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6.1  Joint seismic-infrasonic processing of recordings from a repeating
source of atmospheric explosions in Northern Finland

Abstract

A database has been established of seismic and infrasonic recordings from more than 100
well-constrained surface explosions, conducted by the Finnish military to destroy old
ammunition. The recorded seismic signals are essentially identical and indicate that the
variation in source location and magnitude is negligible. In contrast, the infrasonic arrivals on
both seismic and infrasound sensors exhibit significant variation both with regard to the
number of detected phases, phase travel times, and phase amplitudes, which would be
attributable to atmospheric factors. This data set provides an excellent database for studies
in sound propagation, infrasound array detection, and direction estimation.

6.1.1 Introduction

A major component of the International Monitoring System (IMS) for the verification of com-
pliance with the Comprehensive Nuclear-Test-Ban Treaty (CTBT, www.ctbto.org) is a global
network of infrasound sensor arrays deployed to detect atmospheric acoustic signals which
could be generated by a nuclear explosion. The processes of detecting and locating events by
association of infrasound phases present a very different set of challenges to those involved in
the complementary seismic monitoring system. The most significant difference is probably that
the propagation path and travel time of a given seismic phase from a given source to a given
receiver will remain constant for all subsequent events at that source location over all times-
cales relevant to current monitoring requirements. In contrast, the travel time and propagation
path of an atmospheric sound wave will depend strongly on atmospheric conditions
(e.g. Garcés et al., 1998; Georges and Beasley, 1977) which must be accounted for in any
conclusions drawn from the detection of an infrasound phase. The modelling and understand-
ing of atmospheric propagation effects needs to be guided by well-constrained events, with
mining explosions typically used for this purpose (e.g. Sorrells et al., 1997; Hagerty et al.,
2002; Stump et al., 2004; McKenna et al., 2007). In this paper we draw attention to a source of
repeating chemical explosions which generate infrasound signals and which are tightly
constrained by seismic observations.

6.1.2 Seismic and Acoustic Observations of Finnish Explosions at Regional Distances

A series of seismic events detected by the ARCES array were estimated to have taken place at
a distance of approximately 175 km in central Lapland (Fig.6.1.1). They were readily identi-
fied as explosions since they occurred systematically in sequences and all were conducted at
very characteristic times of day (for example within 1 or 2 seconds of a full-hour or half-hour).
Colleagues at the Kola Regional Seismological Center (KRSC) in Russia had installed three
microbarograph sensors at sites in the Apatity seismic array and observed very coherent, high
amplitude, signals propagating across the infrasound mini-array with speeds characteristic of
sound waves from the appropriate direction. In addition, closer examination of the seismic
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waveforms from ARCES revealed additional high-amplitude signals arriving several minutes
after the seismic arrivals which did not correspond to characteristic seismic wave velocities.

Fig. 6.1.1.   Location of explosion site in relation to the arrays as indicated. Sites in the ARCES
array contain only seismometers as do sites marked with white circles at Apatity. Black tri-
angles at Apatity indicate both a seismometer and a microbarograph. Data from the SGF,
KEV, and IVL 3-component seismometers helped to constrain the absolute location of the
events.

An example of such an event is displayed in Fig.6.1.2. The first two pulses on the seismic
traces (labelled A and B) correspond to the seismic P-phase and more slowly travelling
S-phase. Since our station is an array, we can estimate the direction and velocity of these
phases using broadband f-k analysis (based upon the method of Capon, 1969) from which,
together with arrival times and velocity model, we can estimate the origin time and location.
The ground motion some 10 minutes after the event is dominated by amplitudes comparable to
those resulting from the direct seismic arrivals. Performing f-k analysis on a somewhat longer
time-segment indicated by C reveals these waves to be very coherent across the array aperture
and to fit very well the hypothesis of a plane wave propagating with air sound speed from a
very similar direction. Note the higher resolution provided by the array for the slowly propa-
gating sound wavefront (panel C) than for the seismic wavefronts (panels A and B). The lower-
left panel of Fig.6.1.2 displays the beams constructed from all sensors in the array using time-
delays corresponding to the calculated slowness vectors. Whilst the observation of acoustic
signals on seismogram traces is not uncommon (e.g. Cates and Sturtevant, 2002; Stump et al.,
2004; Lin and Langston, 2006) it is a useful observation that in this case the seismic response
to the pressure changes in the incoming infrasound wavefront is so uniform over the array that
standard seismic array processing can be applied to infer accurately a direction of arrival of the
atmospheric wave.

The repeatability of measurements for azimuth and velocity for the seismic phases together
with the S-P travel time difference provided evidence for a similar source location for the dif-
ferent events. However, the similarity of each individual waveform was so great that a full-
waveform multi-channel matched filter detector (Gibbons and Ringdal, 2006) could be applied,
taking a single specimen waveform as a template and picking out subsequent events simply
from the maxima of the correlation coefficient traces. This procedure fulfilled the multiple
aims of
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(a) identifying automatically a large number of events,

(b) calculating to sub-sample precision the relative origin times of events, and

(c) confirming that events cannot be separated by more than a few hundred meters
(Geller and Mueller, 1980).

