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Characterization of the Infrasonic St
Wavefield from Repeating

Seismo-Acoustic Events

Steven Gibbons, Tormod Kvarna and Peter Nisholm

Abstract Infrasound can provide unique data on extreme atmospheric events such
as meteor impacts, severe weather systems, man-made explosions, and volcanic
eruptions. Use of infrasound for remote event detection and location requires high-
quality temporal and spatial atmospheric models, and infrasound generated by

so-called Ground Truth events (for which the time and location are known) are
necessary to evaluate atmospheric models and assess network performance. Large
industrial blasts and military explosions are tightly constrained in time and space
using seismic data and can generate infrasound recorded both regionally and at great
distances. The most useful seismo-acoustic sources are repeating sources at which
explosions take place relatively frequently. Over time, these may provide records of
up to many hundreds of events from the same location from which characteristics and
variability of the infrasonic wavefield and atmospheric conditions can be assessed
on a broad range of timescales. Over the past 20 years or so, numerous databases of
repeating explosions have been compiled in various parts of the world. Events are
associated confidently with known sources, with accurately determined origin times,
usually by applying waveform correlation or similar techniques to the characteristic
seismic signals generated by each explosive source. The sets of sources and stations
ideally result in atmospheric propagation paths covering a wide range of distances
and directions, and the databases ideally include events covering all seasons. For
selected repeating sources and infrasound arrays, we have assessed the variability of
infrasonic observation: including the documentation of lack of observed infrasound.
These observations provide empirical celerity, back azimuth deviation, and appar-
ent velocity probability distributions. Such empirical distributions have been demon-
strated in numerous recent studies to provide infrasonic event location estimates with
significantly improved uncertainty estimates. Tropospheric, stratospheric, and ther-
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mospheric returns have been observed, even at distances below 200 km. This infor-
mation is now providing essential input data for studies of the middle and upper
atmosphere.

10.1 Ground Truth Events

Microbarograph arrays are deployed globally to detect and classify infrasound sig-
nals generated by both natural and anthropogenic sources. In infrasound monitoring,
for a given set of detected signals, we seek to locate and, if possible, identify the
source which generated the signals. In infrasonic atmospheric imaging, for a given
source, we seek to understand what state of the atmosphere could have resulted in
the observed set of infrasound signals. The process is circular. On the one hand, the
better the location and origin time of an event is known, the stronger the constraint
is for estimating the state of the atmosphere. Similarly, the higher the quality of our
atmospheric specification, the better the event location estimates are likely to be.
We here use the word event to mean a source of seismic and/or acoustic waves that
takes place over a very limited geographical region and that has a very limited time
duration. For example, quarry blasting sequences excavate rock over a range of many
tens of meters and consist of hundreds of small explosive charges detonated in ripple-
fire salvos. These are considered to be events. The interaction between ocean waves
can be a continuous source of seismic waves (so-called microseisms) and infrasonic
waves (microbaroms) but these are not considered to be events here, both due to the
large spatial extent of the source and its continuous nature. Volcanic sources may
consist of events or may be an almost continuous source.

We define a Ground Truth, or GT, event as being an event for which the location
(latitude, longitude, and either depth or altitude) and origin time are known. There
is a long history in seismology for GT events, almost always explosions, being used
for validating and refining models of Earth structure and wave propagation and for
assessing the capability for locating seismic events using a given observational net-
work. It became clear that true GT events, for which the source parameters are known
exactly, were very few and far between. It was soon recognized that other events,
including earthquakes, may not qualify as GT but could be well enough constrained
to be useful for calibration purposes. Bondar et al. (2004), for example, derive con-
ditions necessary for different levels of constraint on source parameters. GT5, for
example, is used to denote an event whose epicenter is known to be within 5 km.
The same principles apply to infrasound and a comprehensive overview of the use of
GT events for interpreting the infrasonic (or seismo-acoustic) wavefield is provided
by Green et al. (2009). Many of the largest GT infrasound sources are accidental
explosions such as the blast at the Buncefield Oil Depot in the UK on December 11,
2005, or the Antares rocket explosion in Virginia on October 28, 2014. The location
of such events is typically known exactly and the time is constrained by, for exam-
ple, eyewitness reports or video footage. The explosions can be so large that multiple
infrasound phases are observed over great distances (e.g., Ceranna et al. 2009; Pulli
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and Kofford 2015). Experimental explosions have enormous value given the a priori
knowledge of yield and configuration of explosives (in addition to time and location).
The best-recorded such events carried out for nuclear-test-ban treaty verification pur-
poses are the Sayarim desert calibration explosions (e.g., Bonner et al. 2013). Such
experiments however are carried out at great expense and can usually be performed a
very limited number of times. Sayarim calibration explosions were carried out both
in the summer and in the winter in order to assess propagation to both westerly and
easterly stratospheric wind conditions.

