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Abstract A catalog that characterizes sources of regional infrasound observed in the western U.S.
(1 November 2010 to 31 October 2012) is produced. Data from nine University of Utah Seismograph Stations
infrasonic arrays are supplemented by three additional arrays in Nevada, operated by Southern Methodist
University. The detection procedure using an adaptive F-detector provides input into the Bayesian Infrasonic
Source Location procedure. The catalog consists of 1510 events with indication of repeated events from
many locations such as Dugway Testing Ground, Utah Test and Training Range, and New Bomb. We analyzed
the relationship between seasonal variations in the event locations and wind conditions using the
Ground-to-Space speciﬁcations based on publicly available operational numerical weather prediction data
analysis products supplement by empirical models above 80 km. There is signiﬁcant commonality between this
study’s bulletin and the Western United States Infrasonic Catalog published by Walker et al. (2011). A previous
study utilized infrasound signals detected on the USArray Transportable Array seismic stations (2007–2008).
Both results document the vast majority of events that occur during working hours, suggesting a human
cause. To illustrate the utility of the event bulletin for exploring atmospheric dynamics, propagation
paths of an event detected during the equinox period, when the stratospheric wind is low, were generated
using a ray-tracing algorithm. We found that the observations contain stratospheric arrivals, not predicted
by ray theory, possibly due to gravity waves increasing the effective jet speed.

1. Introduction
Infrasound signals result from low-frequency acoustic waves with a frequency content below 20 Hz. These
waves, because of their relatively low attenuation, can be observed at distances up to 10,000 km or more
[Campus and Christie, 2010]. They are generated by a variety of natural (meteors, auroras, lightning,
tornadoes, ocean waves, earthquakes, avalanches, tsunamis, and volcanoes) and man-made (nuclear
explosions, mining activities, rockets, industrial and cultural sources, and other chemical explosions) sources
[Campus, 2004; Campus and Christie, 2010]. The propagation is strongly dependent on the temperature and
wind structure of the atmosphere, with infrasound refraction resulting from the atmosphere’s vertical
temperature and wind proﬁle [Georges and Beasley, 1977]. Infrasound travels at the speed of sound which is
343 m/s at 20°C [Evers and Haak, 2010]. Generally, average group velocities from source to receiver are
reﬂective of the path and useful in phase delineation: higher than 330 m/s for boundary layer arrivals,
310–330 m/s for tropospheric arrivals, 280–320 m/s for stratospheric arrivals, and 180–300 m/s for
thermospheric arrivals [Negraru et al., 2010; Kulichkov, 2000]. Phase identiﬁcation is complicated by both local
wind velocities and associated seasonal variations [Negraru et al., 2010].
In order to detect infrasound signals from nuclear explosions at great distances, the International Monitoring
System (IMS) utilizes 60 infrasonic arrays [Christie and Campus, 2010], with 45 currently installed and
operating [Assink et al., 2014]. These arrays are typically composed of a number of microbarometers deployed
in a wide range of environments with various spatial patterns covering apertures of 1–3 km with 4–15
elements [Christie and Campus, 2010] separated by 200 to 3000 m and an average spacing between arrays of
2200 km [Walker et al., 2011]. This network is designed to detect a 1 kt or larger atmospheric explosion
[Le Pichon et al., 2009] relying on long-distance infrasound propagation. Le Pichon et al. [2009] document with
IMS data that signal detectability is mainly controlled by the seasonal variations of stratospheric zonal winds
with the stronger stratospheric winds producing higher detection capabilities in the direction of the wind.
Green and Bowers [2010] use IMS infrasound detection thresholds and conﬁdence levels to develop an
infrasound network detection model, accounting for the time-varying stratospheric winds. Further studies of
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infrasound signals from the 2010 summit eruption of Eyjafjallajökull volcano in Iceland and the
accompanying temporal variations document the effects of stratospheric solar tides [Green et al., 2012]. The
performance of IMS infrasound network is also shown to be dependent on both the source frequency and
short-time scale variations of stratospheric winds [Le Pichon et al., 2012]. Fee et al. [2013] provide a general
overview of infrasound source characteristics and atmospheric speciﬁcations using the IMS network during the
Sayarim experiments. Recently, Assink et al. [2014] analyzed the detection of microbaroms, signiﬁcant energy
from 0.001 Hz to 0.1 Hz [Hedlin et al., 2002], with source regions predicted using the European Centre for
Medium-Range Weather Forecasts (ECMWF) ocean wave models [ECMWF, 2013] and demonstrate the
sensitivity of infrasound detection to stratospheric variations.
Walker et al. [2011] documented the use of dense regional seismic networks to not only characterize regional
infrasonic propagation but also characterize sources that might only be detected by a single infrasound array.
In order to assess these regional sources, the authors applied a reverse time migration method using data
from the EarthScope’s USArray Transportable Array seismic stations. Based on acoustic to seismic coupled
signals, the approach was used to produce a regional infrasound bulletin for the western United States
covering the time period from 2007 to 2008 when USArray stations were deployed in the west. These seismic
stations consisted of 400 broadband seismometers with an average station spacing of 70 km [Busby et al.,
2006; Vernon et al., 2012]. Subsequent to this time period, each instrument set has been supplemented with
an infrasound gauge [Vernon et al., 2012] and are now deployed in the eastern U.S.
Infrasound network performance is strongly related to the ability to detect and locate atmospheric or surface
explosions [Green and Bowers, 2010]. Green et al. [2012] point out that with sparse infrasound sensor
networks, it is difﬁcult to collect temporally dense stratospheric arrival time from repetitive sources whose
location and origin times are known. These studies motivate infrasound networks on a regional scale in order
to produce reliable event bulletins and data to constrain atmospheric propagation at these distances. There
have been focused infrasound studies using regional-scale observations to identify sources of interest.
Arrowsmith et al. [2012] use the infrasound observations across the Utah infrasound network from a single
earthquake, the 2011 January 3 Circleville earthquake (Mw 4.7, depth of 8 km) to constrain the source
mechanism of the signals. Arrowsmith et al. [2008a] report on infrasonic signals from large surface mining
explosions in Wyoming with ground truth information observed at a single array approximately 368 km from
the source. Regional monitoring of infrasound events in Utah and Washington using multiple arrays is
documented by Arrowsmith et al. [2008b]. Surface explosions such as those at Utah Training and Test Range
(UTTR) in northern Utah have been quantiﬁed using regional infrasound observed at the USArray seismic
stations [Hedlin et al., 2012]. Infrasound observations at regional distances in South Korea were used to
analyze source characteristics from explosions in a rock quarry, an open-pit mine, and a construction site [Che
et al., 2002]. Signals from small-magnitude (<ML 2.0) surface explosions with explosive yields between 0.2
and 10.1 t were analyzed [Che et al., 2009a] as well as infrasound associated with a large earthquake [Che
et al., 2007; Kim et al., 2004]. Che et al. [2009b] analyzed infrasonic signals from the second North Korean
underground nuclear test using data recorded by regional infrasound arrays in South Korea and estimated
the size of the equivalent infrasonic source based on explosive yield scaling developed for high-explosives
tests [Whitaker et al., 2003]. Additionally, the regional Korean seismoacoustic arrays were used to quantify
infrasound noise levels [Stump et al., 2004; Park et al., 2011] and the dependence of regional infrasound
propagation on the season and path environment [Che et al., 2011; McKenna et al., 2008].
This study focuses on the regional scale where the receiving stations are spaced on the order of hundreds of
kilometers spanning a total distance of 1000 to 2000 km (section 2). The geographical scale of this study is
smaller than those using the global array of sensors provided by the IMS. Although an individual station could
consist of a single gauge, it is advantageous in infrasound to deploy small arrays at each site so that arrayprocessing techniques can be applied for signal detection and estimation of waveﬁeld parameters such as
back azimuth and phase velocity used in the location process (section 3). Construction of a network bulletin
begins with signal detection at each of the arrays. These detections are then associated between arrays
leading to the formal location procedure (section 4). In this study, we study the characteristics of infrasound
detections and produce a regional infrasound bulletin covering the time period November 2010 to October
2012 for the western U.S. where the arrays are located (section 5). The development of an automated
infrasound event bulletin using arrays enables us to quantify the distribution of sources in time and space,
especially in the case of repeated sources, providing inputs for more detailed source and propagation path
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Figure 1. Locations of infrasound arrays used in this study. A number of known sites where near-surface explosions occur are
noted. Mining events from November 2010 to October 2012 are also plotted (data from USGS/NEIC [2012]).

studies, including the documentation of the time-varying nature of the atmosphere. The bulletin also
provides a basis for more detailed analyst review of events of particular interest such as earthquakes or
man-made events. In order to illustrate the effectiveness of the event bulletin provided in this study, we
compare the observations from automatic detection and location procedure with propagation paths based
on a ray-tracing algorithm [Blom and Waxler, 2012] (section 6).

