate
nonlinear changes in spectral amplitude and frequency modula-
tion with both increasing wind velocity and temperature fluctu-
ations. One location exhibits resonance frequencies up to 150 Hz
(Fig. 4). These signals could be produced by a superposition of
multiple local sources, such as the parking structure (Fig. 2), and
more distant sources from wind-driven ground shaking. Some of
the frequency shifts may be produced by the highly damaged
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narrowband spectral amplitude increase related
to the wind conditions. In the current study,
the two nodes situated in the vegetation during
wind conditions >2 m/s show an increase in the
spectral amplitude and a change in peak fre-
quency of about 15 Hz. The frequency modula-
ton is consistently observed during increased
wind conditions at these locations but is not
found for the node near the parking structure
(Fig. 5). Our results on a frequency modulation
with decreasing temperatures (Fig. 6) concur
with Farrell ez 4/ (2018), but notable additional
features are now described, such as the influence of the wind-
generated ground motions on resonance frequencies.

The results show that the 40-50 Hz signal is modified by
changing wind conditions, implying that the source of energy
is naturally occurring from surface coupling and propagating
through the shallow medium. This is evident by looking at the
distance relationship to the noise amplitudes throughout the
entire spectral range (Fig. 2), suggesting that the wind-gener-
ated ground motions are transferring high-frequency energy
into the top crust. Naderyan ez 4/. (2016) found a wind-depen-
dent interaction with cabled geophones that was independent
of the sensor burial depth and postulated that the observed
ground displacements were produced by a nearby fence cou-
pling to shallow layers of soil; they were not the direct inter-
action of the wind with the instrument. The process may
stimulate natural frequencies that are associated with the design
of the sensor or the attached spike mount, but the source of
energy involves the wind interaction with objects in the study
area. Ringler ez al. (2018) performed a series of fidelity tests
using the ZLand Fairfield SHz geophones in a thermally insu-
lated environment and found a 60 Hz peak and overtones to be
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coupling to the soil by increased rigidity; it could
also be a change introduced by a subtle flexure at
the adjoining baseplate to the node housing, due
to moisture expansion. The clarification of such
effects requires systematic testing to determine a
preferred method to install the nodes with or
without the spike mount.

These high-frequency signals are most
directly correlated with the proximity to vegeta-
tion and iz situ structures, suggesting that the
coupling of atmosphere processes is possible
through any object on the surface and should be
a common feature in high-quality seismic data.
The results presented only show this feature in
the cast component of one node, but the wind-
generated ground motions excite frequencies up
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A Figure 6. Same as Figure 4 for the node located in the bushes (orange square in
Fig. 1) for the DOY shown. The color version of this figure is available only in the

electronic edition.

excited by noise sources inside the vault, but they did not test
aspects of coupling during a field deployment. Possible evi-
dence of this excitation is shown in the east channel in
Figure 4 in which multiple resonances with peaks up to
125-150 Hz are present during periods of increased winds,
possibly produced by local and more distant sources.

The increase to a higher frequency is observed when the
temperature decreases below 0°C (Fig. 6), although this is only
the case with lower spectral amplitudes. These observations sug-
gest that multiple processes are contributing to the observed
nonlinear response. For the temperature dependence, one pos-
sibility is that the nodes are susceptible to thermal changes of a
few degrees and require additional insulation to reduce or elimi-
nate this frequency modulation during freezing temperature
conditions, especially if the signal of interest is close to these
high-frequency bands. Farrell ez 4/ (2018) tested burying the
sensors and adding weight to provide thermal insulation and
increase ground coupling, and they concluded that the spectral
power increase was not coming from the ground but related to
the instrument. If using the spike mount, the temperature-
dependent frequency modulation could arise from improved
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. ments. The coupling of atmospheric processes to
ground motion may depend on the height and
other properties of the objects above the surface,
Tisox suggesting that these signals would display some

-160 2 variability among different sites. It is possible that

-120

-180 the process stimulates frequencies that are asso-
ciated with the instrument’s design, but the
source of energy is naturally occurring from
the interaction of the wind with objects above
the surface, as well as, most likely, nonlinear wave
propagation through the shallow subsurface. The
presented modulation of spectral power provides
evidence that the local structures and vegetation are coupling
wind energy into the shallow surface, and temperature changes
of a few degrees can modify the frequency content of the ZLand
Fairfield nodes used in this study.

DATA AND RESOURCES

The data can be obtained from the Data Management Center of
the Incorporated Research Institutions for Seismology and
Broadband Seismic Data Collection (Johnson, Vernon, et 4l,
2018). The local temperature data are available from www
.wunderground.com/weatherstation/WXDailyHistory.asp?ID=KCAM
OUNT4 (last accessed July 2018). Upon request, the wind data are
available in .mat or .pkl binary format, and the nodal temper-
ature sensor data presented are available in .csv format. B
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