In seismology, the propagation medium does not change over timescales of rel-
evance and a single calibration explosion is essentially sufficient for a given obser-
vational network. Infrasound propagates through Earth’s atmosphere, a medium in
continuous motion and undergoing continuous change. Multiple events are therefore
necessary to sample as many different atmospheric states as possible, ideally cov-
ering timescales ranging from hours to seasons and years. It is not realistic to use
only purpose-performed calibration shots but there are fortunately many sources of
repeating events, mainly for industrial and military purposes, which can be classi-
fied and used as GT or near-GT for calibrating models of infrasound propagation.
Identifying existing repeating sources can be the key to accessing vast datasets for
exploitation without needing to fund and carry out experiments. Most of the sources
are ground-based and generate seismic signals which, due to the unchanging solid
Earth, act as “fingerprints” for the specific source location. A characteristic seis-
mic signal (or the absence of such a signal) provides a high degree of confidence
that an explosion has (or has not) taken place at a given place and at an accurately
determined time. Our intention is to provide a guide to identifying and exploiting
repeating seismo-acoustic sources and discuss how infrasound observation can illu-
minate the spatiotemporal variability of the infrasonic wavefield and consequently
improve atmospheric profiling and infrasound monitoring.

10.2 Studies of Repeating Seismo-Acoustic Events

The International Monitoring System (IMS) for verifying compliance with the Com-
prehensive Nuclear-Test-Ban Treaty (CTBT) comprises four components: seismic,
infrasound, hydroacoustic, and radionuclide (Marty 2019). All technologies may be
used to provide evidence of an explosion in the solid earth, the atmosphere, or the
oceans, although the global infrasound network is primarily intended to detect atmo-
spheric nuclear tests (e.g., Dahlman et al. 2011). When the CTBT was opened for sig-
nature in 1996, much of the seismic network was already in place since many of the
stations were existing national infrastructure. In contrast, interest in infrasound mon-
itoring had declined significantly since the cessation of atmospheric nuclear testing
and the global infrasound network essentially had to be developed from scratch
(Christie and Campus 2009). Significant studies have been carried out using his-
torical data from atmospheric nuclear tests (e.g., Whitaker and Mutschlecner 2008)
although the majority of the studies carried out have used data collected in the last
20 years.
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Infrasound sensors deployed at sites of the TXAR seismic array in Texas, USA,
were used by Sorrells et al. (1997) to detect atmospheric signals from mine blasts
at distances up to several hundred km. This study demonstrated that infrasound was
likely to be detected for larger blasts, at distances beyond 175-200 km, for which
the source was “stratospherically downwind”. Significantly, this paper pioneered the
idea that Ground Truth Databases, constrained by seismic signals, could be used to
provide a benchmark for the detection of infrasound signals in a monitoring con-
text. Around the same time, microphones with simple wind-noise reduction systems
were deployed at the Kurchatov seismic array in Kazakhstan. Hagerty et al. (2002)
detected seismic signals resulting from mining blasts at the Ekibastuz quarry, 250 km
to the NW of the sensors, and sought the more slowly propagating infrasound sig-
nals. Infrasound was detected for only about 10% of these events and there was a
clear seasonality; all the detections were in the winter, consistent with the seasonal
direction of the stratospheric waveguide.

The co-location of seismic and infrasound sensors led to the development of
purpose-built small aperture seismo-acoustic arrays (Stump et al. 2004) which have
been used to detect and characterize the seismic and acoustic signals from indus-
trial blasts on the Korean Peninsula (Che et al. 2002). The arrays in this network
were also able to detect both seismic and infrasonic signals generated by the under-
ground nuclear tests carried out by the Democratic People’s Republic of Korea
(North Korea) in 2009 and 2013 (Che et al. 2009, 2014, 2019). Che et al. (2011)
present a landmark study where the variability of infrasound observations was stud-
ied for over 1000 GT mining blasts at a single quarry in the Republic of Korea
(South Korea) over a period of 2 years. Infrasound signals were examined at two
stations, both within 200 km of the source but with one path mainly continental to
the west with significant topography and the other to the east over the open ocean.
Tropospheric signals were observed at both stations with very little seasonal varia-
tion. However, stratospheric signals observed over the oceanic path were observed
with an almost constant celerity (the great circle distance divided by the traveltime)
whereas stratospheric signals propagating over the continental path had an almost
sinusoidal seasonal celerity variation. Failing to account for this variability when
trying to invert for the source location was demonstrated to result in bias.