2. Infrasound Arrays and Human Activity
The 12 infrasound arrays used in this study are shown in Figure 1 and provide the basis for analysis and the
subsequent network infrasound bulletin [Stump et al., 2012]. Details of the arrays used in this study are provided
in Table 2. Instrumentation support comes from the Incorporated Research Institutions for Seismology (IRIS)
Program for Array Seismic Studies of the Continental Lithosphere (PASSCAL) program with data distributed to
IRIS Data Management System. The long-term operation of the infrasound arrays in Utah with data from the
additional arrays in nearby Nevada provides an opportunity to supplement the focused earthquake catalogs
and subsequent analysis with an independent and automated network infrasound bulletin. The Utah network
was deployed as part of a collaboration between University of Utah, Southern Methodist University, and Los
Alamos National Laboratory, with the integration of nine infrasound arrays into the University of Utah seismic
network [Arrowsmith et al., 2012]. The arrays have triangular conﬁgurations, and each consists of four elements,
with apertures of ~100 m and infrasound gauges ﬁtted with porous hoses for wind noise reduction [Stump et al.,
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2007; Arrowsmith et al., 2008b]. Wind noise reduction due to the averaging of data from individual array
elements is a relatively small factor compared with wind noise reduction at individual array element due to the
use of porous hose arrays [Christie and Campus, 2010]. The standard wind noise ﬁlter used at IMS array sites
consists of rosette pipe ﬁlters that have the ability for better wind noise reduction for large arrays [Walker and
Hedlin, 2010]. Porous hoses have the advantage of being inexpensive and very portable and provide wind noise
reduction comparable to a rosette but sometimes with unpredictable performance [Walker and Hedlin, 2010].
Data are sampled at 100 samples per second. Acoustic gauges at the BGU and NOQ arrays are Chaparral Physics
Model 2.0 microphones, while the gauges at EPU are Chaparral Physics Model 2.5 microphones. Both Chaparral
Models 2.0 and 2.5 have a similar frequency range, 0.1 Hz to >100 Hz (Chaparral Physics Manual, http://www.gi.
alaska.edu/facilities/chaparral/infrasound). The Chaparral Model 2.0 microphones have a ﬂat response from 0.1
to 200 Hz [Arrowsmith et al., 2008a]. These arrays are equipped with Reftek digitizers. BRP, FSU, HWU, LCM, PSU,
and WMU are equipped with Inter-Mountain Labs (IML) sensors and Q330 digitizers. The frequency range for
the IMLs is 2 to 30 Hz (IML website, http://intermountainlabs.com/products.html). A detailed analysis of the
frequency response of both the Chaparral 2 and the IML is documented by Stump et al. [2007], who found that
there is great similarity between pairs of sensors in the frequency band of 1–10 Hz. Three additional infrasound
arrays, DNIAR, FNIAR, and NVIAR, are deployed in Nevada (Figure 1). NVIAR is equipped with Chaparral Physics
Model 2.2 gauges, while DNIAR and FNIAR use IML sensors with Reftek digitizers. The aperture of DNIAR and
FNIAR is ~100 m, while that at NVIAR is ~1 km. The small aperture arrays are relatively sensitive to local eddies
and turbulences, in particular in the high-frequency range, as discussed later. DNIAR and FNIAR are also
sampled at 100 samples per second, while NVIAR is sampled at 40 samples per second. These arrays consist of
four low-frequency microphones attached to microporous hoses for wind noise reduction.
There are a number of known infrasound sources in the study area including mining explosions, rocket motor
detonations, and earthquakes [Arrowsmith et al., 2012]. Among these are the Dugway Testing Ground (DTG),
New Bomb (NB), and Utah Test and Training Range (UTTR) (Figure 1). UTTR is the largest overland
ordnance block of supersonic authorized restricted airspace and frequently used to dispose of explosive
ordnance. DTG supports military training exercises [Walker et al., 2011]. NB is located near Hawthorne,
Nevada, and is the site of an ordnance disposal facility that typically detonates a variable number of
explosions (yield range of 2000 to 4000 lb) over a limited time span with a separation of 40–70 s between
individual detonations [Negraru et al., 2010]. The detonations often take place on business days unless
operational or weather-related issues postpone the activities. Typically, weather affects operations in January
to April, when shooting is intermittent, though the activity does not cease completely.
Sources at shallow depths such as mining explosions (limited to the upper few kilometers) generate both
seismic waves in the solid Earth and acoustic waves in the atmosphere (referred to as seismoacoustic waves)
[Arrowsmith et al., 2010]. Sources that generate infrasound and seismic signals can be used to both quantify
the time-varying nature of the atmosphere as well as verify source location methods [Che et al., 2011]. Thus,
the long-term collection of such data sets is useful in order to assess the spatial and temporal variations in
detection and location found in this study. For example, the collection of daily repetitive infrasonic
observations at an active mine was used to assess the seasonal variations in infrasound propagation along
two different source to receivers paths [Che et al., 2011]. Infrasound detections from mining blasts conﬁrm
the existence of the shadow zones (<100 km) based on infrasound propagation analysis through a hot
stratosphere [Evers et al., 2012]. A total of 35 mining events occurred in the study area of this study from
November 2010 to October 2012 as identiﬁed by United States Geological Survey (USGS) (USGS’s mining
event catalog) (Figure 1). The local magnitudes (ML) ranged from 1.9 to 3.1 (Figure 6a). The events
represent several different mining regions in Arizona, Idaho, Utah, and Wyoming and are based on the
analysis of routine seismic signals by the USGS and their association with known mining activity from May
1997 to March 2000. Large-scale coal mines are located on the geomorphic feature known as Black Mesa,
south of Kayenta, Arizona [Keystone, 1997]. Soda Springs in Idaho is a site of explosions related to
phosphate mining (USGS’s mining event catalog), while the area also experiences a high level of seismicity
that is unrelated to mining [Smith and Arabasz, 1991]. The Bingham Canyon open-pit copper mine is
near Copperton in Utah [Richins, 1979], another site of seismoacoustic signals. Additional explosions
associated with phosphate mining occur near Vernal in Utah (USGS’s mining event catalog). There are
two additional coal-mining regions, the Hams Fork Coalﬁeld near Kemmerer and the Green River Basin
near Rock Springs, in Wyoming [Keystone, 1997].
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3. Detection, Association, and Location Procedures
The ﬁrst step in bulletin production is data processing to produce event detections from the time series at
each array. Analysis of infrasound signals is based on array processing that assumes a plane wave traveling
across the array [Rost and Thomas, 2002]. Conventionally, infrasound signal detectors rely on the presence of
the same signal on different channels of the array [Jacobson, 1957; Smart and Flinn, 1971; McKissic, 1996] and
use both the normalized cross correlation and the short-term average/long-term average of a beam [Brown
et al., 2002]. Due to temporal variations in atmospheric conditions and the associated time-varying noise,
infrasound signal detection is more complex than seismic signal detection. Park et al. [2011] demonstrate that
optimal detection processing requires characterization of background noise level and its relationship to
environmental measures such as wind speed and azimuth at individual arrays. High winds lead to infrasonic
noise on sensors deployed along the ground at the boundary layer with the atmosphere [Hedlin et al., 2002;
Woodward et al., 2005; Park et al., 2011], especially between 0.01 and 1 Hz [McDonald et al., 1971]. Noise
associated with wind can mask detections by reducing the coherence between individual array elements
[Woodward et al., 2005]. If the noise has low spatial correlation, then its effects can be mitigated by an array of
stations spaced beyond the noise correlation length. Additionally, seasonal variations in the atmosphere
result in both temporal variations in travel times and changes in wave propagation characteristics that must
be understood for optimum detection as well as the subsequent detection association and event location.
In both infrasound and seismic observations, optimum signal detection is complicated by the fact that some
parts of the noise ﬁeld may be coherent, possibly generated by man-made sources such as trains, heavy
industry, or other local disturbances. The number of false alarms can increase if correlated noise is declared as
a detection. Infrasonic detection typically relies on separating signals from noise using a variety of correlation
techniques applied to array data assuming that the noise is uncorrelated as illustrated by the progressive
multichannel correlation (PMCC) algorithm [Cansi, 1995] and the standard F-detector [Blandford, 1974]
incorporated in InfraTool [Hart, 2004]. PMCC estimates propagation parameters (trace velocities and azimuth)
using combinations of subarrays while minimizing the errors introduced by spatial aliasing [Cansi and Le
Pichon, 2009]. When the consistency, deﬁned as the mean quadratic residual of the closure relations across
the array, is below a threshold, a detection is declared [Cansi and Le Pichon, 2009]. InfraTool calculates an
azimuth, trace velocity, correlation coefﬁcient, and the conventional F statistic for each time segment using
multiple overlapping windows that move with time through the data volume. Brown et al. [2008] utilizes the
Hough transform [Hough, 1959] for the automatic detection of acoustic signals based on the premise that
static sources will have a constant azimuth over time for low signal-to-noise ratio signals. In this study, the
adaptive F-detector (AFD) as incorporated in InfraMonitor [Arrowsmith and Whitaker, 2008] is used based on
results from a preliminary study of detectors [Stump et al., 2012]. This procedure utilizes the F statistic
[Blandford, 1974] and cross correlation but is modiﬁed as proposed by Arrowsmith et al. [2009] to account for
temporal changes in noise as captured by a moving window analysis. The temporal variation in noise is
quantiﬁed by a scaling factor, C value, which maps the empirical central F distribution to the theoretical one
for each progressive window. Park et al. [2011] found that the C value changes with time and space for
regional infrasound arrays, indicative of background noise that is affected by seasonal and spatial variation.
For example, C values show temporal variations under high wind conditions at infrasound arrays on islands or
near the coast but are stable at an array under low wind velocity within the continent [Park et al., 2011]. This
adaptive modiﬁcation is used in this analysis in an attempt to account for correlated noise in the empirical
data as well as temporal variations in ambient noise.
The second step in signal detection is “phase association,” deﬁned as the process of associating separate
phases from a single event at an array with the same event observed at other arrays [Arrowsmith et al., 2008b].
In seismic phase association, phase velocities are used to identify the separate phases automatically and
associate S wave arrivals with P wave arrivals [Mykkeltveit and Bungum, 1984; Bache et al., 1990; Blandford,
1982]. However, infrasound phase association is more complex due to the time-varying nature of the
atmosphere as well as infrasound wave interactions with topography and near-surface atmospheric
conditions [Arrowsmith et al., 2007; Kulichkov, 2004]. Thus, signal identiﬁcation can be done prior to
infrasound phase association. Both celerity and phase velocity can contribute to infrasound phase
identiﬁcation [Brown et al., 2002; Che et al., 2009b] and are affected by the seasonal variations of atmospheric
winds along the source/receiver path. In a temperature-stratiﬁed atmosphere, typical infrasound phases
include turning rays from the troposphere (Iw), stratosphere (Is), or thermosphere (It) [Brown et al., 2002]. The
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closer to the Earth’s surface that the ray propagates, the faster its associated celerity or group velocity, while
the associated phase velocity (trace velocity) increases with the height at which the ray turns reﬂecting the
increasing angle of incidence associated with higher velocity of propagation at altitude in the atmosphere
[Brown et al., 2002; McKenna et al., 2008]. In order to classify arrivals, Arrowsmith and Hedlin [2005] compared
their observed phase velocities (376 ± 29 m/s) for winter months to predictions. They suggest that their
observations were consistent with Is (356.2 m/s) arrival rather than an Iw (347 m/s), although the large
standard error in the observed phase velocity made the separation difﬁcult. Additionally, this separation
based on celerity and phase velocity is complex due to effects such as topographic specular reﬂection
[Arrowsmith et al., 2007] and scattering of infrasound off inhomogeneities in the atmosphere [Kulichkov,
2004]. Based on Brown et al.’s [2002] study, Arrowsmith et al. [2008b] used the time difference between the
ﬁrst and later arrivals to associate all arrivals from a single source. In this study, we follow a similar approach
for event association by setting the thresholds of differences in arrival time and back azimuth between any
pair of arrivals for an event. Meteorological speciﬁcations are not considered for phase association processing
but could provide improved phase identiﬁcation in future studies.
A systematic grid search based on a set of assumed source location is used for association of detections at
multiple arrays based on previous work. Arrowsmith et al. [2008b] noted that there are many complications
related to the source (coupling and directivity), the atmosphere (wind and temperature), and site noise
(time-varying noise) for event location, and these can degrade attempts to estimate event locations and
associated errors. Brown et al. [2002] summarized the automatic infrasound detection and location processing
system at the Prototype International Data Center used to analyze data from the IMS infrasound network. Based
on the automatic processing system, Brachet et al. [2010] identiﬁed various types of infrasound sources such as
atmospheric and surface explosions, exploding meteors, rocket launches and reentries, earthquakes, and
volcanic eruptions and emphasized the importance of reliable modeling of atmospheric speciﬁcations to
produce a good quality automatic infrasound event bulletin. Le Pichon et al. [2008] used a constant atmospheric
velocity model and a least squares method in Central Europe. Motivated by previous studies, Arrowsmith et al.
[2008b] built on the earlier work and applied a grid search method using group velocity ranges to obtain
the region rather than point location. Subsequently, Modrak et al. [2010] developed the Bayesian Infrasonic
Source Location (BISL), which accounts for unknown source-to-array path effects by formulating infrasonic
group velocity with a random component, for estimation of location and associated credibility regions in the
current version of InfraMonitor. In this study we use a uniform prior probability density function (PDF) in
order to account for unknowns in the group velocity between source and receiver. The BISL algorithm searches
over a uniformly spaced grid of times, location, and group velocity and then evaluates the likelihood function
which is a product of back azimuth and arrival time over all arrays, for comparison between the observed
and the predicted model, assuming Gaussian distributed errors [Modrak et al., 2010]. Finally, by integrating the
posterior PDF, which is a product of likelihood function and prior PDF, across group velocity, this algorithm
computes the marginal posterior PDF to estimate credibility contours of source location and origin time
[Modrak et al., 2010]. Atmospheric conditions that vary in time and space or elevation effects are not included in
the calculations used in this work, although the broad uniform prior for the PDF captures some of the error.
Future work will explore the use of a time-dependent PDF as suggested by Marcillo et al. [2013] which may
provide an enhanced time-dependent bulletin [Drob et al., 2010].

