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6.4  Seismic/Infrasonic Processing: Case Study of explosions in north
Finland

6.4.1 Introduction

Each year between mid-August and mid-September, a series of explosions in the north of Fin-
land is recorded by the stations of the Finnish national seismograph network and also by the
seismic arrays in northern Fennoscandia and NW Russia. Based upon event locations given in
the seismic bulletin of the University of Helsinki, the geographical coordinates of the explosion
site are assumed to be approximately 68.00oN and 25.96oE. The explosions are carried out by
the Finnish military in order to destroy outdated ammunition and are easily identified from the
automatic seismic bulletins at NORSAR for several reasons. Firstly, they are always detected
with a high SNR on the ARCES array, secondly they register very stable azimuth estimates on
the detection lists, and thirdly they take place at very characteristic times of day (the origin
time indicated by the seismic observations almost invariably falls within a few seconds of a full
hour, or half-hour in the middle of the day). A preliminary list of candidate events was
obtained by scanning the GBF (Kværna and Ringdal, 1989) automatic detection lists1 for
events which appeared to come from the correct region at appropriate times of day. A typical
example is shown in Figure 6.4.1.

Fig. 6.4.1.   Automatic event location estimate from the GBF list
http://www.norsar.no/NDC/bulletins/gbf/2005/GBF05242.html
The event is characterised by a high SNR for the P- phase at the ARCES array, an S-P time
of approximately 20 seconds for ARCES, and a backazimuth from ARCES of ~177o. The
location estimate incorporates detections from the ARCES and Apatity arrays.

Between 2001 and 2005, a total of 108 events were found which appeared to fit the general
attributes of explosions from this site; the GBF location estimates for these events are dis-
played in Figure 6.4.2. These fully automatic estimates display a somewhat surprisingly large
geographical spread and, assuming that these events are in fact essentially co-located, the ori-
gin times will be correspondingly spurious. Before we proceed in attempting to detect and
analyse infrasound signals produced from these explosions, we must first confirm that all of
our candidate events are in fact from essentially the same location and then obtain the best pos-
sible origin time for each event.

1.  See http://www.norsar.no/NDC/bulletins/gbf/
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Fig. 6.4.2.   Estimated location of the explosion site (orange diamond) in relation to the seismic
arrays ARCES and Apatity together with the GBF fully automatic location estimates for 108
candidate events between August 2001 and September 2005 (green diamonds). The regular
pattern of event location estimates is due to the fixed-grid trial epicenter procedure
employed by the GBF.

6.4.2 Estimation of origin time for the explosions

It has been demonstrated by Gibbons et al. (2005) and Kværna et al. (2005) that far better loca-
tion estimates can be obtained using one or more regional arrays by applying parameters which
have been carefully calibrated for events confirmed to have taken place previously at a site of
interest. However, the waveform similarity exhibited between these candidate events suggests
that a process analogous to that described in Gibbons et al. (2005) may be circumvented in
favour of a derivation of origin times based upon waveform similarity alone.

A single event is chosen as a master event (see Figure 6.4.3) from which an arrival time of the
initial P-phase is picked manually. The barey model (see Schweitzer and Kennett, 2002) is
currently deemed to be the best 1-dimensional velocity model for the region concerned and this
predicts that an event occurring at 68.00o N and 25.96o E will result in a first arrival (the Pb
phase) after 27.60 seconds. The site defined by these coordinates is 175 km from ARCES
which is a difficult distance regarding the identification of phase types since Pb, Pg, and Pn are
all predicted to arrive within 1.1 seconds of each other. However, if we assume that an event
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has an origin time 27.6 seconds prior to the arrival of the first P-phase, the event displayed in
Figure 6.4.3 can be assumed to have an origin time of 2005-244:10.30.00.438.

Fig. 6.4.3.   Beam at ARCES of signals from an event in Northern Finland at approximately 10:30
GMT on September 1st 2005. The beam is steered with an apparent velocity of 6.72 km/s and
a backazimuth of 173o. The onset time of the initial P-arrival is estimated to be
2005-244:10.30.28.380.

We then need to create a waveform template specification for running cross-correlation calcu-
lations. We choose to create a template which begins 1.0 seconds prior to the predicted Pg
arrival and which ends 40.0 seconds following the predicted Pg arrival. The waveforms are
bandpass filtered between 4.0 and 16.0 and the time-series are resampled to 200 Hz. The wave-
form template is displayed for the ARA0_sz channel in Figure 6.4.4. Each of the short period
vertical channels on the ARCES array was provided with the same template specification. The
full array waveform template was correlated against data segments for each of the time inter-
vals of interest as has been described in previous reports (e.g. Gibbons and Ringdal, 2004; Gib-
bons and Ringdal, 2005a,b). A typical cross-correlation detection is displayed in Figure 6.4.5.
In fact, every one of the 108 candidate events displayed this degree of waveform similarity; the
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lowest correlation coefficient obtained was 0.41 and even this value is significant given the
length of the data segment and the high time-bandwidth product.