McKenna et al. (2007) examined infrasound recorded at the I10CA array in
Canada generated by GT mining blasts at the Mesabi Iron ore mine in Minnesota
and found that no reliable indication of the stated explosive yield could be deter-
mined from the infrasonic signals. A similar study by Arrowsmith et al. (2008), seek-
ing infrasound generated by quarry blasts at the Black Thunder mine in Wyoming
recorded at the PDIAR array, concluded that high noise levels at the station were
the most likely cause of non-detection of infrasound from many events. One of
the major catalysts for study of repeating events in the western United States was
the deployment of the USArray Transportable Array (TA) of 400 seismic stations
which recorded ground-coupled acoustic waves (i.e., infrasound signals converted
to ground motion at the receiver). With a typical inter-site distance of 70 km, the TA
provided an unprecedented high spatial coverage in recording the infrasonic wave-
field. One of the most important repeating sources in this part of the world is the



10 Characterization of the Infrasonic Wavefield ... 391

Utah Test and Training Range (UTTR: 41.2°N, 113.0°W) which is the site of rocket
destruction explosions generating infrasound recorded out to many hundreds of kilo-
meters. These explosions have been used both to explore the extent and variability
of infrasonic observations (e.g., Hedlin and Drob 2014; Nippress et al. 2014) and to
explore methods for infrasonic event location (e.g., Modrak et al. 2010; Hedlin and
Walker 2013). The Reverse Time Migration approach to event location using acous-
tic signals identified on the seismic network was used to find many more repeating
sources (Walker et al. 2011). The network’s recording of the infrasonic wavefield
was so impressive that, in later years when the TA progressed to the eastern United
States, an infrasound sensor was deployed at each site in addition to the seismic
Sensor.

Another part of the world where numerous studies have been performed on repeat-
ing explosions is the north of Fennoscandia which includes Arctic regions of Nor-
way, Sweden, Finland, and Russia (Gibbons et al. 2015a). The interest in this region
stems both from the large number of sources (with many open-cast mining operations
and sites of military explosions) and the large number of receivers (with over two
decades of continuous seismic and infrasound data) as displayed in Fig. 10.1. While
recent studies of the infrasonic wavefield in the United States have been character-
ized by an unprecedented spatial resolution in the recordings, the European Arctic
datasets provide an unprecedented temporal coverage. A source of enormous interest
has been a military test range at Hukkakero in northern Finland. Expired ammunition
is destroyed at this site in a series of explosions that takes place every year in August
and September. There are usually between 10 and 30 explosions each year, most
often on consecutive days, and with the yield of each explosion being approximately
20T. Each explosion generates a seismic signal on the ARCES array in Norway, at a
distance of approximately 180 km, which is essentially identical from event to event
(constraining the origin time, the simple source-time function, and the approximate
size of the blast). Since 2008, the ARCES seismic array in addition features a set
of co-located infrasound sensors. This infrasound array is named ARCI and Evers
and Schweitzer (2011) provides an analysis of 1 year of acoustic and seismic data
recordings collected at the station.

Gibbons et al. (2007) studied infrasound propagation using the ground-coupled
airwaves recorded on the same sensors between 7 and 15 min later finding that,
by contrast, the converted infrasonic (acoustic) waves varied enormously between
events in amplitude, duration, and traveltime. An occasional tropospheric arrival was
observed, as was an even rarer thermospheric phase. The majority of infrasound sig-
nals however are presumed stratospheric returns arriving some 600-650 s after the
blast. While the events are limited in season, the regularity of explosions on con-
secutive days gives excellent resolution to the surprisingly smooth changes of the
celerity on the day-to-week timescale. Israelsson (2013) provides an analysis of data
recorded at the Swedish Institute of Space Physics (IRF) arrays JMT, LYC, KIR, and
SDK associated with 19 Hukkakero events in 2009.
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Fig. 10.1 Infrasound stations (red circles) and repeating sources of infrasound in Fennoscandia
and North West Russia. The satellite image (from Google Earth) displays the Kostamuksha quarry
in Russia where the length of the red line is 7.5 km. The yellow pin in the inset panel is centered on
64.687°N, 30.650°E
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Gibbons et al. (2015a) provide an overview of other sources of repeating explo-
sions in the European Arctic which have been identified from both seismic and infra-
sound recordings over the past 20 years or so. Like Che et al. (2011, 2019), Gibbons
and Ringdal (2010) demonstrated that the seasonal variability of infrasound signals
from repeating explosions in northwest Russia could differ enormously depending
upon the source-to-receiver direction. More recently, Smets et al. (2015) exploited
all-year-round open-cast mining blasts at Aitik in Sweden recorded at the I37NO
infrasound array to assess the validity of atmospheric wind and temperature profiles.
In this probabilistic approach, infrasound propagation was simulated within atmo-
spheric ensemble temperature and wind profiles provided by the European Centre
for Medium-Range Weather Forecasts (ECMWF). Such profiles are generated from
realistic perturbations to the assimilated observations and initial estimate fields in
the ECMWF atmospheric analysis product. The modeled and observed infrasound
returns were then compared in order to approve (or refuse) the different member
profiles in the ensemble set relevant to each event. Examples from this study will be
presented later in this chapter.