4. Data Processing
Parameter tuning based on the characteristics of the regional infrasound signals is critical to optimize the
detection, association, and location process. The AFD parameters that were used for detection focused on the
1–5 Hz frequency band, typically the band with the best signal-to-noise ratio for regional signals. The time
duration of the detector window was set at 30 s, based on empirical evidence of typical regional signal
duration (mostly short period) and the expected time delays across the arrays. Campus and Christie [2010]
presented waveform properties from different types of infrasound sources such as underground nuclear
explosions (~1–20 Hz), mining and chemical explosions (0.05–20 Hz), rocket launches (0.01–20 Hz), volcanic
eruptions (0.002–20 Hz), and earthquakes (~0.005–10 Hz). Hart [2004] also used a 30 s window with
consecutive 50% overlapping windows for detection processing of signals from chemical explosion. Brown
et al. [2008] used window lengths of 32 s for detections of signals from distant large explosive sources. For
mining explosions, Arrowsmith et al. [2008a] use window lengths of 30 s for the high-frequency band (1–5 Hz)
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Table 1. Parameters Used for Processing of Detection, Association,
and Location Using InfraMonitor in This Study

Detection

Parameters

Values

Frequency band (Hz)
Time window (s)
Overlap (%)
Adaptive window (h)
p value
Azimuthal deviation (deg)
Minimum group velocity (m/s)
Maximum group velocity (m/s)
Picking error (s)
Azimuth standard deviation (deg)
Arrival time standard deviation (s)
Vector length
Flat Earth

1–5
30
50
1
0.01
8
280
380
20
8
100
1
0 (Spherical Earth)

10.1002/2013JD021084

in PMCC processing. Further work is
needed to assess the impact of shorter
detection windows, particularly to the
association process.

