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Abstract (cont.)

by the United States Government, and the United States also covers the cost of transmission of
selected data from the Norwegian NDC to the United States NDC.

The seismic arrays operated by NOR-NDC comprise the Norwegian Seismic Array (NOA), the
Arctic Regional Seismic Array (ARCES) and the Spitsbergen Regional Array (SPITS). This
report presents statistics for these three arrays as well as for additional seismic stations which
through cooperative agreements with institutions in the host countries provide continuous data
to NOR-NDC. These additional stations include the Finnish Regional Seismic Array (FINES)
and the Hagfors array in Sweden (HFS).

The NOA Detection Processing system has been operated throughout the period with an
uptime of 100%. A total of 2,465 seismic events have been reported in the NOA monthly seis-
mic bulletin during the reporting period. On-line detection processing and data recording at the
NDC of data from ARCES, FINES, SPITS and HFS data have been conducted throughout the
period. Processing statistics for the arrays for the reporting period are given.

A summary of the activities at the NOR-NDC and relating to field installations during the
reporting period is provided in Section 4. Norway is now contributing primary station data
from two seismic arrays: NOA (PS27) and ARCES (PS28), one auxiliary seismic array SPITS
(AS72), and one auxiliary three-component station on the island of Jan Mayen(AS73). These
data are being provided to the IDC via the global communications infrastructure (GCI). Con-
tinuous data from the three arrays are in addition being transmitted to the US NDC. The perfor-
mance of the data transmission to the US NDC has been satisfactory during the reporting
period.

So far among the Norwegian stations, the NOA and the ARCES array (PS27 and PS28 respec-
tively), the radionuclide station at Spitsbergen (RN49) and the auxiliary seismic stations on
Spitsbergen (AS72) and Jan Mayen (AS73) have been certified. Provided that adequate funding
continues to be made available (from the PTS and the Norwegian Ministry of Foreign Affairs),
we envisage continuing the provision of data from these and other Norwegian IMS-designated
stations in accordance with current procedures. The IMS infrasound station at Karasjok (IS37)
has not yet been built, and discussions are continuing with the local authorities in order to
obtain the permissions required for the establishment of the station.

Summaries of four scientific and technical contributions are presented in Chapter 6 of this
report.

Section 6.1 is an initial study of high-frequency signals recorded at ARCES. We have carried
out an initial study of seismic events at regional distances recorded by the ARCES high-fre-
quency seismic system, which was installed on 23 March 2008. The main conclusion is that
these new observations consistently show remarkably efficient propagation at frequencies up to
30 Hz and above. This result is similar to what has been previously observed at the Spitsbergen
array for paths from Novaya Zemlya crossing the Barents Sea. The Spitsbergen studies showed
that energy exceeding 20 Hz can be recorded with good signal-to-noise ratio even for small
events at epicentral distances as large as 1000 km and we see the same result in this study.

Among the filter bands studied in this contribution, the best filter band for regional event detec-
tion across intraplate paths generally appears to be either 4-8 Hz or 8-16 Hz. However, the most
remarkable feature in this study is the strong SNR even at the highest frequencies (15-30 and
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30-45 Hz). While such frequency bands would not be used for detection purposes, the high fre-
quency data could be very important for signal characterization.

We note that the available high-frequency data so far does not include events to the east and
north-east of the ARCES array, and the high-frequency propagation from the Novaya Zemlya
region to ARCES is therefore still unknown. As more data is accumulated, we may be in a
position to carry out a more detailed study of the propagation characteristics for additional
paths in the region, and make a more systematic study of the benefits from combining the high-
frequency observations from Spitsbergen and ARCES. The usefulness of the horizontal com-
ponents for high-frequency S-phase detection, already demonstrated for the Spitsbergen array,
is also an area that needs further study for ARCES.

Section 6.2 describes the setup of an experimental infrasound deployment in Karasjok, north-
ern Norway. In mid-March 2008 NORSAR carried out an experimental installation of three
micro-barometers at the stations ARA1, ARA2 and ARB2 of the ARCES seismic array. The
purpose of this experiment was to compare the relative performance of microbarographs and
seismometers in detecting infrasonic signals. The full ARCES array has a diameter of about 3
km, whereas the distances between the three infrasound stations are about 200 -300 m.

The microbarometers used in the experimental infrasound array are Martec MB2500 instru-
ments with a bandwidth from 0.01 — 27 Hz and a sensitivity of 20 mV/Pa. Each barometer is
about 35 cm high with a diameter of 15 cm and a weight of 7 kg. The lower part of the instru-
ment is the measurement chamber containing a barometric aneroid bellow, which is deformed
by small variations of atmospheric pressure. The deformation of the bellow in turn is measured
by a displacement transducer.

In order to suppress wind noise the decision was made to use porous hoses. At each pit four 12
m long porous hoses were installed in a cross-type layout. The hoses are connected to a mani-
fold outside of the pit, and therefore only one inlet penetrates the vault and connects to the
barometer. For stations ARA1 and ARB2 we used only the porous hoses, for station ARA2 we
additionally encased the hose by a plastic drainage pipe. At the time of the installation we still
had a snow cover of up to 1.5 m depths. At all stations the hoses/pipes have been buried as deep
into the snow as possible.

Section 6.3 1s an initial study of data from the experimental installation of infrasound sensors at
the ARCES array. We have begun an investigation aimed at comparing the quality of recording
of infrasound signals when using seismometers versus recordings using microbarographs. Even
taking into account the very efficient recording of such signals by the ARCES seismometers,
our expectation would be that significant improvement would be obtained when using
microbarographs. Nevertheless, the much larger number of seismic sensors would be a factor
that should also be taken into account.

We have made direct comparisons of signals from the two types of sensors for a presumed
explosion in NW Russia at a site reportedly used for destroying old ammunition. The infra-
sonic signal is very clear in both cases and looks quite similar on the two sensors. One interest-
ing observation is the differences in signal-to-noise ratio (SNR) between the two types of
recordings. While the SNR of the infrasonic signal is high in both cases, it is clearly superior
for the microbarograph. This is by no means surprising; in fact, the most surprising feature is
that the seismic trace is so close to the microbarograph trace in terms of both SNR and wave-
form characteristics. We also note that “noise” on the seismic trace comprises both the usual
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“background noise” and the actual seismic signals, which naturally are not visible on the
microbarograph trace.

We demonstrate that an infrasound signal detector based on continuous slowness analysis is
applicable both to the seismometer and microbarograph data at the ARCES array. To avoid
spurious detections at the microbarographs, additional constraints must be applied to the SNR
of the signals. Data quality checks were introduced to discard instances where sensors show
anomalous amplitudes. A much larger number of detections are found on the microbarograph
data compared to the seismic data, clearly illustrating the improved sensitivity to infrasound
signals as compared to recordings at the seismic sensors.

In parallel with the present study, we have processed the same data set using cross-correlation
techniques combined with a detection statistic. These results are comparable to those presented
in the present study, but a detailed comparison will require further work concerning setting of
window and filter parameters, threshold setting and data quality control.

For the time interval April - June 2008 we have also processed the infrasound data from Apat-
ity, as well as from the stations of the Swedish Infrasound Network using the method described
in this contribution. A natural next step is to combine the signal detections from this dense net-
work of six infrasound stations in Northern Europe to obtain information about the infrasound
sources.

Section 6.4 is a continued overview of NORSAR system responses, specifically addressing the
NORES and ARCES arrays. This series of contributions is aiming to recalculate and organize
all of the system instrument responses of the seismic facilities operated by NORSAR, from the
time of the first installation to the present. All sources of information are being catalogued and
archived. Furthermore, detailed documentation is being compiled, describing the methodology
followed to obtain the necessary information, the calculation of the responses, as well as more
practical issues, such as organizing and storing the results for future usage. Therefore, no infor-
mation such as individual instrument poles and zeroes, serial numbers, sensitivity values, etc.
are provided here; instead, the reader is referred to the relevant NORSAR internal documenta-
tion.

Frode Ringdal
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1 Summary

This report describes the activities carried out at NORSAR under Contract No. FA2521-06-C-
8003 for the period 1 January - 30 June 2008. In addition, it provides summary information on
operation and maintenance (O&M) activities at the Norwegian National Data Center (NOR-
NDC) during the same period. The O&M activities, including operation of transmission links
within Norway and to Vienna, Austria are being funded jointly by the CTBTO/PTS and the
Norwegian Government, with the understanding that the funding of O&M activities for pri-
mary stations in the International Monitoring System (IMS) will gradually be transferred to the
CTBTO/PTS. The O&M statistics presented in this report are included for the purpose of com-
pleteness, and in order to maintain consistency with earlier reporting practice. Some of the
research activities described in this report are funded by the United States Government, and the
United States also covers the cost of transmission of selected data from the Norwegian NDC to
the United States NDC.

The seismic arrays operated by NOR-NDC comprise the Norwegian Seismic Array (NOA), the
Arctic Regional Seismic Array (ARCES) and the Spitsbergen Regional Array (SPITS). This
report presents statistics for these three arrays as well as for additional seismic stations which
through cooperative agreements with institutions in the host countries provide continuous data
to NOR-NDC. These additional stations include the Finnish Regional Seismic Array (FINES)
and the Hagfors array in Sweden (HFS).

The NOA Detection Processing system has been operated throughout the period with an
uptime of 100%. A total of 2,465 seismic events have been reported in the NOA monthly seis-
mic bulletin during the reporting period. On-line detection processing and data recording at the
NDC of data from ARCES, FINES, SPITS and HFS data have been conducted throughout the
period. Processing statistics for the arrays for the reporting period are given.

A summary of the activities at the NOR-NDC and relating to field installations during the
reporting period is provided in Section 4. Norway is now contributing primary station data
from two seismic arrays: NOA (PS27) and ARCES (PS28), one auxiliary seismic array SPITS
(AS72), and one auxiliary three-component station on the island of Jan Mayen(AS73). These
data are being provided to the IDC via the global communications infrastructure (GCI). Con-
tinuous data from the three arrays are in addition being transmitted to the US NDC. The perfor-
mance of the data transmission to the US NDC has been satisfactory during the reporting
period.

So far among the Norwegian stations, the NOA and the ARCES array (PS27 and PS28 respec-
tively), the radionuclide station at Spitsbergen (RN49) and the auxiliary seismic stations on
Spitsbergen (AS72) and Jan Mayen (AS73) have been certified. Provided that adequate funding
continues to be made available (from the PTS and the Norwegian Ministry of Foreign Affairs),
we envisage continuing the provision of data from these and other Norwegian IMS-designated
stations in accordance with current procedures. The IMS infrasound station at Karasjok (IS37)
has not yet been built, and discussions are continuing with the local authorities in order to
obtain the permissions required for the establishment of the station.

Summaries of four scientific and technical contributions are presented in Chapter 6 of this
report.

Section 6.1 1s an initial study of high-frequency signals recorded at ARCES. We have carried
out an initial study of seismic events at regional distances recorded by the ARCES high-fre-
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quency seismic system, which was installed on 23 March 2008. The main conclusion is that
these new observations consistently show remarkably efficient propagation at frequencies up to
30 Hz and above. This result is similar to what has been previously observed at the Spitsbergen
array for paths from Novaya Zemlya crossing the Barents Sea. The Spitsbergen studies showed
that energy exceeding 20 Hz can be recorded with good signal-to-noise ratio even for small
events at epicentral distances as large as 1000 km and we see the same result in this study.

Among the filter bands studied in this contribution, the best filter band for regional event detec-
tion across intraplate paths generally appears to be either 4-8 Hz or 8-16 Hz. However, the most
remarkable feature in this study is the strong SNR even at the highest frequencies (15-30 and
30-45 Hz). While such frequency bands would not be used for detection purposes, the high fre-
quency data could be very important for signal characterization.