10.3 Detecting and Classifying Seismic Events Using
Seismic Data

An ideal form for Ground Truth is the reporting of an exact location and time by
those carrying out the explosion. This occurs very rarely in practice since most of
the explosions take place for military or industrial reasons, and not for the sake of
observational geophysics. It is quite common that mine operators will be able to
indicate that an explosion took place at a given mine in a certain time window (for
example to within an hour) and that checking against a local seismic station will
provide an accurate origin time (e.g., Harris et al. 2003; McKenna et al. 2007). If
we are very fortunate, we will have an on-site seismic instrument which will provide
sub-second accuracy of explosion time (c.f. Che et al. 2011). The advantages of on-
site recording are so great that a considerable effort has been invested in designing
specialized seismic and acoustic instruments to record both the ground motion and
near-field airwave (Taylor et al. 2011).

More typically, we are restricted to remote sensing with the closest seismic sta-
tions at tens or even hundreds of kilometers from the source. However, given the
longer timescales of atmospheric sound propagation, a source location error of a few
kilometers (or an origin time error exceeding a second or two) will not necessarily
mean that an event is not sufficiently well constrained for infrasound GT purposes.
If a mine is the only source of significant seismic signals over a large region, we
may be able to constrain the source location from satellite imagery and constrain the
origin time to far greater accuracy than would be possible if the source location were
subject to seismic network-related uncertainties. This is the case for the Kostomuk-
sha mine in Russia; explosions at this mine are recorded well by stations at distances
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exceeding 1000 km. Network location estimates from distant seismic stations (e.g.,
IMS seismic arrays) may have uncertainties exceeding 25 km. Google Earth reveals
that 64.69°N, 30.65°E is contained within a large open-cast quarry system. A large
explosion (almost always at 09:00 or 10:00 UT) near these coordinates is essentially
constrained to have taken place within this complex (approximately 7.5 km across).
Taking a single first seismic arrival at one of the most sensitive seismic stations (the
FINES and ARCES seismic arrays) and calculating the time back to the source region
is likely to constrain the origin time and location far more accurately than consulting
a network bulletin.

Identical explosions that take place at a given location generate identical seis-
mic signals (e.g., Geller and Mueller 1980). The solid earth is unchanging and the
radiating seismic waves follow the same paths which results in the same ground
motion at each sensor, time after time. Given truly identical sources, the only differ-
ences in the seismic signals recorded at any station will be the result of background
noise and unrelated seismic energy. Very closely spaced seismic events, which gen-
erate almost identical signals, can often be located relatively with great accuracy by
correlating the waveforms and measuring the very small shifts in the arrival times
(e.g., Waldhauser and Ellsworth 2000). The seismic signals may be weak and cor-
relation detectors may also provide the best way of detecting events (the sources
discussed by Gibbons and Ringdal (2010) are detected seismically to 200-300 km
whereas the infrasound generated is observed at far greater distances). The multi-
channel waveform correlation procedure, described in detail by Gibbons and Ringdal
(2006), is illustrated in Fig. 10.2 for the detection of a low yield surface explosion
at Hukkakero. The seismic signal at ARCES is below the background noise level
but gives a clear correlation (or matched filter) detection when the signal from an
earlier event is available as a waveform template. The screening criteria of Gibbons
and Ringdal (2006) provide a high level of confidence that there is indeed a signal at
this time from the site being monitored and, in this case, this can be confirmed by a
signal at a far closer station. Infrasound from this small blast was recorded at several
infrasonic arrays in Fennoscandia.