The parameters used in this study are
tuned for longer duration regional
signals and are summarized in Table 1. In
Association
the case of the infrasound sources in
Utah, there is evidence of high-frequency
signals with shorter durations. Therefore,
when multiple short-duration signals
Location
occur within a single time window, they
may be identiﬁed as a single event even
though several sources could contribute
to the waveforms. Arrowsmith et al.
[2008b] have processed Utah data for a
period of ~1 month (24 July 2007 to 28 August 2007) using a window length of 10 s. Window overlap was set
at 50% in this study. A number of tests were undertaken to assess the appropriate adaptive time period for
estimating the C value [Park et al., 2011] and motivated the use of a 1 h adaptive window in order to capture
the changing noise environment observed at the arrays. Finally a conservative p value of 0.01 was used in this
study in order to minimize false alarms.
Association and location as implemented in BISL rely on a priori estimates of variations in azimuth and group
velocities that can be expected across a range of travel paths and atmospheric conditions. Motivated by the
strong effect of time-varying winds on infrasound wave propagation, a conservative range of group velocities
of 280 to 380 m/s and azimuthal variation of ±8° are used as priors in this study in order to provide a
ﬁrst-order set of locations without including seasonal effects. Drob et al. [2010] suggest that the seasonal
variations of propagation characteristics should ultimately be taken into account for source location for
real-time systems such as that at the International Data Center. Analysis of ground truth data may provide an
assessment of these time-varying effects and support the inclusion of priors that change as a function of the
seasons as demonstrated by the empirical work of Che et al. [2011] and recently suggested BISL
enhancements using the Ground-to-Space (G2S) speciﬁcation [Marcillo et al., 2013]. The G2S speciﬁcations
are based on the National Ocean and Atmosphere Administration-Global Forecast System (NOAA-GFS) from
the surface to 45 km altitude [Kalnay et al., 1990], the four times daily stratospheric analysis from National
Aeronautics and Space Administration-Goddard Earth Observing System/Modern-Era Retrospective Analysis
for Research and Application (NASA GEOS-5/MERRA) from 35 to 75 km altitude [Rienecker et al., 2011],
empirical climatological models, the Mass Spectrometer and Incoherent Scatter Radar [Picone et al., 2002],
and Horizontal Wind Model [Drob et al., 2008] above 75 km altitude. The G2S speciﬁcations, which will be
shown in a later section, provide global estimates of the atmospheric state variables, winds, and temperature
up to 170 km altitude [Fee et al., 2013]. The initial location work reported here does not take these effects into
account, and thus the estimated location errors are expected to be large.
The use of a conservative ±8° azimuth variation is also intended to account for these errors. This simpliﬁed
approach with conservative priors provides an initial bulletin of sources, some of which can be combined
with ground truth information to provide a basis for assessing time-dependent effects that motivate the
development of improved priors as suggested by Marcillo et al. [2013]. Input parameters used in the
association and location procedures are included in Table 1. The vector length in the location algorithm
controls the number of origin times and group velocities over which the search is executed. Locations
assume a spherical Earth. The detailed description of the complete set of input location parameters can be
found in the InfraMonitor manual [Arrowsmith, 2012].

5. Infrasound Detections and Locations
A 2 year data set (1 November 2010 to 31 October 2012) from the infrasound arrays, BGU, BRP, DNIAR, EPU,
FNIAR, FSU, HWU, LCM, NOQ, NVIAR, PSU, and WMU (Figure 1) was used to produce the automatic detections
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Figure 2. (a) Automatic detections from the western U.S. infrasound arrays (1 November 2010 to 31 October 2012) are plotted as a function of time and signal
azimuth. Individual detections are color coded by the array correlation estimates. Bar graphs to the right summarize the total number of detections for the
observing period annotated with the total number of detections for each array. (b) The detection plot for DNIAR is expanded to illustrate the details of the seasonal
variations of the detections.

that are reproduced in Figure 2a. The average phase velocity estimated at the arrays range from 330 to
365 m/s (total average phase velocity is 354.7 m/s). Generally, most detections during the winter are from the
west, while those during the summer are from east, indicating that infrasound wave propagation is strongly
dependent on the stratospheric winds in this area. This observation is consistent with previous work by
Georges and Beasley [1977], who ﬁrst hypothesized that the seasonal variations of stratospheric winds affects
infrasound signal propagation. In addition, studies by Reed [1969] and Mutschlecner et al. [1999] have
shown that the stratospheric wind inﬂuences the locations at which infrasound from a given event can be
observed. Many long-term observational studies using the IMS infrasound network have also shown seasonal
variations in signal detections [Arrowsmith and Hedlin, 2005; Green and Bowers, 2010; Brachet et al., 2010;
Green et al., 2012; Landés et al., 2012; Le Pichon et al., 2008, 2009, 2012; Fee et al., 2013].
DNIAR detections, which include a relatively continuous data set, are plotted at an expanded scale for the
same time period (Figure 2b) in order to illustrate more detail. The seasonal detection pattern at DNIAR is
similar to the other arrays with strong correlations observed from azimuth between 180° and 250° during the
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winter time. Additionally, this array has consistent detections with high correlation from 310°, consistent with
the New Bomb site, from September 2011 to October 2012, although detections from this azimuth were not
as well observed during the summer of 2012. This result highlights that the detection of infrasound signals is
dependent on wind direction resulting in seasonal variations in the frequency of occurrence for a known
source location. Walker et al. [2011] also noted the effects of seasonal stratospheric winds on detected
infrasound signals. The detections also document a number of station-related differences. For instance, EPU
has relatively few detections since the array experienced intermittent telemetry outages during the time
period of the analysis. Similarly, data from NVIAR has a large gap during 2011. Detections at all arrays
during the winter have higher correlation values than those during the summer. This result implies that
infrasound detections are affected by at least three effects: (a) source frequency, (b) propagation
environment variability, and (c) instrument site and noise level. In addition, the distance from the source to
the receivers might be also related to the correlation of detection, as shown later in Figure 16. Hedlin et al.
[2002] demonstrated that array site performance is better when wind azimuth and speed show little
variation so the consistency of wind directions in the winter may also contribute to improved triggers during
this time period, although wind velocities are generally higher.
Stations close to one another show similar detection patterns, including seasonal changes in azimuth and
average correlation values. BGU, BRP, FSU, NOQ, HWU, and WMU (located in the northern part of the network)
produce many detections from the southeast and west. There are also a large number of detections from the
southwest and southeast of FNIAR and DNIAR. Station-related detection characteristics are also
demonstrated by the large number of low-correlation detections from the NE during the summer months
that move to the SW, W and NW during the fall and winter at BGU. Detection trends as a function of month of
the year and from year to year for each array are summarized in Figure 3. The yearly trends for the two
12 month time periods of this study are similar and document consistent yearly array performance
(Figure 3b). FSU, EPU, NOQ, and NVIAR have a relatively small number of detections. As shown in Figure 3b,
the number of detections is related to total data recovery with reduced uptime leading to decrease in the
number of detections at PSU, BGU, EPU, and NVIAR. EPU has many data gaps as shown in Figure 2, as well as a
sensor problem with total data recovery of 75.7 % for the ﬁrst and 89.2 % for the second year (Figure 3b).
However, this is not the only factor to control the total number of detections at an array. Even though data
recovery for NVIAR increased in the second year, there was no signiﬁcant increase in the total number of
detections, indicating that this array performance may be related to array dimension. BGU, EPU, and NOQ
have a large number of detections during the winter, while BRP, FNIAR, PSU, LCM, WMU, and DNIAR have a
large number of detections during the summer. Arrowsmith and Hedlin [2005] document the large number of
detections from surf-related sources during the winter with higher correlation than those in summer in
southern California, suggesting that detection performance is strongly dependent on array location, source
locations, and seasonal wind conditions. The observed temporal variations in the detections at the arrays
repeat from one year to the next illustrating that these data may provide constraints on temporal variations
similar to previous studies [Arrowsmith and Hedlin, 2005; Le Pichon et al., 2008, 2010; Landés et al., 2012]. These
results also suggest that the bulletin developed from the detections is seasonally variable and dependent on
the spatial distribution of arrays as well as array dimension.
The western U.S. infrasonic events locations for the 2 year time period are plotted in Figure 4. The origin times
and locations of events are provided in supporting information Appendix A. The catalog consists of 1510
events that are color coded by season on the map. Regions with repeated infrasound sources include the
following: an explosive detonation site in Nevada designated as NB; UTTR and DTG in Utah; central and
southern Nevada; and southwest Idaho. There are many infrasound events in the southwest part of the study
area during the winter and in the northeast where most mines are located during the summer. This seasonal
variation of event locations is consistent with the direction of stratospheric winds in the western U.S.,
illustrating the importance of seasonal infrasound propagation path effects [Che et al., 2011]. Locations of
microbarom sources on a global [Landés et al., 2012] and local scale [Brachet et al., 2010] show similar seasonal
variations in the spatial distributions of the sources.
Comparison of the infrasound locations with the USGS mining regions suggests that the number of located
infrasound events that might be associated with these mines over the course of a year is small. Only one out of
35 mining events presented in the USGS (4 August 2011 at 23:21:00.3 UTC) catalog was found in this study
(Figure 6a). The local magnitude (ML) of this event is 3.0, and three arrays were used in the location. Because
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Figure 3. (a) The number of detections as a function of month for each array in the ﬁrst year (left, November 2010 to October
2011) and second year (right, November 2011 to October 2012). (b) The line plots summarize the total number of detections
by array for the ﬁrst (blue) and second (red) years of the study. The bar charts summarize the data acquisition or recovery
percentage at each array for the ﬁrst (light blue) and second (pink) years of the study.