Fig. 6.4.4.   Waveform template highlighted in red for the ARA0_sz channel for the 1st September
2005 ammunition destruction explosion in Northern Finland. The waveform is filtered
between 4.0 and 16.0 Hz and resampled to 200 Hz.

The high correlation values observed for the event set is a strong indication that the explosions
are very closely spaced, although we cannot specify the precise extent of the source area based
on these data alone. If we use the ‘quarter of the wavelength’ criterion of Geller and Mueller
(1980), we can, as a first approximation, state that the exlosions probably occurred within an
area of less than 1 km in diameter.

That all of these explosions are thereby constrained to have occurred within such a small
source region should make this data set a useful benchmark for future improvements to auto-
matic event location algorithms aimed at improving the situation inferred from Figure 6.4.2.
The time of maximum cross-correlation is obtained to the highest possible degree of accuracy
using a spline interpolation and, by considering the definition of the waveform template rela-
tive to the manually read arrival time, we can estimate the origin times of each one of the 108
explosions recorded between August 2001 and September 2005. Since these origin times are
all determined from the waveform semblance from event to event, any error in the origin time
determination is almost certain to be dominated by error in the measurement of the arrival time,
inadequacy of the velocity model, or error in the location of the explosion site. This is to say
that the error is essentially identical for each event and that if, for a future explosion, it were
possible to obtain an absolute GPS source location measurement and a precise origin time then
all of the event origin times could be corrected simultaneously.

For reference, a list of the origin times for all of the events used in the current study is provided
in Figure 6.4.6.
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Fig. 6.4.5.   Detection by waveform correlation of the August 19th 2001 ammunition destruction
explosion in Northern Lapland using the master waveform template displayed in Figure
6.4.4. The 40 second long high-frequency master waveform records a correlation coefficient
of 0.66 with the detected waveform, therefore guaranteeing an almost identical source loca-
tion and type.
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Fig. 6.4.6.   List of estimated origin times for the 108 events from the Finnish explosion site used in
this study.
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6.4.3 Data analysis

Ringdal and Schweitzer (2005) presented a case study of seismic and infrasonic recordings of
six presumed surface explosions in Pechenga, Russia, near the Norwegian border. The
explosions in northern Finland described in this paper have many of the same characteristics,
although the infrasonic signals are not as large as those observed for the Pechenga explosions.
Nevertheless, the SNR is sufficient to provide slowness estimates at the ARCES array for the
seismic signals (in all cases) and for infrasonic signals (in the majority of cases). We will use
various subconfigurations of the ARCES array (see Figure 6.4.7) in our further analysis of
these signal characteristics.

Fig. 6.4.7.   ARCES array configuration. The four circles correspond to the A, B, C and D-rings as
discussed in the text.

Figure 6.4.8 shows an example of such a recording at selected ARCES sensors  for one of the
explosions. In fact, this is one of the explosions which had the largest infrasound signals; in
most cases, the infrasound phase was hardly visible on single sensor traces, even though f-k
analysis could nevertheless be carried out.

Thus, this data set of more than 100 surface explosions in almost exactly the same place
recorded by the ARCES array provides an excellent opportunity to investigate the stability of
slowness estimates, both for the seismic and infrasonic recordings, as presented in the
following. We will do such analysis investigating both the effects of filter frequency band, array
aperture and number of sensors. In this respect, we will use various sub-configurations of
ARCES to simulate array configurations of various diameters and number of sensors.
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Fig. 6.4.8. ARCES waveforms for one of the explosions discussed in the text (Event 108 in the
table). Note the clear recording of both the seismic P and S waves and the infrasonic
waves, which appear about 10 minutes later. The 60-second interval used for the
infrasonic f-k analysis is marked on the plot.

6.4.4 Seismic P-phases

Figure 6.4.9 shows the ARCES slowness estimates for the 108 events in four different
frequency bands. As has been observed by Gibbons et. al. (2005) and Kværna et. al. (2005),
such estimates are very stable when fixed frequency bands are applied, and, not surprisingly,
this figure confirms this stability. The standard deviation in azimuths is as small as 0.3 degrees
for the best filter (3-5 Hz), and is 1 degree or lower for all the filters shown. The average values
of the azimuth estimates varies by up to 5 degrees among the filters, and these differences are
highly significant in view of the small scatter in each population (The standard deviations of
the mean values range from 0.03 to 0.1 degrees).