Fig. 6.1.2. Waveform data from the ARCES seismic array one minute prior to and 14 minutes after
a surface level explosion in Northern Finland at a distance of approximately 175 km. The top
panel shows waveforms on the central seismometer: the seismic P-phase (A), seismic S-
phase (B), and an unidentified arrival approximately 640 seconds after the estimated origin
time (C). The broadband f-k analysis plots indicate that all of these signals come from a
backazimuth of approximately 173o. (Note the different scale for the slowness grid C.) The
lower panel shows the beams from the full ARCES array for the slowness vectors indicated.
All seismograms show velocity and the numbers above the traces indicate maximum ampli-
tude in counts.
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Fig. 6.1.3.   Recordings on the ARCES seismic array (channel ARA0_sz) of events at the Finnish
explosion site in August and September 2002 (upper panel) and August and September 2005
(lower panel). The time provided to the left is the estimated event UTC origin time. All seis-
mograms are aligned according to the maximum correlation coefficient and have identical
vertical scaling such that each division represents counts. Signal arrivals between
450 and 700 seconds after origin time are demonstrated by array analysis to propagate with
sound velocity from an approximate 173o backazimuth. All arrivals between 200 and 450
seconds correspond to unrelated seismic events.
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The relative timing of events allows the waveforms from multiple events to be aligned and
compared. Fig. 6.1.3 shows signals on the ARA0_sz sensor of the ARCES array for all the
events which took place in the years 2002 and 2005, aligned according to the maximum
correlation coefficient for the seismic signals. A large amplitude acoustic signal approximately
600 seconds following the origin time is observed for almost all of these events but, unlike the
seismic signals which are almost identical for each explosion, the temporal nature and ampli-
tudes differ greatly from event to event. There are clearly some differences between the years
2002 and 2005. For most of the events in 2002, the acoustic signal at ~600 seconds corre-
sponds to a considerably higher amplitude than the associated seismic signals (in the filter band
displayed). For the 2005 events, the acoustic signal at 600 seconds is still visible but usually at
a smaller amplitude than the corresponding seismic signals. For a small number of events in
2005, an additional infrasonic phase (often with large amplitude) arrives between 500 and 570
seconds after the event origin time, and the observation of this arrival frequently precludes the
observation of the arrival after 600 seconds.

On some days no signal is visible and we sought to find all evidence present of atmospheric
sound waves following these events. Estimation of marginal coherent signals within a noise
field is traditionally achieved using cross-correlation techniques (e.g. Jacobson, 1957) and the
main technique used for infrasound processing on the IMS arrays is the Progressive Multichan-
nel Cross-Correlation (P.M.C.C.) method (Cansi, 1995). A comprehensive summary of opera-
tional processing of infrasound data in the nuclear explosion monitoring context is provided by
Brown et al. (2002) who define a detection statistic based upon the mean of all pair-wise chan-
nel correlations with time-delays corresponding to the theoretical plane wavefront models. The
statistic defined in Eq. (15) of Brown et al. (2002) was evaluated over successive 10 second
time-windows of ARCES data following each of 141 events and Fig. 6.1.4 (top panel) displays
the  value obtained whenever the maximum-gain slowness vector falls close to the expected
value (c.f. Fig. 6.1.2 C). In practice, we required that  exceeded 0.01 with velocity in the
interval [0.3 km/s, 0.4 km/s] and azimuth between 170 and 180 degrees. A high value of
indicates a high correlation between the appropriately delayed channels and, whilst this value
is highest for high signal-to-noise ratio (SNR) acoustic signals, significant values can be
obtained even when the signal amplitude is smaller than the ambient noise level. Fig. 6.1.4
confirms that evidence of a corresponding infrasound arrival was observed for almost every
explosion, with only 5 out of 141 events showing no evidence of sound waves. Over the six
years considered, the most common infrasonic arrivals occur between 600 and 680 seconds
after origin time with an apparently smooth variation over a several day time-scale (all events
displayed in Fig. 6.1.4 are consecutive days between the dates as shown). The more unusual
occurrence of earlier infrasonic arrivals from the same direction (as displayed for some events
from 2005 in Fig. 6.1.3) is observed for approximately 15% of the events. The days on which
these phases are observed are however fairly clustered in time and may indicate some atmo-
spheric property which persists over a timescale of a few days.