most mining events with high ML occurred during the winter and the ML of some events in the summer were
small (<2), infrasound generated from mining areas might not be recorded at the arrays in this study. Previous
work by Walker et al. [2011] demonstrated a consistent result in that there was no signiﬁcant correlation
between mining areas listed in the USGS or University of Washington catalogs and infrasound source locations.
It has been documented that mining explosions generate infrasound [Stump et al., 2004; Arrowsmith et al.,
2008a], although these studies focused on limited events and data sets. The lack of broad correlation
between mining events and infrasound sources may reﬂect a combination of the seasonal variations in the winds,
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Figure 4. Automated infrasound events for the time period November 2010 to October 2012 color coded by season.
The locations of the regional infrasound arrays are represented by the black triangles. Uncertainty estimates less than
2
25,000 km are included as light grey contours. Mining regions denoted by the USGS are represented by pink circles
(1: Copperton, 2: Soda Springs, 3: Kemmerer, 4: Rock Springs, 5: Vernal, 6: Price, and 7: Kayenta). Western and eastern
regions deﬁned by the sky blue boxes are used in the seasonal variation analysis in Figure 6. Regions inside the red boxes
(a) and (b) are expanded in Figure 8 as they include locations of repeated sources.

the limited station distribution, as well as the possibility of reduced atmospheric infrasound coupling
from some types of mining explosions. Further, signal detection might have been degraded by the lack
of signal correlation between array elements for higher frequency signals [Christie and Campus, 2010;
Blandford, 1997]. Additionally, if these signals have frequencies at or above 4 Hz, they may not have
been detected because the amplitude of high-frequency infrasound decays more rapidly with distance.
Stump et al. [2001] also document that a small percentage of mining explosions were observed to have
infrasound signals, indicating that mining-generated infrasound might be related to event size as well as details
of propagation path effects.
There are infrasound events in central Nevada that may be related to gold mining activities at locations such
as the Florida Canyon mine and the Wind Mountain mine. Coolbaugh et al. [2005] document that this area in
the Great Basin with its higher temperature geothermal systems strongly correlates with locations of young
gold deposits. This relationship between gold mines and infrasound events could be investigated with
supplementary ground truth information.
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Figure 5. The average distance to the three closest arrays is contoured on top of the automated infrasound events for the
time period November 2010 to October 2012. Regional infrasound arrays are represented by black triangles.

The source can be declared based on observations at two or more arrays [Georges and Beasley, 1977; Rost and
Thomas, 2002], although we used a minimum of three arrays in this study. As a result, there are few events
outside the footprint of the network and events along the edges of the network are accompanied by large or
no uncertainty estimates. Additionally, there are few events in NE Nevada, SE Idaho, and central Utah. The
lack of events in these areas could be because there are few sources which preclude arrivals at the stations, or
the average distance to nearby arrays is large and the accompanying signals are attenuated. Since signal
correlation between array elements has been shown to decrease with increasing source-receiver distance
and with increasing frequency [Blandford, 1997], one would expect to detect a smaller number of signals at
larger distances. In order to quantify array coverage, the average distance from the closest three stations to
each grid point across the study area is estimated and contoured (Figure 5). The densest network distribution
is in northern Utah with the smallest average distance close to 100 km. A broad region of dense coverage
extends southward and sweeps into southwestern Nevada with an average station distance of about 250 km.
This region has a number of events, including the clusters at UTTR, DTG, and NB. Additionally, the wide area of
activity in southern and central Nevada falls within a region of good station coverage. The northwestern part
of the study area has decreased array coverage with an average distance in excess of 400 km. The linearshaped clusters of events along the eastern and northern boundaries of the study area occur in regions of
decreasing station coverage and more importantly in areas where the stations are all on one side of the
region. This result highlights that both network distribution and spacing are important in order to obtain
reliable and accurate event locations.
In order to investigate the relationship between seasonal winds and station distribution on event location,
the study area was divided into two areas, a western and an eastern half (Figure 4). Figure 6 compares the
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Figure 6. Mining events (with local magnitude, ML ) in the USGS catalog plotted as function of time and magnitude
(solid circles located in this study, open circles not located in this study). (b) Atmospheric winds (divided into
meridional and zonal components as a function of altitude) estimated on 6 h intervals from the Ground-to-Space
(G2S) speciﬁcation for the western U.S. (c) Seasonal variations in the number of infrasound events in the west (red)
and east (blue) of the study area and a summary of the total number of events in each area as a function of seasons
to the far right. The example event that is modeled in section 6 occurred during the spring equinox of 2012 represented
by the vertical black line in Figure 6b.

seasonal variation of event locations in these two broad areas with variations in stratospheric wind estimates
based on the G2S speciﬁcation centered at (40°N/114°W). The 6 h G2S speciﬁcations (0, 6, 12, and 18 h in UTC)
are used to produce meridional and zonal wind estimates to an altitude of 100 km as a function of time
(Figure 6b). Seasonal variations in the winds between 20 and 80 km are clear with the strongest variations in
zonal winds. Since the G2S speciﬁcation is produced every 6 h, diurnal variations in the thermosphere
(altitude between 80 and 100 km) are also captured. Histograms document the number of events for the two
areas as a function of time in Figure 6c. There are a larger number of events in the western area, 927, than
the eastern area, 583, even though the array density is similar in the two regions. These numbers could be
biased by repeated sources in the western area, based on the observation that southern Nevada has a
relatively high source density as shown in later in this section (Figure 11). There is a strong correlation
between seasonal changes in the number of events located in each area with the seasonal reversal of
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Figure 7. (a) Automated infrasound events for the time period November 2010 to October 2012 color-coded by the
number of associated arrays used in association and location. The black triangles are the infrasound arrays. (b) The total
number of events plotted as a function of the number of associated arrays in the location. (c) The occurrence of events that
have more than three associated arrays.

tropospheric, stratospheric, and thermospheric winds, consistent with the studies of Arrowsmith and
Hedlin [2005], Le Pichon et al. [2008, 2010], Brachet et al. [2010] and Landés et al. [2012]. A majority of
events in the western area occur during the winter (34%) and spring (33%) consistent with a mostly
eastward stratospheric wind direction (Figure 6). The eastern area in contrast has a signiﬁcantly larger
number of infrasound events during the summer (46%) when there is a westward stratospheric ﬂow
direction (Figure 6). However, a slight increase in events in the east in the early winter is also documented in
Figure 6c. These events in the east might be a result of sudden stratospheric warmings when stratospheric
winds reverse direction in the midlatitudes for up to 2 weeks during the winter [Donn and Rind, 1971;
Evers and Siegmund, 2009; Hedlin et al., 2010; Drob et al., 2010; Walker et al., 2011; Evers et al., 2012;
Assink et al., 2014]. During this time period, the amplitudes of coherent infrasound noise decreases [Donn
and Rind, 1971] and strong wind velocity and high temperature are observed where there are favorable
conditions for refraction [Evers and Siegmund, 2009]. The infrasound catalog provides a source for
identifying special events that can be used to investigate special events of interest. These broad trends
suggest that the seasonal changes in the distribution of event locations are impacted by the direction of
mostly stratospheric wind in the western U.S.
Figure 7a summarizes the number of arrays that participate in the association and location procedure for the
events in this study. In the case of events at NB, up to 10 arrays recorded signals from this site of surface
explosions and were used for event location. Moreover, several regions including DTG, UTTR, southern and
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Figure 8. Detailed locations in the two focus areas outlined in Figure 4. (a) The ﬁrst area contains New Bomb, a facility that
regularly destroys explosive ordnance providing a repeated source. (b) The second area contains the Dugway Testing
Grounds (DTG) and Utah Test and Training Range (UTTR), two locations with repeated events in Utah. In each image,
2
uncertainty estimates less than 25,000 km are represented by grey contours.