We note that the available high-frequency data so far does not include events to the east and
north-east of the ARCES array, and the high-frequency propagation from the Novaya Zemlya
region to ARCES is therefore still unknown. As more data is accumulated, we may be in a
position to carry out a more detailed study of the propagation characteristics for additional
paths in the region, and make a more systematic study of the benefits from combining the high-
frequency observations from Spitsbergen and ARCES. The usefulness of the horizontal com-
ponents for high-frequency S-phase detection, already demonstrated for the Spitsbergen array,
is also an area that needs further study for ARCES.

Section 6.2 describes the setup of an experimental infrasound deployment in Karasjok, north-
ern Norway. In mid-March 2008 NORSAR carried out an experimental installation of three
micro-barometers at the stations ARA1, ARA2 and ARB2 of the ARCES seismic array. The
purpose of this experiment was to compare the relative performance of microbarographs and
seismometers in detecting infrasonic signals. The full ARCES array has a diameter of about 3
km, whereas the distances between the three infrasound stations are about 200 -300 m.

The microbarometers used in the experimental infrasound array are Martec MB2500 instru-
ments with a bandwidth from 0.01 — 27 Hz and a sensitivity of 20 mV/Pa. Each barometer is
about 35 cm high with a diameter of 15 cm and a weight of 7 kg. The lower part of the instru-
ment is the measurement chamber containing a barometric aneroid bellow, which is deformed
by small variations of atmospheric pressure. The deformation of the bellow in turn is measured
by a displacement transducer.

In order to suppress wind noise the decision was made to use porous hoses. At each pit four 12
m long porous hoses were installed in a cross-type layout. The hoses are connected to a mani-
fold outside of the pit, and therefore only one inlet penetrates the vault and connects to the
barometer. For stations ARA1 and ARB2 we used only the porous hoses, for station ARA2 we
additionally encased the hose by a plastic drainage pipe. At the time of the installation we still
had a snow cover of up to 1.5 m depths. At all stations the hoses/pipes have been buried as deep
into the snow as possible.

Section 6.3 1s an initial study of data from the experimental installation of infrasound sensors at
the ARCES array. We have begun an investigation aimed at comparing the quality of recording
of infrasound signals when using seismometers versus recordings using microbarographs. Even
taking into account the very efficient recording of such signals by the ARCES seismometers,
our expectation would be that significant improvement would be obtained when using
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microbarographs. Nevertheless, the much larger number of seismic sensors would be a factor
that should also be taken into account.

We have made direct comparisons of signals from the two types of sensors for a presumed
explosion in NW Russia at a site reportedly used for destroying old ammunition. The infra-
sonic signal is very clear in both cases and looks quite similar on the two sensors. One interest-
ing observation is the differences in signal-to-noise ratio (SNR) between the two types of
recordings. While the SNR of the infrasonic signal is high in both cases, it is clearly superior
for the microbarograph. This is by no means surprising; in fact, the most surprising feature is
that the seismic trace is so close to the microbarograph trace in terms of both SNR and wave-
form characteristics. We also note that “noise” on the seismic trace comprises both the usual
“background noise” and the actual seismic signals, which naturally are not visible on the
microbarograph trace.

We demonstrate that an infrasound signal detector based on continuous slowness analysis is
applicable both to the seismometer and microbarograph data at the ARCES array. To avoid
spurious detections at the microbarographs, additional constraints must be applied to the SNR
of the signals. Data quality checks were introduced to discard instances where sensors show
anomalous amplitudes. A much larger number of detections are found on the microbarograph
data compared to the seismic data, clearly illustrating the improved sensitivity to infrasound
signals as compared to recordings at the seismic sensors.

In parallel with the present study, we have processed the same data set using cross-correlation
techniques combined with a detection statistic. These results are comparable to those presented
in the present study, but a detailed comparison will require further work concerning setting of
window and filter parameters, threshold setting and data quality control.

For the time interval April - June 2008 we have also processed the infrasound data from Apa-
tity, as well as from the stations of the Swedish Infrasound Network using the method
described in this contribution. A natural next step is to combine the signal detections from this
dense network of six infrasound stations in Northern Europe to obtain information about the
infrasound sources.

Section 6.4 is a continued overview of NORSAR system responses, specifically addressing the
NORES and ARCES arrays. This series of contributions is aiming to recalculate and organize
all of the system instrument responses of the seismic facilities operated by NORSAR, from the
time of the first installation to the present. All sources of information are being catalogued and
archived. Furthermore, detailed documentation is being compiled, describing the methodology
followed to obtain the necessary information, the calculation of the responses, as well as more
practical issues, such as organizing and storing the results for future usage. Therefore, no infor-
mation such as individual instrument poles and zeroes, serial numbers, sensitivity values, etc.
are provided here; instead, the reader is referred to the relevant NORSAR internal documenta-
tion.

Frode Ringdal
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2 Operation of International Monitoring System (IMS) Stations
in Norway

2.1 PS27 — Primary Seismic Station NOA

The mission-capable data statistics were 100%, the same as for the previous reporting period.
The net instrument availability was 96.165%.

There were no outages of all subarrays at the same time in the reporting period.

Monthly uptimes for the NORSAR on-line data recording task, taking into account all factors
(field installations, transmissions line, data center operation) affecting this task were as
follows:

Net

2008 Mission instrument
Capable availability

January 100% 98.408%
February 100% 97.130%
March 100% 95.235%
April : 100% 95.236%
May : 100% 95.234%
June : 100% 95.766%

B. Paulsen

NOA Event Detection Operation

In Table 2.1.1 some monthly statistics of the Detection and Event Processor operation are
given. The table lists the total number of detections (DPX) triggered by the on-line detector, the
total number of detections processed by the automatic event processor (EPX) and the total
number of events accepted after analyst review (teleseismic phases, core phases and total).

Total Total Accepted Events Sum Daily
DPX EPX P-phases Core
Phases
Jan 11,411 765 195 52 247 8.0
Feb 10,918 825 231 52 283 9.8
Mar 12,130 1,016 326 59 385 12.4
Apr 8,553 984 293 89 382 12.7
May 5,354 1,044 601 69 670 21.6
Jun 6,544 880 433 65 498 16.6
54,910 5,514 2,079 386 2,465 13.5

Table 2.1.1. Detection and Event Processor statistics, 1 January - 30 June 2008.
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NOA detections

The number of detections (phases) reported by the NORSAR detector during day 001, 2008,
through day 182, 2008, was 54,910, giving an average of 301 detections per processed day (182
days processed).

B. Paulsen
U. Baadshaug
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2.2 PS28 — Primary Seismic Station ARCES

The mission-capable data statistics were 99.904%, as compared to 99.994% for the previous
reporting period. The net instrument availability was 97.639%.

The main outages in the period are presented in Table 2.2.1.

Day Period
31 Jan 13.54-14.14
31 Jan 14.14-14.36
31 Jan 14.54-15.03
31 Jan 21.46-22.08
31 Jan 22.42-22.56
01 Feb 04.11-04.24
01 Feb 04.28-04.46
12 Mar 12.36-12.47
12 Mar 12.49-12.50
12 Mar 13.05-13.14
15May  14.37-14.43
15May  14.44-14.53
20 May  20.03-20.08
20 May  20.09-20.18
20 May  23.29-23.38
21 May  08.30-08.38
09 Jun 12.54-13.04
30 Jun 16.15-16.22
30 Jun 17.46-17.52
30 Jun 17.53-18.00
30 Jun 19.42-19.48
30 Jun 19.54-20.03

Table 2.2.1. The main interruptions in recording of ARCES data at NDPC, 1 January -
30 June 2008.
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Monthly uptimes for the ARCES on-line data recording task, taking into account all factors
(field installations, transmission lines, data center operation) affecting this task were as
follows:

Net

2008 Mission instrument

Capable  availability
January : 99.758% 99.639%
February :99.925% 99.913%
March : 0 99.954% 99.449%
April : 100% 98.588%
May : 99.893% 93.276%
June : 99.895% 95.062%

B. Paulsen

Event Detection Operation

ARCES detections

The number of detections (phases) reported during day 001, 2008, through day 182, 2008, was
168,466, giving an average of 926 detections per processed day (182 days processed).

Events automatically located by ARCES

During days 001, 2008, through 182, 2008, 10,378 local and regional events were located by
ARCES, based on automatic association of P- and S-type arrivals. This gives an average of
57.0 events per processed day (182 days processed). 57% of these events are within 300 km,
and 83 % of these events are within 1000 km.

U. Baadshaug
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2.3  AS72 — Auxiliary Seismic Station Spitsbergen

The mission-capable data for the period were 95.609%, as compared to 89.160% for the previ-
ous reporting period. The net instrument availability was 79.659%.

The main outages in the period are presented in Table 2.3.1.

Day Period
25Mar  09.42-09.59
25 Mar 14.28-00.00
26 Mar  00.00-08.59
26 Mar  09.35-23.59
27Mar  00.00-23.59
28 Mar  00.00-23.59
29 Mar  00.00-23.59
30 Mar  00.00-23.59
31 Mar  00.00-23.59
01 Apr 00.00-23.59
02 Apr 00.00-13.42
23 Apr 08.07-08.22
23 Apr 09.27-09.42
04 Jun 07.03-07.19

Table 2.31. The main interruptions in recording of Spitsbergen data at NDPC, I January -
30 June 2008.

Monthly uptimes for the Spitsbergen on-line data recording task, taking into account all factors
(field installations, transmissions line, data center operation) affecting this task were as fol-
lows:

Net
2008 Mission instrument
Capable  availability
January : 100% 85.633%
February :99.999% 85.711%
March : 79.406% 68.021%
April : 94.683% 80.610%
May :99.999% 85.655%
June :99.963% 72.515%

B. Paulsen




NORSAR Sci. Rep. 2-2008 August 2008

Event Detection Operation

Spitsbergen array detections

The number of detections (phases) reported from day 001, 2008, through day 182, 2008, was
392,136, giving an average of 2,228 detections per processed day (182 days processed).

Events automatically located by the Spitsbergen array

During days 001, 2008 through 182, 2008, 30,527 local and regional events were located by the
Spitsbergen array, based on automatic association of P- and S-type arrivals. This gives an aver-
age of 173.4 events per processed day (182 days processed). 77% of these events are within
300 km, and 92% of these events are within 1000 km.

U. Baadshaug
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2.4  AS73 — Auxiliary Seismic Station at Jan Mayen

The IMS auxiliary seismic network includes a three-component station on the Norwegian
island of Jan Mayen. The station location given in the protocol to the Comprehensive Nuclear-
Test-Ban Treaty is 70.9°N, 8.7°W.

The University of Bergen has operated a seismic station at this location since 1970. A so-called
Parent Network Station Assessment for AS73 was completed in April 2002. A vault at a new
location (71.0°N, 8.5°W) was prepared in early 2003, after its location had been approved by
the PrepCom. New equipment was installed in this vault in October 2003, as a cooperative
effort between NORSAR and the CTBTO/PTS. Continuous data from this station are being
transmitted to the NDC at Kjeller via a satellite link installed in April 2000. Data are also made
available to the University of Bergen.

The station was certified by the CTBTO/PTS on 12 June 2006.
J. Fyen

2.5 IS37 — Infrasound Station at Karasjok

The IMS infrasound network will include a station at Karasjok in northern Norway. The coor-
dinates given for this station are 69.5°N, 25.5°E. These coordinates coincide with those of the
primary seismic station PS28.

A site survey for this station was carried out during June/July 1998 as a cooperative effort
between the CTBTO/PTS and NORSAR. The site survey led to a recommendation on the exact
location of the infrasound station. There was, however, a strong local opposition against estab-
lishing the station at the recommended location, and two alternative sites were identified. The
appropriate applications were sent to the local authorities to obtain the permissions needed to
establish the station at one of these alternative locations. Both applications were turned down
by the local governing council in June 2007. Discussions are currently underway with local
stakeholders, in an attempt to identify a location for the station that will be acceptable to all
parties.