Correlators have limitations for detecting sources which result in significantly
different seismic waveforms from blast to blast. This is typically the result of ripple-
firing practices in which the total yield of the explosion is split between multiple
small charges detonated with tiny delays. The orientation of the rock face being
excavated can also be of significance and a gradual change in the nature of the seis-
mic signal resulting from excavation of rock in the source region can frequently be
observed. This need resulted in the application of subspace methods (e.g., Harris
1991; Harris and Dodge 2011) that generalize correlation detectors to consider linear
combinations of signals from multiple master events (see, e.g., Chambers et al. 2015,
for a recent application). Both correlation and subspace detectors are more powerful
when stacking over multiple seismic sensors is possible. A mine with dimensions of
many kilometers may require multiple templates to provide sufficient coverage given
that the seismic signals are typically of high frequency (small wavelength) and the
geographical footprint of a single signal may cover only a small fraction of the mine.
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Fig. 10.2 Detection of a very low yield explosion at Hukkakero using multi-channel waveform
correlation with the seismic signal from a larger explosion at the same location as a template. The
master event signals from each sensor of the ARCES seismic array (red, only three channels dis-
played) are correlated tracewise, sample by sample, with the incoming datastreams (black). The
resulting single channel correlation traces (gray) are stacked to give an array detection statistic with
a greatly increased detection capability (top)

If a seismic array is available, an even more powerful method for identifying
the signals with significant differences in the source-time function may be applied;
empirical matched field processing (EMFP, Harris and Kvaerna 2010). EMFP is also
a pattern detector but, rather than comparing the ground motion as a function of time,
it compares narrow frequency band phase and amplitude relations between the sig-
nals recorded on different sensors in an array or network. The fact that the signal
is broken down into narrow frequency bands makes EMFP robust to differences in
the source-time function (e.g., when ripple-firing is used). The principle is demon-
strated in Fig. 10.3. A coherent wavefront passing over two sensors an array will, for
a given frequency, be observed as a sinusoid with a phase shift (represented by a
color in Fig. 10.3). When we estimate the direction of an incoming wavefront using
a seismic array, we are essentially testing to see which set of modeled phase shifts
best matches the set of phase shifts that the incoming wavefront displays. Given the
imperfect earth, with its faults and contrasts, the observed phase shifts (displayed
on the right of Fig. 10.3) are often significantly different from those predicted by
a simple plane wavefront model (on the left). However, the set of observed phase
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Fig. 10.3 Empirical matched field processing (EMFP) can identify the source of seismic signals
even when waveform correlation fails, usually due to differences in the source-time function (as is
common in ripple-fired quarry blasts). In EMFP, the signal over a seismic array is broken down into
very narrow frequency bands and the pattern of phase differences between each pair of sensors is
measured (see Harris and Kvarna 2010). The colored symbols indicate the theoretical phase shifts
(left) and the measured phase shifts (right) for a P-wave at the ARCES array from a Hukkakero
explosion. The size of the symbol indicates coherence and the location of the symbol indicates the
displacement vector between the two sensors. These phase-shift patterns are calculated for many
very narrow frequency bands (only three are displayed) for a master event and this complex vector is
stored as a signal template in the same way that a waveform is stored as a template for the correlation
detector. A detection statistic measuring the similarity between this vector and the corresponding
vector measured at any specified time can tell us if a new occurrence of this signal is observed

shifts for wavefronts arriving from explosions at the same site is usually very char-
acteristic, even when the source-time function of the source is very different. Harris
and Kvearna (2010) demonstrate the enhanced resolution of EMFP for signals from
different closely spaced mines, compared with the resolution possible using correla-
tion detectors. This may significantly improve the source identification for infrasound
modeling given many sources over a wide region, if very close seismic stations are
not available.