central Utah, and southern Nevada have a large number of associated arrays in the event locations. Event type,
location, array distribution, and seasonal winds all impact the association result. Most events with more than ﬁve
associated arrays are located in areas with the densest network coverage as documented in Figure 5. Events on
the edges of the region covered by the arrays had a smaller number of associated arrays consistent with the
array density map. The number of events with a large number of associated arrays is small (Figure 7b). Most
events which have more than three associated arrays occurred during the winter time (Figure 7c), consistent
with the observation that infrasound signals from sources in the west are enhanced by the stratospheric wind
from the west and recorded by arrays in the Utah network to the east. There is a strong west-to-east ﬂow at an
altitude of about 55 km in the winter, with a ﬂow from east to west at an altitude of about 70 km in the summer
[Fee et al., 2013]. Winter winds can provide oblique propagation that provides a potential for stratospheric
ducting with more north-south components. In addition, surface temperatures are greater in summer than
winter so one might expect fewer summer detections as a result of elevated waveguides.
There are several areas within the study region where surface explosions are regularly detonated and provide
the opportunity to develop ground truth for characterizing the seasonal variation in atmospheric
propagation. This utilization of the data set can help assess the importance of the inclusion of improved a
priori atmospheric speciﬁcation into infrasound event detection and location algorithms. Three of these sites
of repeated events are illustrated in Figure 8. A number of infrasound events were associated with NB during
the spring and winter (Figure 8a), suggesting that unfavorable wind conditions during the summer affect
signal detections at stations to the east of the source. Events in Utah between BGU and EPU may be
associated with UTTR (Figure 8b). A large number of infrasound events are located near DTG (between BGU
and FSU), primarily during the spring and summer (Figure 8b). Events in Utah between BGU and EPU may be
associated with UTTR (Figure 8b). All these events have smaller uncertainty estimates and seem to form a
linear trend. However, stratospheric winds often lead to deviations in the observed azimuth from the true
source azimuth and thus uncertainty estimates might be reduced by correcting azimuth errors associated
with predicted stratospheric winds in future work. In many of these cases, the events are located during time
periods for which the stratospheric winds are complementary to the array distribution.
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Figure 9. (a) Infrasound waveforms, generated by a set of New Bomb (NB) explosions, recorded at regional arrays in the
western U.S. (19:35:00–20:35:00 UTC on 23 February 2012). Based on the origin time of the ﬁrst source (red line), the
expected arrival time intervals for infrasound signals (group velocities from 280 to 380 m/s) are presented as green lines.
Example waveforms at NVIAR and BGU (grey boxes) are expanded in Figures 9b and 9c. (b) The signal recorded at
NVIAR illustrates arrivals from the individual explosions. The duration of the individual signal (10 s) is denoted by red lines.
(c) The signal recorded at BGU (distance of 555.4 km from the source) is expanded to illustrate the individual arrivals.
The duration of individual signal (30 s) is again denoted by red lines. (d) The event location is plotted with the 75 (blue),
2
90 (orange), and 95 (brown) percent credibility contours (594.9, 1286.5, and 1843.2 km ) and the associated stations (yellow
triangles) and detection azimuths (blue dashed lines). The red triangle is a station not used in the event location.

Two example events provide insight into data quality and locations. Waveforms from a winter NB explosion
(23 February 2012 at 19:35:00–20:35:00 UTC) (multiple explosions detonated over a short time period in order
to eliminate old ordnance) are displayed in Figure 9a. Multiple arrivals from the individual explosions are
recorded at NVIAR, FNIAR, and DNIAR with long-duration and overlapping signals at the more distance
arrays. Negraru et al. [2010] analyzed the infrasound arrivals from these sources and their propagation model
using FNIAR and NVIAR with ground truth information. The closest array to NB (distance of 32.2 km),
NVIAR, has a signal duration from individual explosions of about 10 s, and therefore the multiple explosions
are separately observed (Figures 9b). Signals at the farthest station, BGU, a distance of 555.4 km, have a
relatively long duration (~30 s) with multiple overlapping arrivals as documented in Figure 9c. The origin time
of the signal, estimated by InfraMonitor, is 19:39:52.23 UTC on February 2012. In this example, 10 arrays
participated in the event location. The central point of the event location contour from InfraMonitor is
38.1593°N/118.4367°W with the 75, 90, and 95% credibility contours (594.9, 1286.5, and 1843.2 km2)
(Figure 9d), and the distance difference between the calculated location and the ground truth is 20.6 km.
A second example is from an event located near DTG (24 March 2011 at 01:00:00–02:00:00 UTC) and is plotted
in Figure 10a. The impulsive signals have relatively short durations recorded at the closer stations, BGU, NOQ,
FSU, EPU, and HWU. There is a similar increase in signal duration with propagation distance to the more
distant stations, PSU, BRP, and LCM. The closest array from DTG is BGU (distance of 38.5 km) which has a signal
duration of about 3 s (Figures 10b), while the signal at the farther station, BRP, a distance of 246.2 km, has a
duration of approximately 7 s with the arrival reﬂecting multipathing as presented in Figure 10c. A total of
eight arrays contribute to the location of this event. The origin time of the event as estimated by InfraMonitor
is 01:08:34 UTC on 24 March 2011. The central point of event location contour estimated by InfraMonitor is
40.6071°N/113.2271°W with the 75, 90, and 95% credibility contours (393.8, 800.9, and 1102.4 km2) given in
Figure 10d. No additional ground truth details are available for this source.
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Figure 10. (a) Infrasound waveforms, generated by an event near the Dugway Testing Ground (DTG) recorded at regional
arrays in the western U.S. (01:00:00–02:00:00 UTC on 24 March 2011). Based on the origin time of the source (red line), the
expected arrival time intervals for infrasound signals (group velocities from 280 to 380 m/s) are presented as green lines.
Example waveforms at BGU and BRP (grey boxes) are expanded in Figures 10b and 10c. (b) The signal recorded at BGU
(distance of 38.5 km from the source) illustrates the individual arrivals. The signal duration (3 s) is denoted by red lines. (c)
The signal recorded at BRP is expanded to illustrate the individual arrivals. The signal duration (7 s) is denoted by red lines.
(d) The event location is plotted with the 75 (blue), 90 (orange), and 95 (brown) percent credibility contours (393.8, 800.9,
2
and 1102.4 km ) and the associated stations (yellow triangles) and detection azimuths (blue dashed lines). The red triangles
are stations not used in the event location.

Walker et al. [2011] produced an infrasound bulletin based on infrasound observations on the vertical
seismic channel of the 400 USArray stations (70 km spacing), while they were deployed in the western U.S.
from 2007 to 2008. The authors used a reverse time migration procedure for location. Since individual
seismic stations were used, the method relies on good infrasound to seismic coupling at each instrument
location. The results of the Walker study and those from this study are compared in Figure 11. Despite the

Figure 11. Two-dimensional histogram documenting infrasound source locations in the western U.S. during 2007 and
2008 by Walker et al. [2011] (left) and from November 2010 to October 2012 in this study (right). The study area is
emphasized in dashed black box in the right. Stars indicate known areas of human activity that generates infrasound
signals: Dugway Testing Grounds (DTG), New Bomb (NB), and the Utah Training and Test Range (UTTR). Regional infrasound
arrays are presented by triangles.
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Figure 12. Histogram of source times for events located over the 2 years of the study suggests that many of the detected
events may be related to human activities. (a) The number of events versus weekday is plotted with a baseline of 150
events (blue dashed line) illustrating signiﬁcantly reduced number of events on weekends. (b) The number of events versus
hour of the day for the total events, weekday events, and weekend events with separated baselines (all events = 40, blue
dashed line), (weekday events = 30, green dashed line), and (weekend events = 10, red dashed line).

different time periods, different networks, and array spacing for the two studies, the two bulletins have
signiﬁcant commonality. Based on the 2-D source density histograms (Figure 11), our study has ﬁve areas
(NB, DTG, UTTR, and central and southern Nevada) that match similar areas deﬁned in the Walker study.
However, there is no correlation with three other areas identiﬁed in the Walker study (southeastern
Oregon, southwestern Idaho, and southern California) due to the lack of station coverage by the
infrasound network. The fact that the 12 arrays used in this study produce locations with similar spatial
patterns to the Walker study suggests that a modest number of arrays with the opportunity to estimate
phase velocity and back azimuth as well as reduce incoherent noise can be valuable in assessing regional
events. This study suggests that infrasound analysis using small arrays is effective for regional monitoring
of infrasound sources. Walker et al. [2011] located 910 events over the 2 year time period (2007 and 2008),
while the analysis reported in this paper produces about twice the number of events during the more
recent 2 year time period. The increased number of events using the arrays may reﬂect temporal
differences but more likely highlights the importance of arrays in infrasound processing where wind noise
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Figure 13. Record section from the NB explosion on 27 April 2012 across the 700 km aperture network (left). HWU waveform is shifted by +50 km for better display. Dashed lines corresponding to celerities of 340, 300, and 260 m/s. Signal
correlation at the arrays decreases with propagation distances as estimated by the automatic detection procedure (right).

can be problematic. Infrasound hot spots identiﬁed and associated with military activities by Walker et al.
[2011] are also found in this study.
There is strong evidence that a signiﬁcant proportion of the events located in this study are related to human
activities. The development of ground truth information offers an opportunity to validate and possibly
improve the location procedure. Histograms summarizing the number of events as a function of time of day
and day of week are produced in Figure 12. A baseline is plotted at 150 events to compare events during the
weekday and the weekend (Figure 12a). The vast majority of events occur during working days and hours
consistent with the analysis of Walker et al. [2011]. The day-of-week histograms are peaked on Tuesday with
the fewest events on Sunday. Figure 12b includes time-of-day histograms for weekdays and weekends
with appropriate comparison baselines. The local time-of-day histograms rise from 8 to 11 A.M. for the
western U.S. with a noticeable dip between noon and 2 P.M., possibly related to lunch. The number of events
increases again reaching a maximum between 4 and 5 P.M. and then decays as night approaches. The
histogram associated with weekdays has nearly the same trend as that for all events, while there is a relatively
small number of events during the daytime on the weekends. These trends are similar to ones found for
infrasound events in Korea as documented by Park [2013].