We note that the length of the f-k window (10 seconds) used in the present study is somewhat
longer than the traditional 2-3 seconds used in standard detection processing. This may have
provided some increased stability in the slowness estimates, but we have not investigated this
question in any detail.

Seismic Infrasonic

ARCES array: Recordings on seismic sensors

Filter 2-7 Hz
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Fig. 6.4.9.   Slowness estimates of the 108 events in the data base. The figure corresponds to esti-
mates for the seismic P-phase (25-35 seconds after the event origin time), in four different
filter bands. For each filter band, the mean and standard deviation of the azimuth estimates
are indicated.

Fig. 6.4.10 shows the ARCES slowness estimates for the event set as a function of various sub-
configuration of vertical-component seismometers. These are, in increasing sizes:

• The 4-element A-ring configuration (seismometers A0, A1, A2, A3)

• The 9-element A,B-ring configuration (by adding the seismometers B1-B5)

• The 16-element A,B,C-ring configuration (by adding the seismometers C1-C7)

• The 25-element A,B,C,D-ring configuration (comprising the full ARCES vertical-compo-
nent array)

As expected, the scatter of the estimates decreases as the array size and number of
seismometers increases, and the amount of decrease in the standard deviations is about
proportional to the increase in array diameter. Again, we see that the mean azimuth estimates
show significant differences among the array configurations, even if we are applying the same
bandpass filter (3-5 Hz) throughout.
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Fig. 6.4.10.   Slowness estimates of the 108 events in the data base. The figure corresponds to esti-
mates for the seismic P-phase (25-35 seconds after the event origin time), in the filter band
3-5 Hz. The four subconfigurations are as described in the text. For each subconfiguration,
the mean and standard deviation of the azimuth estimates are indicated.

To investigate how much of this observed decrease in scatter is due to array aperture, and how
much is due to increased number of seismometers, we made some experiments by selecting
only 4 seismometers (in the outermost ring) for each of the four subconfigurations. The results
from one such experiment is shown in Figure 6.4.11. The reduction in scatter is quite similar to
that in Figure 6.4.10. This indicates that the array aperture is the most important factor in order
to obtain variance reduction, whereas the number of sensors in each configuration is not
essential in this regard. Nevertheless, an increased number of sensors is useful so as to reduce
the possibility of side lobes, and it also adds redundancy which would be important if one or
more seismometers malfunction.

An interesting observation is that the adding or removal of a single seismometer in a 4-sensor
configuration can have significant effect on the average azimuth (but not much effect on the
stability of the estimates). This is an observation that needs to be taken into consideration when
doing slowness analysis and location estimation by regional arrays, since the outage of one or
more sensors could influence the expected azimuth estimates for any given source region.
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Fig. 6.4.11.   Slowness estimates of the 108 events in the data base. The figure corresponds to esti-
mates for the seismic P-phase (25-35 seconds after the event origin time), in the filter band
3-5 Hz. In contrast to Figure 6.4.10, the four subconfigurations now comprise only four seis-
mometers each, as indicated on the plots. Note the similarity to Figure 6.4.10.

6.4.5 Infrasonic waves

In our study of slowness estimates for infrasonic waves recorded at the ARCES seismic array,
we have used throughout a 60 second window beginning 620 seconds after the event origin
time. Fig. 6.4.12 shows the ARCES slowness estimates for the infrasonic phases (named Ix) as
a function of the same sub-configuration of vertical-component seismometers as used in our
studies of P-waves described earlier.

In contrast to the P-wave analysis, we were not able to make reliable slowness estimates for the
infrasonic phases of all the events. This is mainly due to low infrasonic SNR for a number of
the events in the database. This makes a comparison between the performances of different
filters and subconfigurations more complicated, and we need to consider both the number of
successful estimates and the variance reduction when evaluating the results.
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Fig. 6.4.12.   Slowness estimates of the 108 events in the data base. The figure corresponds to esti-
mates for the infrasonic phase (620-680 seconds after the event origin time), in the filter
band 2-7 Hz. The number of events for which reliable estimates could be made is indicated
on each plot. The four subconfigurations are as described in the text. For each subconfigura-
tion, the mean and standard deviation of the azimuth estimates are indicated.