A site preparation contract has been signed with the PTS. Due to scarce vegetation, possible
high winds and difficult arctic operating conditions, the PTS has accepted our proposal to build
a station comprising 9 elements.

J. Fyen

2.6 RN49 — Radionuclide Station on Spitsbergen

The IMS radionuclide network includes a station on the island of Spitsbergen. This station has
been selected to be among those IMS radionuclide stations that will monitor for the presence of
relevant noble gases upon entry into force of the CTBT.

A site survey for this station was carried out in August of 1999 by NORSAR, in cooperation
with the Norwegian Radiation Protection Authority. The site survey report to the PTS con-
tained a recommendation to establish this station at Platdberget, near Longyearbyen. The infra-
structure for housing the station equipment was established in early 2001, and a noble gas
detection system, based on the Swedish “SAUNA” design, was installed at this site in May
2001, as part of PrepCom’s noble gas experiment. A particulate station (“ARAME” design)
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was installed at the same location in September 2001. A certification visit to the particulate sta-
tion took place in October 2002, and the particulate station was certified on 10 June 2003. Both
systems underwent substantial upgrading in May/June 2006. The equipment at RN49 is being
maintained and operated under a contract with the CTBTO/PTS.

S. MykKeltveit
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3 Contributing Regional Seismic Arrays

3.1 NORES

NORES has been out of operation since lightning destroyed the station electronics on 11 June
2002.

B. Paulsen

3.2  Hagfors (IMS Station AS101)

Data from the Hagfors array are made available continuously to NORSAR through a coopera-
tive agreement with Swedish authorities.

The mission-capable data statistics were 99.970%, as compared to 99.980% for the previous
reporting period. The net instrument availability was 99.880%.

The main outages in the period are presented in Table 3.2.1.

Day Period
22 Jan 09.03-09.06
31 Jan 17.43-17.46
04 Feb 23.03-23.06
02 Mar 00.03-00.07
02 Mar 06.03-06.07
12 Mar 05.03-05.07
21 Mar 05.04-05.07
24 Mar 17.44-17.47
13 Apr 10.24-10.27
18 Apr 03.44-03.47
25 Apr 08.04-08.08
25 Apr 19.24-19.28
03 May  22.44-22.48
04 May  14.04-14.08
17 May  02.25-02.28
17May  19.05-19.08
18 May  12.25-12.28
27 May  09.05-09.08
29 May  11.05-11.08
15 Jun 14.25-14.29
19 Jun 04.25-04.28

12
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Day Period
24 Jun 06.45-06.48
27 Jun 02.45-02.49

Table 3.2.1. The main interruptions in recording of Hagfors data at NDPC, 1 January -
30 June 2008.

Monthly uptimes for the Hagfors on-line data recording task, taking into account all factors
(field installations, transmissions line, data center operation) affecting this task were as
follows:

Net

2008 Mission instrument

Capable availability
January :99.987% 99.986%
February :99.992% 99.429%
March :99.962% 99.961%
April :99.968% 99.967%
May :99.943% 99.942%
June : 0 99.970% 99.969%

B. Paulsen

Hagfors Event Detection Operation

Hagfors array detections

The number of detections (phases) reported from day 001, 2008, through day 182, 2008, was
137,784, giving an average of 757 detections per processed day (182 days processed).

Events automatically located by the Hagfors array

During days 001, 2008, through 182, 2008, 3,563 local and regional events were located by the
Hagfors array, based on automatic association of P- and S-type arrivals. This gives an average
of 19.6 events per processed day (182 days processed). 79% of these events are within 300 km,
and 95% of these events are within 1000 km.

U. Baadshaug
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3.3 FINES (IMS station PS17)

Data from the FINES array are made available continuously to NORSAR through a coopera-
tive agreement with Finnish authorities.

The mission-capable data statistics were 99.986%, as compared to 96.691% for the previous
reporting period. The net instrument availability was 98.800%.

The main outages in the period are presented in Table 3.3.1.

Day Period
05 Jan 23.24-00.00
20 Feb 13.57-13.58
21 Feb 10.04-10.05

Table 3.2.1. The main interruptions in recording of FINES data at NDPC, 1 January -
30 June 2008.

Monthly uptimes for the FINES on-line data recording task, taking into account all factors
(field installations, transmissions line, data center operation) affecting this task were as fol-
lows:

Net

2008 Mission instrument

Capable  availability
January :99.920% 99.661%
February : 0 99.994% 99.421%
March : 100% 99.796%
April : 100% 97.209%
May : 100% 100%
June : 100% 96.630%

B. Paulsen

FINES Event Detection Operation

FINES detections

The number of detections (phases) reported during day 001, 2008, through day 182, 2008, was
53,021, giving an average of 291 detections per processed day (182 days processed).

Events automatically located by FINES

During days 001, 2008, through 182, 2008, 2,062 local and regional events were located by
FINES, based on automatic association of P- and S-type arrivals. This gives an average of 11.3
events per processed day (182 days processed). 89% of these events are within 300 km, and
95% of these events are within 1000 km.

U. Baadshaug
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3.4 Regional Monitoring System Operation and Analysis

The Regional Monitoring System (RMS) was installed at NORSAR in December 1989 and has
been operated at NORSAR from 1 January 1990 for automatic processing of data from ARCES
and NORES. A second version of RMS that accepts data from an arbitrary number of arrays
and single 3-component stations was installed at NORSAR in October 1991, and regular oper-
ation of the system comprising analysis of data from the 4 arrays ARCES, NORES, FINES and
GERES started on 15 October 1991. As opposed to the first version of RMS, the one in current
operation also has the capability of locating events at teleseismic distances.

Data from the Apatity array was included on 14 December 1992, and from the Spitsbergen
array on 12 January 1994. Detections from the Hagfors array were available to the analysts and
could be added manually during analysis from 6 December 1994. After 2 February 1995, Hag-
fors detections were also used in the automatic phase association.

Since 24 April 1999, RMS has processed data from all the seven regional arrays ARCES,
NORES, FINES, GERES (until January 2000), Apatity, Spitsbergen, and Hagfors. Starting

19 September 1999, waveforms and detections from the NORSAR array have also been avail-
able to the analyst.

Phase and event statistics

Table 3.5.1 gives a summary of phase detections and events declared by RMS. From top to bot-
tom the table gives the total number of detections by the RMS, the number of detections that
are associated with events automatically declared by the RMS, the number of detections that
are not associated with any events, the number of events automatically declared by the RMS,
and finally the total number of events worked on interactively (in accordance with criteria that
vary over time; see below) and defined by the analyst.

New criteria for interactive event analysis were introduced from 1 January 1994. Since that
date, only regional events in areas of special interest (e.g, Spitsbergen, since it is necessary to
acquire new knowledge in this region) or other significant events (e.g, felt earthquakes and
large industrial explosions) were thoroughly analyzed. Teleseismic events of special interest
are also analyzed.

To further reduce the workload on the analysts, a new processing scheme was introduced on 2
February 1995. The GBF (Generalized Beamforming) program is used as a pre-processor to
RMS, and only phases associated with selected events in northern Europe are considered in the
automatic RMS phase association. All detections, however, are still available to the analysts
and can be added manually during analysis.
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Jan Feb Mar Apr May Jun Total
08 08 08 08 08 08
Phase detections 154.415| 145.482| 161,045| 141.179| 156,807| 141,294 900,222
- Associated phases 4,564 9,622 7,540 6,329 6,086 5,103 39,244
- Unassociated phases 149,851 135,860( 153,505 134,850 150,721| 136,191 860,978
Events automatically 941 1,719 1,456 1,158 1,155 1,000 7,429
declared by RMS
No. of events defined by 51 182 81 94 94 75 577
the analyst

Table 3.5.1. RMS phase detections and event summary 1 January - 30 June 2008.

U. Baadshaug
B. Paulsen
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4 NDC and Field Activities

4.1 NDC Activitities

NORSAR functions as the Norwegian National Data Center (NDC) for CTBT verification. Six
monitoring stations, comprising altogether 132 field sensors plus radionuclide monitoring
equipment, will be located on Norwegian territory as part of the future IMS as described else-
where in this report. The four seismic IMS stations are all in operation today, and all of them
are currently providing data to the CTBTO on a regular basis. PS27, PS28, AS73 and RN49 are
all certified. The infrasound station in northern Norway is planned to be established within next
year. Data recorded by the Norwegian stations is being transmitted in real time to the Norwe-
gian NDC, and provided to the IDC through the Global Communications Infrastructure (GCI).
Norway is connected to the GCI with a frame relay link to Vienna.

Operating the Norwegian IMS stations continues to require significant efforts by personnel
both at the NDC and in the field. Strictly defined procedures as well as increased emphasis on
regularity of data recording and timely data transmission to the IDC in Vienna have led to
increased reporting activities and implementation of new procedures for the NDC. The NDC
carries out all the technical tasks required in support of Norway’s treaty obligations. NORSAR
will also carry out assessments of events of special interest, and advise the Norwegian authori-
ties in technical matters relating to treaty compliance. A challenge for the NDC is to carry 40
years’ experience over to the next generation of personnel.

Verification functions; information received from the IDC

After the CTBT enters into force, the IDC will provide data for a large number of events each
day, but will not assess whether any of them are likely to be nuclear explosions. Such assess-
ments will be the task of the States Parties, and it is important to develop the necessary national
expertise in the participating countries. An important task for the Norwegian NDC will thus be
to make independent assessments of events of particular interest to Norway, and to communi-
cate the results of these analyses to the Norwegian Ministry of Foreign Affairs.

Monitoring the Arctic region

Norway will have monitoring stations of key importance for covering the Arctic, including
Novaya Zemlya, and Norwegian experts have a unique competence in assessing events in this
region. On several occasions in the past, seismic events near Novaya Zemlya have caused
political concern, and NORSAR specialists have contributed to clarifying these issues.

International cooperation

After entry into force of the treaty, a number of countries are expected to establish national
expertise to contribute to the treaty verification on a global basis. Norwegian experts have been
in contact with experts from several countries with the aim of establishing bilateral or multi-
lateral cooperation in this field. One interesting possibility for the future is to establish
NORSAR as a regional center for European cooperation in the CTBT verification activities.
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NORSAR event processing

The automatic routine processing of NORSAR events as described in NORSAR Sci. Rep. No.
2-93/94, has been running satisfactorily. The analyst tools for reviewing and updating the solu-
tions have been continually modified to simplify operations and improve results. NORSAR is
currently applying teleseismic detection and event processing using the large-aperture NOA
array as well as regional monitoring using the network of small-aperture arrays in Fennoscan-
dia and adjacent areas.

Communication topology

Norway has implemented an independent subnetwork, which connects the IMS stations AS72,
AS73, PS28, and RN49 operated by NORSAR to the GCI at NOR_NDC. A contract has been
concluded and VSAT antennas have been installed at each station in the network. Under the
same contract, VSAT antennas for 6 of the PS27 subarrays have been installed for intra-array
communication. The seventh subarray is connected to the central recording facility via a leased
land line. The central recording facility for PS27 is connected directly to the GCI (Basic
Topology). All the VSAT communication is functioning satisfactorily. As of 10 June 2005,
AS72 and RN49 are connected to NOR_NDC through a VPN link.

Jan Fyen

4.2  Status Report: Provision of data from Norwegian seismic IMS stations
to the IDC

Introduction

This contribution is a report for the period January - June 2008 on activities associated with
provision of data from Norwegian seismic IMS stations to the International Data Centre (IDC)
in Vienna. This report represents an update of contributions that can be found in previous edi-
tions of NORSAR’s Semiannual Technical Summary. All four Norwegian seismic stations
providing data to the IDC have now been formally certified.