6. Infrasound Propagation During the Equinox Period
The automated bulletin provides data at multiple distances from common events starting point for more
detailed propagation studies to assess atmospheric models. By focusing on the highest quality events, we
have good conﬁdence in our estimates of location and origin time, especially when the location can be
associated with a known infrasound source. In order to illustrate this application, we focus on data from one
event located at the NB site that occurred on 27 April 2012 with an origin time estimated by the location
procedure of 16:13:19 UTC. This event has multiple arrivals and signal correlation at the associated arrays
which decreases as a function of propagation distance (Figure 13). In order to estimate the celerities of the
arrivals, an improved source origin time was calculated using seismic arrivals recorded at the IMS seismic
array NVAR, approximately 32 km from NB (colocated with NVIAR). Origin times for these explosions were
calibrated to less than 1 s using the seismic arrival time and a GPS synchronized video recording at the site of
some of the explosions [Negraru et al., 2010]. Based on this empirical seismic travel time estimate to NVIAR,
the origin time was estimated at 16:30:11.36 UTC.
One motivation for choosing this event was that it occurred during the transition period in the spring when
stratospheric winds are weak (black line in Figure 6b). It has been observed that weak stratospheric winds
during equinox periods reduce infrasound signal detectability [Le Pichon et al., 2009]. However, for this event,
there are a relatively large number of detections at a total of seven infrasound arrays (BRP, DNIAR, FNIAR, FSU,
HWU, NVIAR, and WMU) that contributed to the automated infrasound location (Figure 14a). In order to more
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Figure 14. (a) The event from the NB (red circle in Figure 14b) (27 April 2012 at 16:31:19 UTC, 38.24479°N/118.64597°W)
based on the automatic BISL bulletin plotted with the 75, 90, and 95% credibility contours and the associated stations
(yellow triangles) and detection azimuths (blue lines). The red triangles are stations without observations. The source area is
zoomed in the right bottom of Figure 14a with the NB site depicted as a red star. (b) Direct arrivals predicted for
propagation to the east. Ranges are relative to the source location. The adiabatic sound speed (black), zonal winds (blue),
and meridional winds (red) at the time of propagation are plotted at the bottom right of Figure 14b.

fully assess the state of the atmosphere during this time period, ray tracing of realistic atmospheric models was
conducted using the methods presented by Blom and Waxler [2012]. In this application the ray-tracing equations
have been generalized to model propagation in a stratiﬁed moving medium in order to take into account the
ambient wind ﬁelds [section 5.1.3, Brekhovskikh and Godin, 1999]. Propagation is modeled using a ﬂat ground
surface at 1.9 km above sea level, chosen by taking the average elevation between the source and all arrays. The
atmospheric speciﬁcations for this investigation used the G2S archive as shown at the bottom right of Figure 14b.
Note that the tropospheric winds contain multiple extrema and that the stratospheric winds are very small.
Figure 14b documents the predicted direct ray path arrivals with the array locations superimposed. Based on
these ray-tracing results, there are no direct arrivals predicted for the arrays close to the source, FNIAR, NVIAR, and
DNIAR, while these arrays contributed to the automatic detection and location procedure.
Display of the predicted turning heights of ray paths in Figure 15a provides the opportunity to characterize
the arrivals as tropospheric (turning below 12 km), stratospheric (turning between 40 and 60 km), or
thermospheric (turning above 80 km). Multiple wind maxima in the troposphere produce multiple ensoniﬁed

Figure 15. (a) Direct arrival locations with turning height of ray path arrivals: tropospheric (red), stratospheric (green), and thermospheric (blue). (b) Ensoniﬁed regions for the ray arrivals with up to 10 ground reﬂections. Color scale indicates attenuation
in dB relative to spherical spreading at the source. Note that no stratospheric arrivals are predicted by the ray tracing.
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Figure 16. Each of the three panels above summarizes predicted infrasound ray path characteristics from New Bomb to (left) BRP, (middle) DNIAR, and (right) EPU
for event during the spring equinox of 2012. The top plot in each panel documents the ray paths as a function of range and altitude, color coded by relative
amplitude. The middle plot in each panel compares the trace velocity to the celerity for the predicted arrivals. The lower plot compares the predicted back
bazimuth with arrival time.

regions to the east and south of the source. A very weak stratospheric duct is observed to the northeast;
however, only one array, FSU, is near the predicted stratospheric ensoniﬁed region and the amount of energy
refracted to the ground is predicted to be small. Ensoniﬁed regions for ray paths out to 10 ground reﬂections
assuming a stratiﬁed medium are shown in Figure 15b. FNIAR and NVIAR are in the predicted shadow zone
and are not expected to observe any signal from this event. DNIAR is not sufﬁciently far from the source to be
in the thermosphere ensoniﬁed region; however, multibounce tropospheric propagation paths reach this
array. For all regional arrays in Utah a direct thermospheric arrival is predicted (Figure 15a) and also
ensoniﬁed by multibounce tropospheric arrivals (Figure 15b). The limiting azimuth at which the tropospheric
duct is present is approximately 65° relative to north. This line passes between NOQ and BGU. According to
the propagation modeling, BGU, EPU, and HWU are only ensoniﬁed by thermospheric arrivals, while NOQ,
WMU, BRP, FSU, PSU, and LCM will be ensoniﬁed by both tropospheric and thermospheric arrivals.
Eigenrays connecting source and receiver at speciﬁc locations have also been estimated for propagation to
all arrays located in ensoniﬁed regions. Figure 16 shows the propagation paths from source to the receivers,
BRP, DNIAR, and EPU as examples of different ensoniﬁed regions. The arrival prediction at BRP is made up of
several multibounce tropospheric paths and a later arriving thermospheric contribution. At DNIAR, only
tropospheric arrivals are predicted with similar celerities to those predicted at BRP. At EPU, there is a single
thermospheric propagation path that is predicted. Note that in the EPU propagation ﬁeld the weak
stratospheric duct is seen; however, it produces an ensoniﬁed region around 375 km. The estimates of arrivals
for all ensoniﬁed arrays are summarized in Table 2.
a

Table 2. Array Information Used for Ray Tracing and the Estimates of Arrivals for All Ensoniﬁed Arrays

Tropospheric Arrival (Iw)
Array

Latitude
(°N)

Longitude
(°W)

Elevation
(km)

Range
(km)

Azimuth
(deg)

Average
Elevation (km)

Celerity
(m/s)

BGU
BRP
DNIAR
EPU
FNIAR
FSU
HWU
LCM
NOQ
NVIAR
PSU
WMU

40.9204
39.4727
36.6244
41.3901
39.6261
39.7196
41.6071
37.0105
40.6526
38.4296
38.5332
40.0795

113.0309
110.7409
116.0209
112.4099
118.7974
113.3900
111.5642
113.2444
112.1186
118.3036
113.8555
111.8310

1.6
1.6
1.0
1.4
1.2
1.4
1.7
1.4
1.6
2.0
2.0
2.0

555.4
681.8
273.0
627.2
165.9
469.2
699.7
474.6
608.9
32.2
401.4
607.9

55.2
74.5
121.1
53.6
0.7
66.4
54.9
101.1
60.9
44.6
80.9
67.0

1.9
1.9
1.6
1.8
1.7
1.8
2.0
1.8
1.9
2.1
2.1
2.1

325
326 ~ 331
326
325 ~ 330
325
323 ~ 324
323 ~ 325

a

Back Azimuth
Deviations (deg)
1.5 ~ 0.5
0.0
1.0
1.0 ~ 0.0
1.0 ~ 0.0
1.0 ~ 0.0
1.5 ~ 1.0

Thermospheric Arrival (It)
Celerity
(m/s)
276
285
282
269
246 ~ 285
269
280
258
280

Back Azimuth
Deviations (deg)
0.0
0.5
0.5
0.0
0.5 ~ 1.0
0.5
0.5
0.0
0.5

Multiple arrivals within the speciﬁed range have ranges of celerities and azimuths.
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Table 3. Detection Estimates of Associated Arrays Into Automatic Location Procedure
Array

Arrival Time (hh:mm:ss)

Celerity (m/s)

Phase Velocity (m/s)

Azimuth Deviation (deg)