When comparing the results to those obtained for seismic P-waves, we see some interesting
differences. For example, we see no significant variance reduction as the array aperture and
number of sensors increases. Although there appears to be a slight reduction in the standard
deviations, the largest number of successful estimates were in fact made using the smallest
configuration. Therefore we consider that there is essentially no difference in the stability of
the slowness estimates for these four configurations. It is of course possible that other
estimation techniques could show such improvements, but it may also be that the variance in
estimates is dominated by factors such as varying atmospheric conditions over the 5 years
covered by this study. Another important observation is that the average azimuth values are
essentially independent of the subconfiguration chosen. This also contrasts to our observations
from seismic P-waves.

In order to study the frequency dependency for infrasonic waves, we found that the SNR of
ARCES infrasonic observations were not sufficient to enable us to do a meaningful study. For
this purpose, we therefore used data recorded by the microbarographs installed at the Apatity
seismic/infrasound array. A description of this array is presented in the paper by Schweitzer et.
al. in this issue. Examples of recording and processing of some of these same Finnish

0.3 0.32 0.34 0.36 0.38 0.4
150

160

170

180

190

200 A−ring Ix 2−7 Hz (N=92/108)
Mean=173.79
Std =1.55

A
zi

m
ut

h

0.3 0.32 0.34 0.36 0.38 0.4
150

160

170

180

190

200 A,B−ring Ix 2−7 Hz (N=88/108)
Mean=174.28
Std =1.18

A
zi

m
ut

h

0.3 0.32 0.34 0.36 0.38 0.4
150

160

170

180

190

200 A,B,C−ring Ix 2−7 Hz (N=88/108)
Mean=174.37
Std =1.07

Velocity (km/s)

A
zi

m
ut

h

0.3 0.32 0.34 0.36 0.38 0.4
150

160

170

180

190

200 A,B,C,D−ring Ix 2−7 Hz (N=85/108)
Mean=174.38
Std =1.11

Velocity (km/s)

A
zi

m
ut

h



NORSAR Sci. Rep. 1-2006 January 2006

66

explosions using Apatity infrasonic data have earlier been presented by Vinogradov and
Ringdal (2003). In the study presented here, we used a 60 second window starting at 970
seconds after the event origin time for the f-k analysis. Note that we selected for analysis only
one of the three infrasonic phases observed at Apatity and desribed in the above publication.

Fig. 6.4.13 shows the Apatity slowness estimates for the infrasonic phase (named Ix) for the
events in four different frequency bands. Again, the contrast to the seismic observations is
striking. The average azimuth estimates of the infrasonic phases are virtually independent on
the frequency band, and there is thus no observable systematic differences in infrasonic
slowness estimates as a function of frequency within the bands processed in this study.

Fig. 6.4.13.   Slowness estimates of the 59 events in the data base for which Apatity infrasonic
recordings were available. The figure corresponds to estimates for the infrasonic phase (970-
1040 seconds after the event origin time), in four different filter bands. The number of events
for which reliable estimates could be made is indicated on each plot. For each filter band, the
mean and standard deviation of the azimuth estimates are indicated.

6.4.6 Conclusions

We have used waveform cross-correlation to determine very accurate origin times for a data-
base of 108 explosions, at a site in northern Finland, presumably carried out for the purpose of
destroying old ammunition. The extremely high correlation coefficients observed for this data
set indicates that these explosions are all very closely spaced, probably within an area of some
hundreds of meters in diameter. This database will be highly valuable for various studies
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related to obtaining improved accuracy in detecting and characterizing seismic events using
regional array recordings at local distances.

In the present paper, we have used this database to study the stability of slowness estimates for
both seismic and infrasonic phases, using ARCES and Apatity array recordings. Our analysis
of seismic P-phase observations confirm the stability of fixed-frequency band f-k analysis pre-
viously noted e.g. by Gibbons et. al. (2005) and Kværna et. al. (2005). Furthermore, by analyz-
ing various subconfigurations of the ARCES array, we find that the scatter (standard deviation)
in the azimuth estimates for the explosions is about inversely proportional to array aperture.

When carrying out a similar analysis of infrasonic data, we find some interesting differences.
In contrast to the case for the seismic P-waves, the azimuth scatter found by our f-k estimation
process does not decrease when the array aperture increases. Furthermore, the average azimuth
remains the same both with varying array aperture and with varying filter bands. This is also in
contrast to what we have observed for the seismic P-waves.

In future work we plan to expand upon these studies by analyzing data from other source
regions. Whe the infrasound array near ARCES becomes operational (expected in 2006), we
will obtain important supplementary data to carry out such expanded studies.
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