Norwegian IMS stations and communications arrangements

During the reporting interval, Norway has provided data to the IDC from the four seismic sta-
tions shown in Fig. 4.2.1. PS27 —NOA is a 60 km aperture teleseismic array, comprised of 7

subarrays, each containing six vertical short period sensors and a three-component broadband
instrument. PS28 — ARCES is a 25-element regional array with an aperture of 3 km, whereas
AS72 — Spitsbergen array (station code SPITS) has 9 elements within a 1-km aperture. AS73
— JMIC has a single three-component broadband instrument.

The intra-array communication for NOA utilizes a land line for subarray NC6 and VSAT links
based on TDMA technology for the other 6 subarrays. The central recording facility for NOA
is located at the Norwegian National Data Center (NOR_NDC).

Continuous ARCES data are transmitted from the ARCES site to NOR_NDC using a
64 kbits/s VSAT satellite link, based on BOD technology.

Continuous SPITS data were transmitted to NOR_NDC via a VSAT terminal located at
Platiberget in Longyearbyen (which is the site of the IMS radionuclide monitoring station
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RN49 installed during 2001) up to 10 June 2005. The central recording facility (CRF) for the
SPITS array has been moved to the University of Spitsbergen (UNIS). A 512 bps SHDSL link
has been established between UNIS and NOR_NDC. Data from the array elements to the CRF
are transmitted via a 2.4 Ghz radio link (Wilan VIP-110). Both AS72 and RN49 data are now
transmitted to NOR_NDC over this link using VPN technology.

A minimum of seven-day station buffers have been established at the ARCES and SPITS sites
and at all NOA subarray sites, as well as at the NOR_NDC for ARCES, SPITS and NOA. In
addition, each individual site of the SPITS array has a 14-day buffer.

The NOA and ARCES arrays are primary stations in the IMS network, which implies that data
from these stations is transmitted continuously to the receiving international data center. Since
October 1999, this data has been transmitted (from NOR_NDC) via the Global Communica-
tions Infrastructure (GCI) to the IDC in Vienna. Data from the auxiliary array station SPITS —
AS72 have been sent in continuous mode to the IDC during the reporting period. AS73 —
JMIC is an auxiliary station in the IMS, and the JMIC data have been available to the IDC
throughout the reporting period on a request basis via use of the AutoDRM protocol (Krado-
Ifer, 1993; Kradolfer, 1996). In addition, continuous data from all three arrays is transmitted to
the US_NDC.

Uptimes and data availability

Figs. 4.2.2 and 4.2.3 show the monthly uptimes for the Norwegian IMS primary stations
ARCES and NOA, respectively, for the reporting period given as the hatched (taller) bars in
these figures. These barplots reflect the percentage of the waveform data that is available in the
NOR_NDC data archives for these two arrays. The downtimes inferred from these figures thus
represent the cumulative effect of field equipment outages, station site to NOR_NDC commu-
nication outage, and NOR_NDC data acquisition outages.

Figs. 4.2.2 and 4.2.3 also give the data availability for these two stations as reported by the IDC
in the IDC Station Status reports. The main reason for the discrepancies between the
NOR_NDC and IDC data availabilities as observed from these figures is the difference in the
ways the two data centers report data availability for arrays: Whereas NOR_NDC reports an
array station to be up and available if at least one channel produces useful data, the IDC uses
weights where the reported availability (capability) is based on the number of actually operat-
ing channels.

Use of the AutoDRM protocol

NOR_NDC’s AutoDRM has been operational since November 1995 (Mykkeltveit & Baads-
haug, 1996). The monthly number of requests by the IDC for JMIC data for the period January
- June 2008 is shown in Fig. 4.2.4.

NDC automatic processing and data analysis

These tasks have proceeded in accordance with the descriptions given in Mykkeltveit and
Baadshaug (1996). For the reporting period NOR_NDC derived information on 425 supple-
mentary events in northern Europe and submitted this information to the Finnish NDC as the
NOR_NDC contribution to the joint Nordic Supplementary (Gamma) Bulletin, which in turn is
forwarded to the IDC. These events are plotted in Fig. 4.2.5.
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Data access for the station NIL at Nilore, Pakistan

NOR_NDC continued to provide access to the seismic station NIL at Nilore, Pakistan, through
a VSAT satellite link between NOR_NDC and Pakistan’s NDC in Nilore. On 10 December
2006, the VSAT ground station in Nilore was damaged by lightning. It was brought back into
operation on 14 December 2006 through use of spare units stored on-site.

Current developments and future plans

NOR_NDC is continuing the efforts towards improving and hardening all critical data acquisi-
tion and data forwarding hardware and software components, so as to meet the requirements
related to operation of IMS stations.

The NOA array was formally certified by the PTS on 28 July 2000, and a contract with the PTS
in Vienna currently provides partial funding for operation and maintenance of this station. The
ARCES array was formally certified by the PTS on 8§ November 2001, and a contract with the
PTS is in place which also provides for partial funding of the operation and maintenance of this
station. The operation of the two IMS auxiliary seismic stations on Norwegian territory (Spits-
bergen and Jan Mayen) is funded by the Norwegian Ministry of Foreign Affairs. Provided that
adequate funding continues to be made available (from the PTS and the Norwegian Ministry of
Foreign Affairs), we envisage continuing the provision of data from all Norwegian seismic
IMS stations without interruption to the IDC in Vienna.

U. Baadshaug
S. Mykkeltveit

J. Fyen

References

Kradolfer, U. (1993): Automating the exchange of earthquake information. EOS, Trans.,
AGU, 74, 442.

Kradolfer, U. (1996): AutoDRM — The first five years, Seism. Res. Lett., 67, 4, 30-33.

Mykkeltveit, S. & U. Baadshaug (1996): Norway’s NDC: Experience from the first eighteen
months of the full-scale phase of GSETT-3. Semiann. Tech. Summ., 1 October 1995 -
31 March 1996, NORSAR Sci. Rep. No. 2-95/96, Kjeller, Norway.

20



August 2008

NORSAR Sci. Rep. 2-2008

° SPITS
o
<X s % +SPITS
o O
o O
l 1 km
2
« JMIC
NOA

| o ©
—_— 1) o o©
60 km o %80 0
03 o
o o o
[o]
9
60° | NOA A 1 km
/
NOR| ND
| \
io 3
o x

Fig. 4.2.1. The figure shows the locations and configurations of the three Norwegian seismic IMS
array stations that provided data to the IDC during the period January - June 2008. The data

from these stations and the JMIC three-component station are transmitted continuously and
in real time to the Norwegian NDC (NOR_NDC). The stations NOA and ARCES are primary

IMS stations, whereas SPITS and JMIC are auxiliary IMS stations.
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ARCES data availability at NDC and IDC
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Fig. 4.2.2. The figure shows the monthly availability of ARCES array data for the period January -
June 2008 at NOR_NDC and the IDC. See the text for explanation of differences in definition
of the term “data availability” between the two centers. The higher values (hatched bars)
represent the NOR_NDC data availability.
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Fig. 4.2.3. The figure shows the monthly availability of NORSAR array data for the period January
- June 2008 at NOR_NDC and the IDC. See the text for explanation of differences in defini-
tion of the term “data availability” between the two centers. The higher values (hatched
bars) represent the NOR_NDC data availability.
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Fig. 4.2.4. The figure shows the monthly number of requests received by NOR_NDC from the IDC
for IMIC waveform segments during January - June 2008.
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Fig. 4.2.5. The map shows the 705 events in and around Norway contributed by NOR_NDC during
January - June 2008 as supplementary (Gamma) events to the IDC, as part of the Nordic
supplementary data compiled by the Finnish NDC. The map also shows the main seismic sta-
tions used in the data analysis to define these events.
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4.3 Field Activities

The activities at the NORSAR Maintenance Center (NMC) at Hamar currently include work
related to operation and maintenance of the following IMS seismic stations: the NOA teleseis-
mic array (PS27), the ARCES array (PS28) and the Spitsbergen array (AS72). Some work has
also been carried out in connection with the seismic station on Jan Mayen (AS73), the radionu-
clide station at Spitsbergen (RN49), and preparations for the infrasound station at Karasjok
(IS37). NORSAR also acts as a consultant for the operation and maintenance of the Hagfors
array in Sweden (AS101).

NORSAR carries out the field activities relating to IMS stations in a manner generally consis-
tent with the requirements specified in the appropriate IMS Operational Manuals, which are
currently being developed by Working Group B of the Preparatory Commission. For seismic
stations these specifications are contained in the Operational Manual for Seismological Moni-
toring and the International Exchange of Seismological Data (CTBT/WGB/TL-11/2), currently
available in a draft version.

All regular maintenance on the NORSAR field systems is conducted on a one-shift-per-day,
five-day-per-week basis. The maintenance tasks include:

*  Operating and maintaining the seismic sensors and the associated digitizers, authentication
devices and other electronics components.

*  Maintaining the power supply to the field sites as well as backup power supplies.

*  Operating and maintaining the VSATs, the data acquisition systems and the intra-array
data transmission systems.

* Assisting the NDC in evaluating the data quality and making the necessary changes in gain
settings, frequency response and other operating characteristics as required.

* Carrying out preventive, routine and emergency maintenance to ensure that all field sys-
tems operate properly.

*  Maintaining a computerized record of the utilization, status, and maintenance history of all
site equipment.

*  Providing appropriate security measures to protect against incidents such as intrusion,
theft and vandalism at the field installations.

Details of the daily maintenance activities are kept locally. As part of its contract with
CTBTO/PTS NORSAR submits, when applicable, problem reports, outage notification reports
and equipment status reports. The contents of these reports and the circumstances under which
they will be submitted are specified in the draft Operational Manual.

P.W. Larsen
K.A. Loken
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6 Summary of Technical Reports/Papers Published

6.1 Initial studiesof high-frequency signalsrecorded at ARCES
Soonsored by US Army Space and Missile Defence Command, Contract No. W9113M-05-C-0224

1. Introduction

Over the years, the regiona processing system at NORSAR has detected a number of small
seismic events on or near Novaya Zemlya. As estimated by Ringdal (1997), the threshold of the
array network to confidently detect and locate seismic eventsin this region is about magnitude
2.5. The two regional arrays Spitsbergen and ARCES are by far the most sensitive monitoring
stations for Novaya Zemlya and adjacent regions, and these two arrays therefore effectively
determine the monitoring capability of the network for that area.

Until 2005, the sampling rates of the Spitsbergen and ARCES arrays were 40 Hz, which lim-
ited the frequency range of recorded signals to less than the Nyquist frequency of 20 Hz. Nev-
ertheless, several studies have been carried out emphasizing the outstanding quality of high-
frequency seismic recordings and the potential usefulness of such recordings, in particular for
the Spitsbergen array. Thisincludes several contributionsin previous NORSAR Semiannual
Technical Summaries, aswell as a publication by Bowers et. al. (2001).

The upgrade in 2005 of the Spitsbergen array, which included the installation of five new three-
component seismometers as well as an increase of the sampling rate from 40 to 80 Hz, has
resulted in a significant improvement in the processing at Spitsbergen of seismic events at
regional distances (Ringdal et al., 2007). For example, S-phase detection at the array has been
significantly improved as aresult of the data provided by the new three-component seismome-
ters. Furthermore, the increased sample rate has made possible studies of high-frequency prop-
agation up to a Nyquist frequency of 40 Hz. During 2006 and 2007 we recorded four small
seismic events close to Novaya Zemlya, and with the increased sampling rate, this enabled us
to study the high-frequency propagation across the Barents Sea from Novaya Zemlyato Spits-
bergen in some detail. These studies showed that significant signal energy could be observed at
frequencies well above 20 Hz, which is remarkable for low-magnitude events (in the range
mp=2.2 t0 2.7) at an epicentral distance of more than 1000 km.