Γ
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Γ
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Fig. 6.1.4. Detection statistic over the full ARCES seismic array and the 3-element microbarograph
sub-array at Apatity within the time-windows as indicated following each of 141 identified
explosions in northern Finland between 2001 and 2006. Events occur one per day between
the dates indicated. A pixel is drawn every second, at time t, for each event provided that the
preferred slowness and backazimuth evaluated over the 10.0 second long window beginning
at time t fall within an acceptable range for acoustic waves from the given source. The color
indicates the value of the detection statistic defined in Eq. (15) of Brown et al. (2002).
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The same procedure was applied to the microbarograph sub-array at Apatity on data segments
provided by colleagues at KRSC and, of the 91 events with available microbarograph data,
only 3 provided no indication of signals from the anticipated direction. Many of these record-
ings are of very high quality and a high SNR frequently results in high correlation coefficients
(as indicated by the colors in the lower panel of Fig. 6.1.4. With the minimal configuration of 3
sites, the array gain is far poorer and there is no redundancy. If a single sensor is subjected to
an outage or excessive noise, no direction estimate can be made regardless of how well the
other sensors perform. This may partly explain the more speckled appearance of the APA
panel. The noise levels at Apatity are high due to heavy industry and other local human activity
which may hinder the observation of tele-infrasonic signals. Three distinct phases are fre-
quently observed at Apatity approximately 900, 1000, and 1200 seconds following each event.
Vinogradov and Ringdal (2003) analyzed waveforms from five such explosions in consider-
able detail, concluding that these well-observed phases had travel times consistent with the Iw,
Is, and It phases as described by Brown et al. (2002).

6.1.3 Summary

We have identified a source of explosions which, in addition to generating seismic signals
detected out to distances of several hundred kilometers, result in infrasound signals detected at
the microbarograph array in Apatity at a distance of 280 km and on the ARCES seismic array
at a distance of 175 km. The seismic signals provide excellent constraints on the source.
Waveform similarity from event to event not only constrain the events to be almost co-located
but rule out the possibility of multiple events as is common for ripple-fired mining blasts
(e.g. Gibbons et al., 2005). We conclude that differences in the occurrence and appearance of
infrasonic arrivals from event to event are due to atmospheric conditions alone. The similar
amplitude of the seismic signals from event to event imply similar explosion yields and, as
observed by McKenna et al. (2007), this does not appear to influence the amplitude of the
infrasound signals greatly. For many events, the sound waves observed at the ARCES seismic
array did not exceed the ambient noise level. The presence of infrasound arrivals was however
confirmed for almost all events by significant values of the  statistic defined by Brown et al.
(2002).

It would clearly be of considerable interest to apply infrasonic propagation models to attempt
to explain the variations in travel times and phase amplitudes documented here. However, such
a study is well beyond the scope of the current report. We should only like to note that the
horizontal velocities or propagation times versus distance of the infrasonic waves could give an
indication of the turning points associated with the various detected phases. For example,
Brown et al. (2002) discuss generic travel time information for three main infrasonic phases
(Iw, Is, and It, with turning points in the troposphere, stratosphere, and thermosphere
respectively) that might be detected at distances similar to those considered for the Apatity
array. The observation of infrasound signals at ARCES may provide useful data for subsequent
studies of sound propagation at short distances, since the 175 km distance in this case falls
within the classical “zone of silence” in which no ray paths predicted by standard atmospheric
models return to ground level (see, for example, McKenna et al., 2007). Che et al. (2002)
examine infrasonic signals from seismo-acoustic events within 200 km of the Chulwon array
on the Korean Peninsula and confirm that local meterological data is required to be able to
model these infrasonic arrivals at local-distances.

Γ



34

NORSAR Sci. Rep. 2-2007 August 2007

Whilst the sensitivity to acoustic signals varies from sensor to sensor of the ARCES array,
direction estimates for the sound waves are remarkably similar over many different subsets of
sensors (Ringdal et al., 2006). The uncertainty associated with direction measurements is of
great importance for IMS arrays (Szuberla and Olson, 2004) with signal incoherence (Christie
et al., 2005) and strong sidelobes (Kennett et al., 2003) presenting significant challenges for
processing over large aperture arrays. Whilst the ARCES seismic array is still only a surrogate
for the infrasound array IS37 to be built near Karasjok, the large number of sensors and corre-
sponding wide range of sensor separations make this an ideal laboratory for coherence studies.

The recording of coherent infrasound wavefronts on seismic arrays may be more widespread
than is presently assumed and an effort ought to be made to classify their occurrences on, for
example, the IMS seismic arrays. The large amplitudes which can be generated (see Fig. 6.1.3)
can be problematic in that they can potentially mask out important seismic arrivals. Indeed, one
of the few documented descriptions of infrasound on IMS seismic arrays is a description of
beams deployed on the GERES array in southern Germany to identify and screen out sound
waves generated by nearby military activity (Harjes et al., 1993). However, rather than simply
discarding such signals, these waveforms could be analyzed to address topical issues in infra-
sound array processing such as the discrimination of near- and far-field sound sources
(Szuberla et al., 2006).

The current status on the database described can be obtained by contacting the authors and
updates are likely to be reported on in future NORSAR technical reports and elsewhere. Use of
the waveform correlation detector on ARCES seismic data is being extended back in time and
positive identifications have so far been made as far back as August 24, 1988. The picture is
not yet complete as many years of data are still in magnetic tape archives and the conversion
process is ongoing. We have no reason to believe that the events will not continue into the
future and we would advocate passive field experiments to record and interpret both seismic
and atmospheric signals from subsequent events.
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