We have reviewed several classes of seismic monitoring techniques that are appli-
cable to different situations, in the absence of local monitoring. We suggest that a sin-
gle site of large events, far from other sources of seismicity, is monitored adequately
by standard network procedures (e.g., Ringdal and Kvarna 1989) whereas pattern
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Fig. 10.4 Correlation (or matched filter) detections for a signal template at ARCES for a mining
blast at Suurikuusikko (see Gibbons et al. 2015a). The detector was run on all continuous ARCES
data from the start of 2006 to halfway through 2009. Each point represents a detection plotted
against time (left) and time of day (right) with the symbol size representing the size of the event.
No direct confirmation of events from the mine was available but analyses such as this, showing no
detections at all at night, and none before the start of operations in summer 2006, indicate that there
are essentially no false alarms. The screening criteria of Gibbons and Ringdal (2006) are essential
for running such a detector at these low thresholds with this low false alarm rate

detectors are usually necessary for sources of weaker seismic signals or sources that
are geographically close. The most sensitive form of pattern detector is the multi-
channel correlation detector, but the applicability of this method decreases with dif-
ferences between the seismic signals generated. In cases of signal diversity, subspace
and/or matched field detectors perform better. Regardless of the method used, some
form of validation check is required. The Suurikuusikko gold mine near Kittild in
northern Finland generates seismic signals recorded on the ARCES array 180 km
away. Production started in the summer of 2006 and events were monitored using a
single multi-channel correlation detector at ARCES. Of the 389 correlation detec-
tions displayed in Fig. 10.4, we see that none occurred prior to July 2006 and that
only three occur between the times of 22h00 and 07h00 UT. Examining the plot of
detections versus time of day shows a distribution which indicates industrial practice
and provides confidence in the signal detector false alarm rate.

The sequence of multiple seismic events is difficult to discern from the result-
ing superimposed seismogram. Figure 10.5 displays the ARCES seismograms for
a number of these events aligned according to the maximum correlation with the
signal template. The signals, all plotted to a common vertical scale such that the rel-
ative amplitudes of the signals are real. The form of the infrasound signals recorded
at Sodankyld (presumed to be tropospheric phases) appears to be quite simple and
consistent from event to event, in contrast to the presumed stratospheric arrivals
observed at 180km (Gibbons et al. 2007). One of the apparent double events is
indeed associated with a double acoustic signal, as indicated in the figure. Double
infrasound signals can also occur from multipathing so care needs to be applied when
the source-time function of the explosion is complicated.
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Fig. 10.5 Seismic and infrasound signals generated by different blasts at the Suurikuusikko mine
in northern Finland. The seismic signals are aligned according to the maximum correlation with the
master event used for the detector displayed in Fig. 10.4. Seismic signals which appear misaligned
are likely due to double events. One such seismic arrival is indicated by a ring, as is the correspond-
ing pair of infrasonic arrivals. The infrasound signals recorded at Sodankyl are of relatively short
duration and arrive between 195 and 220 s after each explosion

10.4 Exploiting Infrasound Ground Truth Events for
Atmospheric Modeling and Event Location
Calibration

The stratosphere has a role in weather and climate predictability beyond a few days
horizon (e.g., Karpencho et al. 2016). Better modeling and understanding of the
stratospheric circulation and its interaction with planetary-wave generation is cru-
cial for improving predictability in the weeks-to-months timescales. Studies have
demonstrated that atmospheric infrasound data can be exploited in the evaluation of
numerical weather forecasts e.g., in assessing forecast skills around an SSW (e.g.,
Smets et al. 2016). Smets et al. (2015) assessed ensembles of perturbed analyses
provided by the ECMWEF using constraints given by infrasound data combined with
wave-propagation modeling. Other papers where atmospheric infrasound is used
to verify, parameterize, or update atmospheric models include Chunchuzov et al.
(2015), Le Pichon et al. (2015), Assink et al. (2014), Arrowsmith et al. (2016),
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and Lalande et al. (2012), Chunchuzov and Kulichkov (2019), Assink et al. (2019).
A more general overview of the role infrasound can play in helping us to understand
the earth system is provided in Hedlin et al. (2012), de Groot-Hedlin and Hedlin
(2019).

Smets et al. (2015) demonstrate that applying small-scale fluctuations to the
applied wind and temperature profiles may not always be necessary to match mod-
eled predictions with observed infrasound returns. Mining explosions at Aitik in
Sweden were identified from remote seismic monitoring and, for each event, infra-
sound propagation simulations were carried out through ensembles of realistic atmo-
spheric model profiles. These ensembles were provided by the European Centre for
Medium-Range Weather Forecasts (ECMWF) and the profiles result from realistic
perturbations both to the initial atmospheric state and to the assimilated observa-
tions. The infrasound observed at I37NO (245 km to the North West) is displayed in
Fig. 10.6 and Smets et al. (2015) discuss how well these observations are matched by
predictions, both with the standard and perturbed analyses. Many of the signals are
predicted by the unperturbed analysis; others are predicted by particular classes of
perturbations applied. A parabolic variation in celerity is observed for stratospher-
ically downstream events (c.f. Che et al. 2011) with little observed at other times
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Fig. 10.6 Infrasound signal coherence at I37NO for seismically confirmed mining blasts at the
Aitik quarry near Gillivare in northern Sweden (distance approximately 245 km). Each vertical
line indicates an explosion at this pit and a symbol is displayed for each 10 s interval of I37NO
data, bandpass filtered 1-4 Hz, for which the coherence exceeded 0.05, the apparent velocity was
between 0.32 and 0.40 km/s and for which the back azimuth was between 145° and 165°. The sizes
of the symbols are proportional to the coherence with the largest symbols approaching a coherence
of unity
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of the year. The few observations in the winter months, with significant azimuthal
deviation, would be likely candidates for incorrectly associated infrasound signals.
However, Smets et al. (2015) show that several of these are in fact predicted both by
perturbed and unperturbed analyses.