One of the recommendations made as aresult of these studies was to increase the sampling rate
of the ARCES array in order to investigate if the high-frequency propagation could match that
observed at Spitsbergen. While this has not been done fully, arecent development has been the
installation of additional recording equipment at the center broadband element of ARCES. This
new equipment comprises a Guralp digitizer, with a sampling rate of 100 Hz, applied to all
three components of the broadband seismometer install ation. These data are extracted in paral-
lel with the regular broadband data, which are digitized at a 40 Hz rate, using a Nanometrics
digitizer. The high-frequency data have been available at the NORSAR data center since 23
March 2008.
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2. High-frequency ARCES recordings

We have carried out an initial investigation of recordings of high-frequency seismic waves at
the ARCES array. This contribution describes initial results from these studies. We have ana-
lyzed in detail a number of seismic events at regional distances from ARCES, with epicentral
distances ranging from 270 to about 1300 km, and assessed the amount of high-frequency sig-
nal energy observed at the station.

In the following paragraphs, we discuss in detail some of these observations. The events dis-
cussed herearelisted in Table 6.1.1, and the locations are shown in Figure 6.1.1. We begin with
the closest events, and then proceed to increasing distances.

Event 1: Troms, Norway (Distance 270 km).

Thisisasmall earthquake (magnitude 2.71) at arelatively close distance to ARCES (270 km)
and results from processing this event are shown in Figure 6.1.2. Not surprisingly, thereisa
large amount of signal energy at all frequencies up to the 50 Hz Nyquist frequency. From the
filtered time-domain plots, we note that the phases Pg and Lg are most pronounced in the lower
frequency bands. In contrast, Pn and Sn are not visible with the 1-2 Hz filter but become suc-
cessively more pronounced in the higher frequency filter bands. It is also noteworthy, and in
fact relatively typical for all the events analyzed so far, that the signal becomes more emergent
and with less distinctive onset of secondary phases at the highest frequencies.

With regard to signal-to-noise ratio (SNR), we can see from the spectra that the best SNR for
the Pn phase isin the 8-16 Hz band. Therefore, the introduction of high frequency sensors
would not appear to improve the detection thresholds for earthquakes at these distances, but
would be expected to be useful for event characterization.

Events 2 and 3: Kiruna, Swveden (Distance 280 km).

Figure 6.1.3 shows two events (events 2 and 3 in Table 6.1.1) associated with the Kirunairon
ore mine in northern Sweden. These two events occurred only two minutes apart. In both cases,
there is observable energy in all the frequency bands shown, but the first (smaller) event, with
magnitude only 1.82, has alow SNR in the 30-45 Hz band. The events occurred at atime of
day (near 01 a.m. local time) which is characteristic for the explosion practice for this mine, but
thereisalso aknown rockburst activity in this underground mine. The second event (magnitude
2.45) islarger than the typical explosionsin this mine. It istherefore possible that this event
may have been arockburst, but we have not received confirmation from the mine authorities as
of the time of preparing this report.

Event 4. Malmberget/Aitik, Siveden (Distance about 330 km).

Figure 6.1.4 shows another mining event, thistime from the Mamberget/Aitik areain northern
Sweden. Mamberget is an underground iron ore mine, whereas Aitik is anearby open-pit cop-
per mine. The timing and size of the event is consistent with the explosion practice at Aiitik,
although we have not received confirmation from the mine authorities. A particularly interest-
ing observation is madefrom the spectrogram of this event, which shows distinct spectral lines,
which is a characteristic feature for many ripple-fired explosions. It appears that the large band-
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width provided by the high-frequency recordings could be helpful in some cases identifying
ripple-fired mining exposions.

Event 5: Khibiny, Kola Peninsula, Russia (Distance about 400 km).

Figure 6.1.5 shows atypical, large explosion in the Khibiny mine on the Kola Peninsula. The
magnitude is 2.53 and the distance to ARCES is about 400 km. Again, we see significant
energy well above 30 Hz, mainly for the Pn and Sn phases. At the lowest frequencies, all four
phases (Pn, Pg, Sn, Lg) can be observed. The best SNR for the Pn phase in this caseisin the 4-
8 Hz band. All of the large mining explosions in Khibiny are ripple-fired, and there are indica-
tions of banding in the spectrogram, although not as clear as for Event 4.

Event 6: Seigen, northern Norway (Distance about 460 km).

Thisis an earthquake (magnitude 3.6 as reported by the IDC) in an area known for numerous
earthquake sequences in the past. We notein particular the very strong Pg and Lg phasesin the
two lowest filter bands on Figure 6.1.6. At the higher frequencies, the Pn and Sn phases
become increasingly dominant. Again we see significant energy almost up to the Nyquist fre-
quency of 50 Hz, mainly for the Pn and Sn phases.

Event 7: Sorfjorden-Heerland, Spitsbergen (Distance about 860 km).

The remaining three cases are at considerably greater distances than thefirst five. Case 6 isone
example of an earthquake in alarge earthquake aftershock sequence south of Spitsbergen. The
main shock occurred on 21 February 2008 at 02.46.17 GMT. The magnitude of this earthquake
was 6.2, making it the largest instrumentally recorded intraplate earthquake in Norway and sur-
rounding areas. An illustration of the heavy aftershock activity is shown on Figure 6.1.7, which
isasimulated helicorder plot covering afull day (25 February). Figure 6.1.8 corresponds to
one of the aftershocks occurring after the high-frequency system wasinstalled at ARCES. The
event magnitude is 4.0 as reported by the IDC. Like for the shorter epicentral distances, we
note that there is significant signal energy even above 40 Hz. Again, the Pn and Sn phases are
dominant. However, in the 1-2 Hz filter thereisaclear Lg phase. Thisis surprising since we
have previously observed that Lgis generally blocked for most paths crossing the Barents Sea.
However, the vespagram shown on Figure 6.1.9 leaves no doubt that thisisindeed an Lg phase.

Event 8: Knipovich Ridge (Distance about 960 km).

This earthquake, with magnitude 4.1 as reported by the IDC, is the only non-intraplate earth-
quake in our data set. It islocated on the northern Atlantic ridge system, and could be expected
to have more dominant low-frequency energy than the other events. We note from Figure
6.1.10 that thereis no visible signal in the 30-45 Hz band, but somewhat surprisingly, we note
from the waveform plots and the spectra that there is considerable SNR both for Pn and Sn at
frequencies as high as the 16-32 Hz band. The best SNR is found between 3 and 10 Hz.

Event 9: North of Svalbard (Distance about 1290 km).

This event, which is shown on Figure 6.1.11, is the event with the greatest epicentral distance
(1290 km) from the ARCES array in the data set analyzed. It is an intraplate earthquake,
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located on the continental slope north of Spitsbergen, with atravel path crossing the Svalbard
archipelago as well as the western Barents Sea. Somewhat surprisingly, even this small earth-
quake (IDC magnitude 3.8) at such alarge distance shows significant high frequency signal
energy in the 30-45 Hz band, especially for the Sn phase. Just like for the Storfjorden-Heerland
event, we see clear evidence of the Lg phase in the lowest frequency band (1-2 Hz), whichis
also surprising. The presence of the Lg phase is confirmed in the vespagram shown in Figure
6.1.12, athough it is not quite as pronounced as for Event 7.

3. Conclusions

We have carried out an initial study of seismic events at regional distances recorded by the
ARCES high-frequency seismic system, which was installed on 23 March 2008. The main con-
clusion is that these new observations consistently show remarkably efficient propagation at
frequencies up to 30 Hz and above. Thisresult is similar to what has been previously observed
at the Spitsbergen array for paths from Novaya Zemlya crossing the Barents Sea. The Spitsber-
gen studies showed that energy exceeding 20 Hz can be recorded with good signal-to-noise
ratio even for small events at epicentral distances as large as 1000 km and we see the same
result in this study.

We would like at this point to give some additional comments about the advantage of high-fre-
quency recordings. Among the filter bands studied here, the best filter band for event detection
across intraplate paths generally appears to be either 4-8 Hz or 8-16 Hz. However, the most
remarkable feature in this study is the strong SNR even at the highest frequencies (15-30 and
30-45 Hz). While such frequency bands would not be used for detection purposes, the high fre-
guency data could be very important for signal characterization, as aso pointed out by Bowers
et. al. (2001) in their paper discussing the level of deterrenceto possible CTBT violationsin the
Novaya Zemlya region provided by data from the Spitsbergen array. Another example would
be to assist in identifying ripple-fired mining explosions.

We should note that the available high-frequency data so far does not include events to the east
and north-east of the ARCES array, and the high-frequency propagation from the Novaya Zem-
lyaregion to ARCES is therefore still unknown. As more datais accumulated, we may bein a
position to carry out a more detailed study of the propagation characteristics for additional
paths in the region, and make a more systematic study of the benefits from combining the high-
frequency observations from Spitsbergen and ARCES. The usefulness of the horizontal com-
ponents for high-frequency S-phase detection, already demonstrated for the Spitsbergen array,
isalso an areathat needs further study for ARCES.

Frode Ringdal
Tormod Kvaarna
Steven J. Gibbons
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Table 1: Events analyzed in this study. Magnitudes are those of the IDC REB where
available, otherwise the GBF values automatically calculated at NORSAR are used.

Nr Date Origin time Lat Lon Dkm Region Magnitude
1 2008/04/24 | 115-17:14:56.0 | 69.59 | 18.57 | 270.3 | Troms, Norway 2.71 (GBF)
2 | 2008/04/12 | 103-23:17:05.0 | 67.77 | 20.41 | 285.2 | Kiruna, Sweden 1.82 (GBF)
3 | 2008/04/12 | 103-23:19:21.0 | 67.77 | 20.41 285.2 | Kiruna, Sweden 2.45 (GBF)
4 | 2008/04/01 | 092-17:08:10.0 | 67.03 | 21.09 | 333.5 | Malmberget/Aitik, Sweden | 2.12 (GBF)
5 | 2008/03/23 | 083-03:24:44.9 | 67.62 | 33.72 | 397.0 | Kola Peninsula, Russia 2.53 (GBF)
6 | 2008/04/11 | 102-06:02:55.1 | 67.90 | 15.09 | 458.8 | Steigen, Nordland, Norway | 3.6 (IDC)
7 | 2008/04/10 | 101-06:20:00.1 | 77.02 | 18.59 | 863.0 | Storfjorden, Svalbard 4.0 (IDC)
8 | 2008/04/07 | 098-23:51:14.2 | 76.38 | 7.24 | 961.4 | Knipovich Ridge 4.1 (IDC)
9 | 2008/03/24 | 084-18:28:18.1 | 80.89 | 15.84 | 1292.5 | North of Svalbard 3.8 (IDC)
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Figure 6.1.1 Map of the European Arctic showing the location of the seismic events discussed in
the text, together with the location of the ARCES and Spitsbergen arrays.
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Figure 6.1.2 This page and the next page contain panels showing various displays representing
the vertical component of the ARCES high-frequency seismometer for Event 1 (Troms,
Norway, at a distance of about 270 km): a) Displays of 5 minutes of spectrogram and wave-
Jorm plot filtered with a 2.2 Hz high-pass filter. b) Waveform plot filtered in 6 different fre-
quency bands, with the main regional phases indicated. ¢c) Amplitude spectra of noise and
the phases indicated in the waveform plot: Noise (magenta), Pn (blue), Lg (green). See text
for details.
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Figure 6.1.3 This page and the next page contain panels showing various displays representing
the vertical component of the ARCES high-frequency seismometer for Events 2 and 3
(Kiruna, Sweden, at a distance of about 285 km): a) Displays of 5 minutes of spectrogram
and waveform plot filtered with a 2.2 Hz high-pass filter. b) Waveform plot filtered in 6 dif-
ferent frequency bands, with the main regional phases indicated. c) Amplitude spectra for
the two events of noise and the phases indicated in the waveform plot: Noise (magenta), Pn
(blue), Sn (green). See text for details.
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Figure 6.1.4 This page and the next page contain panels showing various displays representing
the vertical component of the ARCES high-frequency seismometer for Event 4 Malmberget/
Aitik, Sweden, at a distance of about 330 km): a) Displays of 5 minutes of spectrogram and
waveform plot filtered with a 2.2 Hz high-pass filter. b) Waveform plot filtered in 6 different
frequency bands, with the main regional phases indicated. ¢c) Amplitude spectra of noise
and the phases indicated in the waveform plot: Noise (magenta), Pn (blue), Sn (green). See
text for details.
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Figure 6.1.5 This page and the next page contain panels showing various displays representing
the vertical component of the ARCES high-frequency seismometer for Event 5 (Khibiny,
Kola Peninsula, Russia, at a distance of about 400 km): a) Displays of 5 minutes of spectro-
gram and waveform plot filtered with a 2.2 Hz high-pass filter. b) Waveform plot filtered in 6
different frequency bands, with the main regional phases indicated. ¢c) Amplitude spectra of
noise and phases indicated in the waveform plot: Noise (magenta), Pn (blue), Sn (green).
See text for details.
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Figure 6.1.6 This page and the next page contain panels showing various displays representing
the vertical component of the ARCES high-frequency seismometer for Event 6 (Steigen,
Norway, at a distance of about 460 km): a) Displays of 5 minutes of spectrogram and wave-
form plot filtered with a 2.2 Hz high-pass filter. b) Waveform plot filtered in 6 different fre-
quency bands, with the main regional phases indicated. ¢c) Amplitude spectra of noise and
tphases indicated in the waveform plot: Noise (magenta), Pn (blue), Sn (green), Lg (red).