Correlation

BRP
DNIAR
FNIAR
FSU
HWU
NVIAR
WMU

17:11:46
16:44:16
16:39:31
16:56:01
17:10:46
16:31:58
17:04:16

279
347
275
311
291
339
303

368
363
371
349
351
345
345

0.5
6.8
6.7
0.6
1.2
7.3
9.2

0.50
0.61
0.98
0.88
0.38
0.77
0.37

There are important similarities and differences between these ray-tracing predictions and the observations
that provide some insight into the appropriateness of the model. In order to compare the estimates from the
ray tracing (Table 2), celerities, back azimuths, and arrival types based on the automatic processing are
summarized in Table 3. NVIAR and DNIAR data have high celerity values (339 to 347 m/s), which are
consistent with boundary layer arrivals, representative of tropospheric propagation as described by Negraru
et al. [2010]. Ray tracing produces such tropospheric arrivals with high celerity of 326–331 m/s at DNIAR
(Table 2) but not at NVIAR which is near the edge of the ensoniﬁed region (Figure 15b), possibly a reﬂection of
the limitation of the spatial scale of the model. Stratospheric arrivals are observed at the most distant stations,
FSU (311 m/s), HWU (291 m/s), and WMU (303 m/s), which the models suggest should have no such
arrivals. Ray tracing predicts only tropospheric (326 m/s) and thermospheric (269 m/s) arrivals at FSU. HWU
similarly has no predicted stratospheric ensoniﬁed region by ray tracing (upper right corner in Figure 15b)
but does have a predicted thermospheric arrival (246–285 m/s). Finally, WMU has predicted tropospheric
(323–325 m/s) and thermospheric (280 m/s) arrivals, while only a stratospheric arrival is observed. BRP
and FNIAR produce thermospheric detections with celerities of 279 and 275 m/s, respectively, while ray
tracing found both tropospheric (325 m/s) and thermospheric arrivals (285) at BRP and no arrivals at FNIAR.
Comparison of the ray tracing and the data suggests that the data documents a stronger stratospheric duct than
is present in the model. Hedlin and Walker [2012] demonstrated that stratospheric arrivals can be enhanced by
internal gravity waves inﬁlling the infrasound shadow zone [Hedlin and Walker, 2012]. Other studies [Green et al.,
2011; Hedlin et al., 2012] also document infrasonic observations in the shadow zone predicted by ray tracing
using the standard G2S speciﬁcation and argue that these arrivals might be due to the interaction of the
infrasonic waveﬁeld with small-scale, internal gravity waves in the atmosphere. Utilization of the automated
bulletin in this case provides additional motivation as proposed by Hedlin and Walker [2012], that the small-scale
structure that account for the vertical wavelength of the gravity wave need to be added to the models in order
to improve prediction of ray paths as well as scattering from these structures. Finally, the addition of local
weather conditions near/at the surface may improve the prediction of local infrasound arrivals such as inability
of the model to predict an arrival at NVIAR, just at the edge of ensoniﬁed region for tropospheric arrivals.
The ray tracing predicts small azimuth deviations (Table 2), while there are relatively large deviations in the
observations (Table 3) that might be related to unmodeled atmospheric conditions or possibly characteristic
array dimensions. These data can be used to explore necessary perturbations to atmospheric models in order to
better ﬁt the observations, improve location estimates, and reﬁne the associated errors as suggested by Marcillo
et al. [2013]. This work illustrates that an important and complex process is phase identiﬁcation and association
even when group velocity estimates associated with ground truth are considered. Further studies reﬁning
phase identiﬁcation, incorporating amplitude attenuation rate, and inclusion of local noise levels are needed to
improve infrasonic location.

7. Conclusions and Discussion
Twelve infrasound arrays in Utah and Nevada have been used to develop a 2 year (November 2010 to
October 2012) network infrasound bulletin. Detections were formed using the adaptive F-detector (AFD)
[Arrowsmith et al., 2009] to account for temporal changes in noise, remapping the detection distribution as
time progresses. As suggested by previous studies [Arrowsmith and Hedlin, 2005; Le Pichon et al., 2009; Brachet
et al., 2010; Landés et al., 2012], the azimuths and correlation values document seasonal variations that may
be useful in constraining time variation of the atmosphere. Generally, detections during the winter are
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commonly from the west with high correlation and those during the summer are from the east with lower
correlation, suggesting that infrasound wave propagation is strongly dependent on the stratospheric winds
in the area. Closely spaced arrays produce similar detection trends. The detection database shows that the
network bulletin is seasonally variable and dependent on the spatial distribution of arrays. In addition, the
G2S speciﬁcations to a resolution of 1° × 1° in space and with 4 times daily synoptic scale information [Marcillo
et al., 2013] is shown to be broadly consistent with detection trends in this study area and suggests that its
inclusion in the location procedure is a logical next step.
Association of detections and subsequent event location estimates were done using the BISL procedure
[Modrak et al., 2010] based on back azimuth estimates and travel times where unknown source-to-array path
effects are taken into account by formulating infrasonic group velocity with a random component (i.e.,
uncertainty of medium characteristics). The bulletin includes 1510 events (supporting information Appendix A)
with a higher density of events in some areas, many where the average distance to the three nearest arrays
was less than 200 km. Regions where repeated infrasound sources were located include an explosive
detonation site in Nevada designated as New Bomb (NB), Utah Test and Training Range (UTTR), and Dugway
Testing Ground (DTG) in Utah, and broader areas in central and southern Nevada and southwest Idaho.
Infrasound events located in this study showed no spatial correlation with locations of mines or known
mining explosions listed in the USGS catalog. Infrasound events in central Nevada might be related to the
area of gold mines, possibly correlated with geothermal activities [Coolbaugh et al., 2005], but need further
review. This result suggests that mining explosions may be less effective in coupling infrasonic energy into
the atmosphere than other types of sources or may reﬂect a combination of the seasonal variations in the
winds and the limited station distribution. Other studies [Stump et al., 2004; Arrowsmith et al., 2008a; Che et al.,
2011] have documented infrasound signals generated from mining explosions, although they focused on
limited events and data sets. Stump et al. [2001] also document that a small percentage of mining explosions
were observed to have infrasound signals, indicating that this might be related to event size as well as
propagation path effect. Previous study of this study area by Walker et al. [2011] also presented no signiﬁcant
correlation between mining areas and infrasound event locations. In order to investigate this correlation
quantitatively, high-quality infrasound signals from mining explosions need to be collected and data sets that
include both adequate seasonal sampling and various explosion size are needed.
The infrasound locations from this study correlate well with the infrasound hot spots deﬁned by Walker et al.
[2011] for the time periods of 2007 to 2008, using EarthScope seismic data and a reverse time migration
method. This comparison suggests that a small number of infrasonic arrays or a large number of single sensors
can be used to produce location estimates for network bulletins. A natural conclusion is that a hybrid technique
that utilizes a combination of arrays and single stations, possibly seismometers, is worth exploring.
Data from this study provides a basis for assessing the impact of event type, location, array distribution, and
the actual observed atmospheric conditions for a given location and day. Array distribution and spacing are
important in order to obtain reliable and accurate event locations with areas that have an average distance to
three or more arrays of 200 km providing best characterization. Based on the G2S speciﬁcations in this study
area, seasonal changes in the distribution of locations are consistent with stratospheric winds with 33% of
events in the spring and 34% in the winter occurring in the western part of the study region when the
direction of stratospheric winds is to the east. In the eastern portion of the study area 46% of the events occur
during the summer when the stratospheric winds are primarily to the west. Generally, there are more events
that have detections at ﬁve or more arrays in the western part of the study area than those in the east. Many
of the known New Bomb sources and those occurring across the broad area in southern and central Nevada
occur during time periods when the stratospheric winds are to the east. It is clear that the vast majority of
infrasound events occur during working hours, suggesting that a large portion of the bulletin is related to
human activities. Additional analysis is needed to assess the frequency of human and natural events and
determine the implications for using infrasound for event identiﬁcation.
In order to illustrate the performance of automatic detection and location processing and the effectiveness of
the event bulletin, propagation paths for an event that occurred during the equinox period when
stratospheric winds are low were modeled using a ray-tracing algorithm [Blom and Waxler, 2012] and
compared to observations. Strong stratospheric arrivals were observed that were not predicted by ray theory.
This difference might be due to the effect of gravity waves and the associated increase in effective jet speed.
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This work reports the ﬁrst infrasonic event bulletin using automatic detection and location processing and
12 regional infrasound arrays. Further studies are necessary in order to assess the quality of the event
bulletin and atmospheric model utilizing ground truth information. Regional-scale work can be integrated
with IMS array data on a global scale to improve the event location uncertainty. As a further step, the
performance of the regional infrasound network needs to be assessed with controlling factors such as
source frequency, atmospheric condition variability, and local site or instrument effects quantiﬁed and
compared with IMS network results [Le Pichon et al., 2012; Green and Bowers, 2010].
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Erratum
In the originally published version of this article, the caption for Figure 14 had inaccurate location
information. This error has since been corrected and this version may be considered the authoritative version
of record.
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