While the Aitik explosions take place all year round, they are usually carried out
once or sometimes twice per week. The Hukkakero explosions do not sample all sea-
sons but do allow an assessment of the change in infrasound propagation over shorter
timescales. Figure 10.7 displays broadband signals at I37NO (distance 320 km) for
the 15 Hukkakero events from 2014. Gibbons et al. (2015a) demonstrated a relatively
smooth change in the traveltime of the stratospheric phase with a moveout of up to
30 s relative to the seismically constrained origin time, but with over a minute in the
variability of the arrival time of the thermospheric arrivals. In addition, the phase
velocity of the stratospheric arrivals are essentially constant from day to day (indicat-
ing a consistent reflection altitude) whereas the phase velocity of the thermospheric
arrivals varies significantly over the same timescales (indicating differences in the
angle of descent and turning height). Figure 10.7 also indicates significant changes
in the form of the signals from day to day.

Uncertainty in the anticipated celerity has consequences for the uncertainty in
event location estimates (e.g., Modrak et al. 2010). The stratospheric anisotropy
(which favors infrasound propagation in one direction and inhibits infrasound propa-
gation in the other direction) means that we almost always have a large azimuthal gap
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Fig. 10.7 Waveforms on I37NO for 15 explosions at Hukkakero in August and September 2014 as
indicated. Waveforms in the main panel are bandpass filtered 0.03—1.50 Hz whereas the slowness
analysis and processing results are performed in the 1-4 Hz band
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Fig. 10.8 Three-station infrasound location estimates in the CEA bulletin for 40 explosions con-
firmed to have taken place at the Hukkakero site (GT location 67.934°N, 25.832°E, asterisk)
between 2007 and 2012. The event locations are based mostly on detections at the four Swedish
Institute of Space Physics (IRF) stations shown though not all stations necessarily contribute to all
events. The color of the location estimates indicates the time offset of the infrasound origin time
estimate; a positive number of seconds indicated that the origin time is estimated later than the
seismically confirmed GT origin time

in infrasonic event location. The back azimuth estimates of infrasound arrivals are
consequently more important in the location problem than is typical in seismology.
Figure 10.8 shows the location estimates made by the Commissariat a I’énergie atom-
ique et aux énergies alternatives (CEA) for events, with contributions from at least
three infrasound arrays, that were confirmed by independent seismic analysis to have
taken place at Hukkakero. The detections are dominated by the Swedish Institute of
Space Physics (IRF) JMT, LYC, KIR, and SDK arrays which, with apertures of only
100 m, have more limited back azimuth resolution than the considerably larger IMS
infrasound arrays. However, almost all location estimates fall within 25 km of the
GT location. Figure 10.8 displays the tradeoff between the location and origin time
estimates and almost all events are estimated later than the seismically confirmed
explosion time. The GT collection will provide empirical traveltime distributions
which will allow a better calibrated location procedure and hopefully reduce signif-
icantly the spread in the location estimates.