See text for details.
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Figure6.1.7 Thisfigure shows a simulated helicorder plot of one day's data (25 February 2008) as
recorded by the Spitsbergen array central vertical component seismometer, filtered in the
band 2-8 Hz. Thisisthefifth day following the large earthquake on 21 February, but asis
apparent from the plot, the aftershock activity is till intense.
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Figure 6.1.8 This page and the next page contain panels showing various displays representing
the vertical component of the ARCES high-frequency seismometer for Event 7 (Storf-
jorden, Svalbard, Norway, at a distance of about 860 km): a) Displays of 5 minutes of spec-
trogram and waveform plot filtered with a 2.2 Hz high-pass filter. b) Waveform plot filtered
in 6 different frequency bands, with the main regional phases indicated. ¢c) Amplitude spec-
tra of noise and tphases indicated in the waveform plot: Noise (magenta), Pn (blue), Sn
(green). See text for details.
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Figure 6.1.9 Vespagram of the ARCES array at the time of Event 7. The beam is steered due
North. There are clear indications of Pn (slowness 0.1 s/km), Sn (slowness 0.15-0.20 /km)
and Lg (about 0.25 s/km).
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Figure 6.1.10 This page and the next page contain panels showing various displays representing
the vertical component of the ARCES high-frequency seismometer for Event 8 (Knipovich
Ridge, at a distance of about 960 km): a) Displays of 5 minutes of spectrogram and wave-
form plot filtered with a 2.2 Hz high-pass filter. b) Waveform plot filtered in 6 different fre-
quency bands, with the main regional phases indicated. ¢c) Amplitude spectra of noise and
tphases indicated in the waveform plot: Noise (magenta), Pn (blue), Sn (green). See text for
details.
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Figure 6.1.11 This page and the next page contain panels showing various displays representing
the vertical component of the ARCES high-frequency seismometer for Event 9 (North of
Svalbard, at a distance of about 1290 km): a) Displays of 5 minutes of spectrogram and
waveform plot filtered with a 2.2 Hz high-pass filter. b) Waveform plot filtered in 6 different
frequency bands, with the main regional phases indicated. ¢c) Amplitude spectra of noise
and tphases indicated in the waveform plot: Noise (magenta), Pn (blue), Sn (green). See
text for details.
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Figure 6.1.12 Vlespagram of the ARCES array at the time of Event 9. The beam is steered due
North. There are clear indications of Pn (slowness 0.1 s/km) and Sn (slowness 0.15-0.20 ¢
km). Thereis also evidence of the Lg phase ( slowness about 0.25 s’km).
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6.2  Setup of an experimental infrasound deployment within the ARCES
array

In mid-March 2008 NORSAR carried out an experimental installation of three micro-barome-
ters at the stations ARA1, ARA2 and ARB2 of the ARCES seismic array near Karasjok, north-
ern Norway. The purpose of this experiment was to compare the performance of
microbarographs to that of the seismometers with regard to recording infrasonic signals. The
full ARCES array has a diameter of about 3 km, whereas the distances between the three infra-
sound station is about 200 -300 m, as shown in Figure 6.2.1.

Figure 6.2.1. Map of the ARCES array with three infrasound sensors collocated with the seismic
stations ARAI, ARA2, ARB2.

The microbarometers used in the experimental infrasound array are Martec MB2500 instru-
ments with a bandwidth from 0.01 — 27 Hz and a sensitivity of 20 mV/Pa. Each barometer is
about 35 cm high with a diameter of 15 cm and a weight of 7 kg (see Figure 6.2.2). The lower
part of the instrument is the measurement chamber containing a barometric aneroid bellow,
which is deformed by small variations of atmospheric pressure. The deformation of the bellow
in turn is measured by a displacement transducer.
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Figure 6.2.2. Martec MB2500 (left) and instrument response (right).

The microbarometers are installed in the very same pit as the seismometers (see Figure 6.2.3),
and the analog signals are digitized in the pit at an 80 Hz rate using a Guralp DM24. The digital
data (seismic and acoustic) are transmitted by an optical fiber cable to the central station at
ARCES and from there by a VSAT satellite link to the NORSAR data processing center in real-
time.

Figure 6.2.3. Pit containing a vertical seismometer with a Nanometrix digitizer and the microba-
rometer (middle) together with the Guralp digitizer (black box). A single inlet connects the
barometer with the porous hoses arranged around the pit.
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In order to suppress wind noise the decision was made to use porous hoses. At each pit four 12
m long porous hoses were installed in a cross-type layout (see Figure 6.2.4). The hoses are con-
nected to a manifold outside of the pit, and therefore only one inlet penetrates the vault and
connects to the barometer. For stations ARA1 and ARB2 we used only the porous hoses, for
station ARA2 we additionally encased the hose by a plastic drainage pipe. At the time of the
installation we still had a snow cover of up to 1.5 m depths. At all stations the hoses/pipes have
been buried as deep into the snow as possible. The deployment is illustrated in Figures 6.2.5
and 6.2.6.

12
) m
Pipe connection
single inlet
12m 12m
Pit Barometer
12
m

Figure 6.2.4. Sketch of the porous hose layout for wind noise reduction.

Figure 6.2.5. Porous hose (left) and porous hose in a drainage pipe (right) before deployment.
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Figure 6.2.6. Burying the pipes.

Figure 6.2.7 shows the power spectral density of the three infrasound stations under calm con-
ditions (May 1, 2008) and during a strong breeze (May 15, 2008) with average wind speed of
0.3 m/s and 8.8 m/s, respectively. During calm conditions the stations ARA1 and ARA2 have
very similar spectra, whereas ARB2 has higher amplitudes (~ factor of 2) for frequencies
below 2 Hz. All stations have a frequency peak around 2.3 Hz during quiet conditions. This
peak is most probably an issue of the digitizers, and we will have to investigate the reasons
more closely. During a strong breeze the noise level of stations ARA1 and ARA2 increase by
about a factor of 10; for station ARB2 the effect is much more dramatic having an increase of

about 3 orders of magnitude.

The reason for the blatant difference between the stations ARA1/ARA2 on one hand and
ARB2 on the other hand, became obvious when we visited the ARCES in the beginning of
June 2008. Once the snow had disappeared the hoses at ARB2 are lying on the bare rock
directly exposed to the wind. In contrast, stations ARA1 and ARA2 are somewhat in the lee,

and additionally, the hoses/pipes are protected from the wind by low brushes.

Power Spectral Density [PatHz]

~TTARAT breeze

—=-ARAZ brecze
~="ARBZ brecze
—ARA1 calm
T ARAZ calm
—— ARBZ calm

1[Hz)

Figure 6.2.7. Power density spectra for the infrasound stations for calm conditions (continuous)
and during a strong breeze (dashed). The spectra are computed for a 2-hour window.
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Figure 6.2.8 (a-b) shows the infrasound records under calm conditions for two different time
windows during May 15, 2008. The first plot (Fig 6.2.8a) highlights the ambient noise associ-
ated with shear-generated gravity waves with periods in the range of minutes. Fig 6.2.8b shows
a 2-minute zoom of the first part of Fig. 6.2.8a, and shows microbaroms (generated by the
interaction of sea waves with the atmosphere) with periods between 5-8 seconds together with
a clear infrasound signal. Figure 6.2.9 shows results of slowness analysis of the infrasound sig-

nal which has an apparent velocity of 340 m/s and a backazimuth of 23
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Figure 6.2.8a. A 30-minute time window.
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Figure 6.2.8b. A 2-minute time window taken from the first part of Fig 6.2.8a.
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slowness S, [s/km)

Figure 6.2.9. Slowness analysis of the infrasound event in Fig 6.2.8b.

Figures 6.2.10-6.2.12 illustrate some additional results for an event on May 22, 2008. This
event is probably an explosion carried out by the Russian military with the purpose of destroy-
ing old, outdated ammunition. The infrasonic waves for this event were recorded both by the
microbarographs (Figure 6.2.10) and the seismometers (Figure 6.2.11).

Figure 6.2.10. Barometer recordings (2-10 Hz), backazimuth 86.3 deg, apparent velocity 320 m/s..
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Figure 6.2.11. Seismometer recordings (2-10 Hz), backazimuth 86.9 deg, apparent velocity
330 m/s.

Figure 6.2.12 shows a pairwise comparison of the recordings by collocated microbarographs
and seismometers. It is seen that the infrasonic signals are essentially identical on each pair of
collocated instruments. We also note that the signal-to-noise ratio is significantly better on the
microbarographs as compared to the seismometer recordings.
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|

Figure 6.2.12a. Infrasound signal recorded with seismometer (top) and microbarometer (bottom)
collocated in ARAI (20 s time window, 2-10 Hz)
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Figure 6.2.12b. Infrasound signal recorded with seismometer (top) and microbarometer (bottom)
collocated in ARA2 (20 s time window, 2-10 Hz)
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Figure 6.2.12¢. Infrasound signal recorded with seismometer (top) and microbarometer (bottom)
collocated in ARB2 (20 s time window, 2-10 Hz)
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Paul W. Larsen
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6.3 Initial studies of signalsrecorded by ARCES infrasound sensors

Soonsored by US Army Sphace and Missile Defence Command, Contract No. W9113M-05-C-0224

6.3.1 Introduction

An important aspect of the infrasonic studiesis the availability of data from a distributed net-
work of arrays. The Swedish infrasound array network provides a useful supplement to the
seismic and infrasonic arrays in Norway and NW Russia. The Apatity infrasound array isa
three-element array co-located with the nine-element Apatity short-period regional seismic
array, which wasinstalled in 1992 on the Kola Peninsula, Russia by the Kola Regional Seismo-
logical Centre (KRSC). For further details see Baryshnikov (2004). The 25 element ARCES
array is a short-period regional seismic array, located in northern Norway. ARCES has ho
infrasound sensors, but because of special near surface installation conditions, many of its seis-
mic sensors are also sensitive to infrasound signals (see e.g., Ringdal & Schweitzer, 2005). The
Swedish Infrasound Network (Liszka, 2007) has been in operation since the beginning of the
1970s. Operated by the Swedish Institute of Space Physics, the network has until recently com-
prised four infrasound stations: Kiruna, Jimton, Lycksele and Uppsala. The station in Uppsala
was moved to Sodankyld, Finland, during the summer of 2006. The currently available network
of arrays for infrasound processing in the Nordic region is shown in Figure 6.3.1.

Explosion site 2

; ° S
I Ra Y Sodankyla [ SEas

Figure 6.3.1. Locations of the arrays used for infrasonic processing in the Nordic countries. The
site of the explosionsin northern Finland discussed in previous papers (Explosion site 1)
and the location of the presumed explosion in NW Russia discussed in detail in this paper
(Explosion site 2) are marked on the map.
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6.3.2 Experimental deployment of microbarographswithin ARCES

The NORSAR staff has expended much effort during the past several yearsto determine asite
for the projected IMS infrasound station near the ARCES array. Although these efforts until
now have not been successful, we have made some progressin eval uating the infrasonic record-
ing possibilities using dedicated infrasound sensors (as compared to using the seismic sensors
of the ARCES array for infrasound recording). A recent devel opment has been the installation
of additional infrasonic recording equipment at three element near the center of ARCES, as
illustrated in Figure 6.3.2. The data are digitized at a 40 Hz rate and extracted in parallel with
the regular seismic data. The data from the infrasound sensors have been available at the NOR-
SAR data center since about 1 April 2008.
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Figure 6.3.2. Configuration of the ARCES array. The filled circles denote vertical-component
seismometers, and the triangles denote three-component seismometers. The threefilled red
circlesrepresent the sites where infrasound sensors have been experimentally installed in
addition to the seismic sensors. Also note that an experimental high-frequency seismic ele-
ment has recently been installed at the center (ARAOQ) of the array.
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6.3.3 Seismometers versus microbarographs for infrasound recording

We have begun an investigation aimed at comparing the quality of recording of infrasound sig-
nals when using seismometers versus recordings using microbarographs. Even taking into
account the very efficient recording of such signals by the ARCES sel smometers, our expecta
tion would be that significant improvement would be obtained when using microbarographs.
Nevertheless, the much larger number of seismic sensors would be a factor that should also be
taken into account.

Figure 6.3.3 shows two waveforms covering 20 minutes of ARCES array data and representing
the presumed explosion in NW Russia mentioned above. The top waveform shows seismome-

ter data (ARA2) and the bottom waveform shows microbarograph data from the same site. We
note that the seismometer data shows P and S phases from the presumed explosion aswell as P
and S phases from an unrelated seismic event (amining event near Kiruna, Sweden). The infra-
sonic signal is very clear on both the traces and looks quite similar on the two sensors.

Infrasound signals from the Russian explosion

/

'I""'""'|"""""""'|¢'III

1274 | Seismic signals from Russian explosion ]

BP3-6Hz
ARA2_sz
Unrelated seismic signals from the Kiruna area

9499

BP 3-6Hz
ARA2_BDF

16:30  16:32 16:34 16:36 16:38 16:40 16:42 16:44 16:46 1648

2008-143:16:28:44

Figure 6.3.3. The figure shows two waveforms covering 20 minutes of ARCES array data and rep-
resenting a presumed explosion in NW Russia on 22 May 2008. The data are filtered in a 3-
6 Hz frequency band.

One interesting observation from Figure 6.3.3 is the differences in signal-to-noise ratio (SNR)
between the two traces. While the SNR of the infrasonic signal is high in both cases, it is
clearly superior for the microbarograph. Thisis by no means surprising; in fact, the most sur-
prising feature is that the seismic trace is so close to the microbarograph trace in terms of both
SNR and waveform characteristics. Also note that “noise” on the seismic trace comprises both
the usual “background noise” and the actual seismic signals, which naturally are not visible on
the microbarograph trace.
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The similarity of the infrasonic signals on the two sensorsis further illustrated in Figure 6.3.4,

which shows an expanded plot in a somewhat broader frequency band (1.5-6 Hz). Thissimilar-
ity iseven more clearly shown in Figure 6.3.5, where the two sensor traces are plotted together

in the same coordinate system.

1693
BP1.5-6.0Hz
ARA2_sz
15980
BP1.5-6.0Hz
ARAZ_BDF

16:43:50 16:43:55 16:44:00 16:44:05 16:44:10 16:44:15
2008-143:16:43:50
Figure 6.3.4. Expanded plot of theinfrasonic signals shown in Figure 6.3.3, filtered in thel.5-6.0

Hzfrequency band. Note the similarity of the signals recorded by the seismometer (top) and
the microbarograph (bottom).
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Figure 6.3.5. Same as Figure 6.3.4, but with the two sensor traces plotted in the same coordinate
system.
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In Figure 6.3.6, we show for comparison the infrasonic data recorded by a seismometer in the
Apatity array, together with data recorded by a co-located microbarograph. Again, the similar-
ity between the two sensors is remarkable, but in this case there is a phase delay of about 0.03
seconds between the two sensor types. This is probably due to a small difference in sensor
location (of the order of 10 meters), and is in any case insignificant for our purposes.

157652
BP 3.0-6.0Hz
APA2_bar
L BP3.0-6.0Hz
APA2 sz
| T T T I T T T |
16:42:25 16:42:30 16:42:35

2008-143:16:42:25

Figure 6.3.6. Recordings of the infrasonic phase at the Apatity array for the previously discussed
presumed explosion in NW Russia. The traces are from a seismometer (top) and a co-
located microbarograph (bottom). Note the slight phase shift between the traces.

We mention one additional feature, which is characteristic for many infrasound recordings.
This feature is the presence of more than one infrasonic phase for the same event. It is well
known that under various atmospheric conditions, the temporal characteristics and amplitudes
of the various infrasonic phases can show great differences, even between explosions con-
ducted in the same place and with the same source characteristics. This fact is discussed in
detail by Gibbons et al. (2007) for a set of explosion from a site in northern Finland (Explosion
site 1 in Figure 6.3.1).

In the example studied in the present paper, the ARCES data appears to show two infrasonic
phases, separated by about 10 seconds. This might initially be interpreted as representing two
separate explosions. However, by vespagram analysis of the ARCES signals (see Figure 6.3.7),
it is quite clear that there is in fact only one event that causes these phase recordings.
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Figure 6.3.7. Vespagram of the ARCES array, steered to 86 degrees, for the time of the seismic
phase recordings of the NW Russia presumed explosion. The plot indicates one P-phase
and one S-phase, with no clear evidence of a second onset.

6.3.4 Slowness estimation

Figure 6.3.8 shows ARCES full seismic array slowness estimate, using 25 SPZ seismometers,
for the infrasound phase of the NW Russia event discussed in this paper. The method of
Frankel et al. (1991) is used for this and other slowness estimates in this paper. Figure 6.3.9
shows the slowness estimates using only the three microbarographs.
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Figure 6.3.8. Slowness estimate of the infrasonic phase of the NW Russia presumed explosion,
using the 25 vertical-component seismometers of the ARCES array.
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Figure 6.3.9. Slowness estimate of the NW Russia event, using only the three ARCES microbaro-

graphs.
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We note that the estimated azimuth is 86.59 degrees, and the estimated vel ocity is 331 m/s for
the full 25-element seismic array (Figure 6.3.8). For comparison, the estimated azimuth is
87.03 degrees, and the estimated velocity is 324 m/s using the three microbarographs only.
Thus, the difference is very small, although the peak of the seismic plot is somewhat sharper
than for the microbarograph plot. The cross-like sidelobe pattern of Figure 6.3.9 istypical of
the slowness plots for a three-element array.

Figure 6.3.10 shows the slowness estimate by the Apatity microbarograph array for the infra-
sound phase recorded at Apatity. The sharpness of the peak issimilar to that of ARCES (Figure
6.3.9), which reflects asimilar array aperture (about 300 m) and a similar frequency content of
the infrasonic signals. The estimated azimuth is 348.23 degrees and the estimated velocity is
340 m/sin this case. Again these are quite close to the (assumed) true values.

A noteworthy feature of Figure 6.3.10 isthe color difference (green) of one of the“arms’ of the
cross-pattern. This occurs because one of the three microbarograph had a hardware (filter)
problem at the time of the event, and therefore showed considerably poorer SNR than the other
instruments. Nevertheless, the slowness estimate does not deteriorate significantly, although
the effect would be more severe for lower SNR signals.
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Figure 6.3.10. Slowness estimate of the NW Russia event, using the three Apatity microbaro-
graphs.
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6.3.5 Swedish/Finnish network data

The Swedish/Finnish infrasound network comprises much smaller arrays than ARCES and
Apatity. It could be of interest to compare the results using these arrays to what we have shown
before. Figure 6.3.11a shows the waveforms recorded by the Kirunainfrasound array in north-
ern Sweden. The SNRisin fact quite good, and the signals are not clipped (thisis sometimes a
problem for these arrays, which have a much more limited dynamic range than ARCES and
Apatity).

10819
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Figure 6.3.11a. Waveforms recorded by the Kiruna infrasound array in northern Sweden for the
NW Russia event.

Figure 6.3.11b shows slowness estimate for the infrasound phase using data from the Kiruna
infrasound array. The azimuth (81.01 degrees) is quite close to the assumed true azimuth,
whereas the phase velocity (296 m/s) is somewhat lower than expected. Here, it must be
remembered that the Swedish arrays have an aperture of only 75 meters, which is much less
than even the small ARCES and Apatity microbarograph arrays. This causes the peak of the
plot shown in Figure 6.3.11ato be much less sharp than what was seen for the ARCES and Apa-
tity microbarograph arrays.
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Figure 6.3.11b. Slowness estimate of the NW Russia event, using the Kiruna infrasound array.

6.3.6 Detector performance

Inthe 1 April - 30 June 2006 Quarterly R&D Status Report we described a slowness-based
algorithm for detecting infrasound signals at the ARCES seismic array. Using the seismic sen-
sors of A- and B-rings of the ARCES array, we ran broad-band slowness analysis (Kvaana and
Doornbos, 1986) with a sampling interval of 2 seconds and a window length of 10 secondsin
the 2-5- Hz frequency band. We have now applied this algorithm time interval April - June
2008, and we show in Figure 6.3.12 the results for 22 May 2008. The processing algorithm can
be summarized as follows:

Only consider slowness estimates in the velocity range 0.25-0.66 km/s (sound vel ocities).

2. Form groups of consecutive slowness estimates with sound vel ocities, with the restriction
that the azimuth estimates are within 10 degrees of the first azimuth estimate of the group.

3. Aninfrasound detection is declared if agroup has three or more elements (i.e. a duration
of 6 seconds or more), and the highest slowness peak of the group is more than 0.9 dB
above the 2nd peak.

We have experienced that infrasound signals almost without exceptions yields three or more
consecutive slowness estimates with comparable azimuths. This restriction also prevents erro-
neous declarations of infrasound detections caused by spurious slowness estimates. In the cases
with data quality problems (gaps, spikes) on one or more array channels, we may experience a
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few ‘false’ consecutive slowness estimates with sound velocities and comparabl e azimuths.
However, under such circumstances the maximum slowness peak is usually not well defined, so
we have introduced the additional criterion requiring that the highest slowness peak of the
group is more than 0.9 dB above the 2nd peak.

Thered data points of Figure 6.3.12 show slowness estimates belonging to groups with three or
more elements, formed as described above. The lower panel shows the number of slowness
estimates chained together. Notice that for the two signals around 10:06 the numbers are 5 and
15, respectively. For the signal at 16:43, the number is 19.

Details about the 22 May 2008 infrasound detections at the ARCES seismic array are givenin
Table 6.3.1.