10.5 Conclusions

Knowing the time and the location of explosive sources of atmospheric sound serves
several purposes. It allows a generated infrasound signal to be used for probing the
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state of the atmosphere or evaluating methods for modeling atmospheric sound prop-
agation. If we have a location and time estimate for an event which would be expected
to generate infrasound, we have a test of detection capability for a network and, in
the case of an infrasonic event being formed, a calibration for the location estimate
and uncertainty. At an even more fundamental level, a known source may be able to
explain an infrasound signal that is detected but not necessarily associated or char-
acterized. Figure 10.9 displays a weak, low frequency, infrasound signal detected at
[18DK, Qaanaaq, Greenland. In the context of the global IMS network, this detection
is one of many from which no event is constructed. Our seismic and near-regional
infrasonic monitoring of northern Fennoscandia pinpoints the time of a Hukkakero
explosion to 08:00 UT on August 15, 2007. This source is consistent both in direc-
tion and celerity with the signal detected almost 3 h later and 3000 km away. This
signal will now contribute to our understanding of probabilistic infrasound detection
at large distances.
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Fig.10.9 A detection on the IMS infrasound array I118DK at Qaanaaq, Greenland, which is consis-
tent both in time and direction with the signal from an explosion at Hukkakero (distance 2923 km).
The seismic signal at ARCES indicates an origin time of 08:00 for the explosion, giving an infra-
sound celerity to [18DK of 0.297 km/s. The waveforms are displayed and processed in the 0.5—
2.0 Hz band
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Our focus has been on ground-based explosions as these typically generate seis-
mic signals which constrain both source time and source location. While seismic
monitoring is ideally performed locally, this is most often not feasible and we may be
limited to remote sensing. Even at distances of several hundred kilometers, seismic
recordings may constrain the source location to the order of 1 km and the source time
to the order of a second: a far higher accuracy than is needed to be useful for infra-
sound propagation over scales of hundreds of kilometers. We have, in this paper, pro-
vided an overview of the most applicable seismic methods for constraining sources
of different kinds. If a very comprehensive seismic catalog is available for a region,
e.g., with completeness to below magnitude 1, we may be able to eliminate almost
all ground sources for events solely constrained by infrasound signals. In a test-ban
treaty monitoring context, a large number of screened events (i.e., events that can be
assigned with a high level of confidence to a known source) will allow targeting of
resources to signals of unknown origin.

There are numerous issues of scale, both related to the source and to the observa-
tions. For the source, the scale is mostly related to the size of the event: how much
energy is released. Events that generate infrasound detected at great distances are
(fortunately) few and far between. They are usually catastrophic and damaging events
and, while providing unique insights into propagation modes for atmospheric sounds,
sample only a single state of the atmosphere and will give little insight into the
detectability of infrasound that can be expected from smaller events. Routine indus-
trial blasts at open-cast mines generate infrasound recorded at much shorter distances
but provide typically hundreds of events over timescales of years that sample many
different atmospheric paths and enhance our understanding of the statistical expecta-
tion of the observed infrasound (see, e.g., Morton and Arrowsmith 2014; Smets et al.
2015; Cugnet et al. 2019). Atmospheric sound propagation at even shorter distances
can be studied in detail with far smaller, nonexplosive, infrasonic sources (e.g., Jones
2014). The recent study of de Groot-Hedlin and Hedlin (2015), de Groot-Hedlin and
Hedlin (2019); also includes an extensive catalog of routine industrial explosions in
the USA.

Regarding the spatial scale at which the infrasonic wavefield is observed, while
the global network was designed to detect large atmospheric explosions detected at
multiple stations at distances of several thousand kilometers, the increasing array
of civil infrasound applications has led to the deployment of many national facili-
ties with far denser coverage than the IMS network. The lowering of the detection
threshold provided by additional sites is discussed by, e.g., Le Pichon et al. (2008)
and Tailpied et al. (2013). Many of the sources discussed in this paper are small
with infrasound only detected out to relatively short distances. To understand the
capabilities of civil infrasound monitoring, we must also understand the limitations;
under which circumstances can we and can we not expect to detect infrasound from
a source of interest? We have seen examples where the direction and the path over
which an infrasound signal propagates has large consequences for the likelihood of
detection and the expected celerity. Regarding the temporal scale, we note the value
of long-term time-series data which can cover variability in the expected infrasound
propagation from scales of hours and days, to seasons and years. Only now are we
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approaching an era where timescales of several decades will be represented with
continuous infrasound data.

We use infrasound signals to help characterize the sources of seismic signals
(e.g., to provide a means of discrimination: Stump et al. 2002; Che et al. 2019) and
use seismic signals, for example, to constrain the time and location of infrasound
sources. An increasing interest in the seismo-acoustic wavefield (e.g., Arrowsmith
et al. 2010; Hedlin et al. 2012) is likely both to increase the volume of data and
enhance its exploitation. The majority of the studies discussed are made possible
due to the availability of both seismic and infrasound data. The cases for augment-
ing seismic sensors with microbarographs (e.g., Stump et al. 2004) and infrasound
arrays with seismic sensors (e.g., Gibbons et al. 2015b) are both compelling.
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