Table 6.3.1. Infrasound detections on the ARCES seismic array, 22 May 2008

Start Time Duration A(T?n;/s? ' B?g;é)Zi ' Plzv(?/lér (S(;\IBF;
2008-143:10.06.06.000 8.0 0.337 166.74 0.563 4.22
2008-143:10.06.26.000  28.0 0.337 166.81 0611 574
2008-143:16.43.50.000 36.0 0.329 85.56 0.749 20.93
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Figure 6.3.12. Processing results from continuous slowness analysis of the ARCES A- and B-ring
seismic sensors for 22 May 2008. The red points represent slowness estimates from candi-
dateinfrasound signals.
1st panel: Apparent velocity. Seismic velocities fall outside the axis.
2nd panel: Back-azimuth.
3rd panel: Therelative power of the slowness maximum (a coherency measure).
4th panel: The differencein decibels between the slowness maximum and the 2nd slowness
peak.
5th panel: The absolute power of the slowness maximum (a signal amplitude measure).
The blue line represents a smoothed average over the timeinterval.
6th panel: The number of slowness estimates chained together.
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We have adopted asimilar procedure for processing of the three ARCES microbarographs. The
22 May 2008 processing results for the ARCES microbarographs are displayed in Figure
6.3.13. Different from processing of the seismic sensors, we now almost always show get slow-
ness estimates with sound vel ocities, and we had to introduce some changes to the algorithms
for forming infrasound detection groups. Another issue with the microbarograph dataisthat we
quite often have large amplitudes at only one of the sensors, probably caused by local wind or
other very local noise sources. In order to identify such instances, we introduced the amplitude
ratio

Max(a;)
— =13
Min(a;)

where g; is the short-term average at sensor i. Thisratio yields high values when one of the
microbarographs has anomalous values. The processing algorithm applied to the microbaro-
graphs can be summarized as follows:

ax(a,) (( < 05)

a;)
Min(a) < 3.16 (or logyg Min(a)

1.  Only consider slowness estimates where

See 61" panel of Figure 6.3.13.

2. Only consider slowness estimates in the vel ocity range 0.25-0.66 km/s (sound vel ocities).
See 1% panel of Figure 6.3.13.

3. Calculate therelative power median and the inter-quartile range (igr) for the entire time
interval. Only consider slowness estimates with relative power values exceeding the
median + 1.5 *igr. Thisthreshold is shown by the red linein the 3 panel of Figure
6.3.13.

4.  Form groups of consecutive slowness estimates with sound velocities, with the restriction
that the azimuth estimates are within 10 degrees of the first azimuth estimate of the group.

5.  Aninitia infrasound detection is declared if a group has four or more elements.
See 71" panel of Figure 6.3.13.

6. Caculate the amplitude SNR of theindividual slowness estimates using the long-term
average of the absolute slowness power as the reference (see 5th panel of Figure 6.3.13).
For definition of infrasound detection groups havi ng ashort duration, we required an
SNR of about 4 dB, shown by thered linein the 5th panel of Figure 6.3.13.

Details about the 22 May 2008 infrasound detections at the ARCES microbarographs are given
in Table 6.3.2, and we see a much higher number of detections than for the ARCES seismic
sensors. The microbarograph infrasound detections corresponding to those found on the seis-
mic sensors (see Table 6.3.1) are marked red. For readability the infrasound detection falling
within one-hour intervals are highlighted.
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Figure 6.3.13. Processing results from continuous slowness analysis of the three ARCES
microbarograph sensorsfor 22 May 2008. Thered points represent slowness estimates from
candidate infrasound signals.
1st panel: Apparent velocity.
2nd pandl: Back-azimuth.
3rd panel: Therelative power of the downess maximum (a coherency measure).
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4th panel: The differencein decibels between the slowness maximum and the 2nd slowness
peak.

5th panel: The absolute power of the slowness maximum (a signal amplitude measure).
The blue line represents a smoothed average over the timeinterval.

6th panel: Maximum amplitude difference among the three microbarograph sensors.

7th panel: The number of slowness estimates chained together.

Table 6.3.2. Infrasound detections on the ARCES microbarographs, 22 May 2008

App. vel. | Back-azi, | Rel. | SNR
(km/s) (deg.) | Power | (dB)
2008-143:02.29.26.000 12.0 0.332 93.51 0.729 4.44
2008-143:02.29.50.000 26.0 0.326 93.69 0.950 16.79
2008-143:05.24.54.000 28.0 0.342 17211 0913 1147
2008-143:05.26.48.000 34.0 0.339 171.02 0.864 11.09
2008-143:05.33.24.000 8.0 0.344 170.16 0857 6.78
2008-143:05.33.36.000  104.0 0.340 171.05 0.892 14.58
2008-143:05.37.44.000 16.0 0.340 17291 0.884 13.48
2008-143:05.53.04.000 14.0 0.343 171.32  0.907 13.49
2008-143:05.54.04.000 14.0 0.344 17128 0822 9.78

Start Time Duration

2008-143:06.19.42.000 8.0 0.343 34046 0.749 6.51
2008-143:06.29.00.000 8.0 0.342 17424 0.759  7.69
2008-143:06.44.26.000 8.0 0.335 174.07 0922 16.19
2008-143:06.44.38.000 34.0 0.332 17372 0898 13.18
2008-143:06.45.40.000 8.0 0.339 170.09 0.714 435

2008-143:06.45.54.000 16.0 0.340 17039 0645 3.87
2008-143:06.48.32.000 24.0 0.336 17337 0883 14.15
2008-143:06.51.12.000 26.0 0.336 17272 0837 1241

2008-143:06.54.04.000 6.0 0.337 16858 0.701 4.62
2008-143:06.56.58.000 12.0 0.337 16526 0833 884
2008-143:07.06.30.000 8.0 0.347 127.73 0.707  5.00

2008-143:07.22.08.000 12.0 0.336 16825 0.770 8.01
2008-143:07.23.46.000 20.0 0.346 167.22  0.852 10.60
2008-143:07.40.20.000 4.0 0.339 259.74 0.885 1222
2008-143:08.11.54.000 4.0 0.504 256.97 0910 14.02
2008-143:08.15.02.000 24.0 0.342 17119 0.755  7.02
2008-143:08.16.42.000 14.0 0.336 168.01 0.804 8.93
2008-143:08.25.54.000 10.0 0.339 17335 0676 5.07
2008-143:08.27.08.000 16.0 0.335 17225 0.781  8.22
2008-143:08.32.30.000 30.0 0.347 17422 0.743 758
2008-143:08.44.10.000 14.0 0.341 169.06 0.772 641
2008-143:08.45.14.000 8.0 0.333 261.08 0851 9.70
2008-143:09.04.50.000 20.0 0.337 163.02 0.780 894
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Table 6.3.2. Infrasound detections on the ARCES microbarographs, 22 May 2008

Rel.
Power

App. vel. | Back-azi, SNR
(km/s) (deg.) (dB)
2008-143:09.17.24.000 30.0 0.337 16842 0.736 4.26
2008-143:09.30.18.000 26.0 0.339 169.49 0662 3.04
2008-143:09.36.50.000 20.0 0.340 168.23 0.753  3.66
2008-143:09.38.18.000 16.0 0.339 168.03 0760 6.67
2008-143:09.41.38.000 16.0 0.331 69.89 0712 2.87
2008-143:09.42.24.000 60.0 0.341 68.48 0762  4.37
2008-143:10.02.58.000 56.0 0.340 16768 0969 11.49
2008-143:10.04.30.000 80.0 0.337 16691 0907 15.81
2008-143:10.05.54.000 76.0 0.334 166.81 0955 22.89
2008-143:10.07.18.000 6.0 0.336 16588 0.706 6.74
2008-143:10.07.46.000 14.0 0.348 166.94 0814 9.9
2008-143:10.30.38.000 24.0 0.343 20156 0.795  4.45
2008-143:10.31.50.000  40.0 0.338 201.78 0.799 6.23
2008-143:10.33.04.000 132.0 0.338 201.67 0.900 11.90
2008-143:10.42.56.000 22.0 0.341 201.06 0.692 6.55
2008-143:11.25.00.000 8.0 0.327 92.44 0725 4.14
2008-143:11.31.14.000 6.0 0.347 16424 0.783 4.09
2008-143:11.33.04.000 20.0 0.340 16459 0722 246
2008-143:11.33.38.000 16.0 0.338 16450 0793 4.69
2008-143:12.40.24.000 14.0 0.340 17168 0855 6.79
2008-143:12.40.48.000 6.0 0.333 26444 0.829 1050
2008-143:12.41.18.000 8.0 0.336 26478 0.872 870
2008-143:12.42.34.000 32.0 0.341 17086 0.822 751
2008-143:12.51.16.000 36.0 0.337 170.73 0901 10.24
2008-143:13.06.06.000  42.0 0.342 215.08 0814 781
2008-143:13.10.10.000 8.0 0.339 17113 0752 7.62
2008-143:13.44.22.000 16.0 0.342 17050 0.827 5.82
2008-143:13.53.54.000 24.0 0.338 172.46  0.877 13.02
2008-143:14.05.48.000 16.0 0.338 163.02 0786 7.07
2008-143:14.14.50.000 34.0 0.341 170.67 0.850 10.71
2008-143:14.15.28.000 16.0 0.340 171.10 0.870 10.29
2008-143:14.24.50.000 8.0 0.339 17120 0.744 558
2008-143:14.25.06.000 16.0 0.344 170.76  0.794  4.69
2008-143:14.32.16.000 16.0 0.333 170.78 0661 2.26

Start Time Duration

2008-143:15.00.08.000 8.0 0.338 16763 0711 490
2008-143:15.00.18.000 6.0 0.340 39.81 0804 554
2008-143:15.30.44.000 6.0 0.339 17112 0648 4.30
2008-143:15.31.26.000 6.0 0.389 206.73 0.748 5.13

2008-143:15.36.54.000 16.0 0.338 168.00 0822 6.57
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Table 6.3.2. Infrasound detections on the ARCES microbarographs, 22 May 2008

. . App. vel. | Back-azi, | Rel. | SNR
Start Time Duration (km/s) (deg) Power | (dB)
2008-143:15.42.40.000 6.0 0.338 263.95 0.804 7.17

2008-143:15.44.44.000 34.0 0.342 17142 0.800 4.81
2008-143:15.45.24.000 24.0 0.343 17207 0713 -1.15
2008-143:15.48.08.000 10.0 0.335 26399 0.862 7.36
2008-143:15.49.00.000 320 0.344 19898 0.740 198
2008-143:15.50.00.000  126.0 0.340 197.09 0917 15.68
2008-143:16.01.42.000 28.0 0.343 17049 0848 9.72
2008-143:16.03.44.000 8.0 0.334 169.70 0.732 4.04
2008-143:16.43.52.000 6.0 0.325 86.27 0961 39.90
2008-143:16.44.02.000 42.0 0.342 85.88 0.935 38.25
2008-143:16.45.00.000 30.0 0.319 92.12 0781 751
2008-143:17.05.50.000 18.0 0.333 182.80 0.900 856
2008-143:18.42.02.000 16.0 0.326 101.30 0.784 592
2008-143:18.45.54.000 12.0 0.329 10494 0.809 6.52
2008-143:19.09.00.000 10.0 0.333 16836 0853 8.33
2008-143:20.30.56.000 22.0 0.340 14919 0.753 515
2008-143:20.31.32.000 72.0 0.334 14881 0889 1240
2008-143:21.14.10.000 10.0 0.334 23427 0721 454

Figure 6.3.14 shows more details about the infrasound detections at the ARCES seismic sensor
for thetimeinterval 10:00 - 11:00 on 22 May 2008. The two detections at 10:06 have very sim-
ilar back-azimuths (166 degrees) and apparent velocities (0.337 km/s), and are most likely
attributed to the same signal.

The detections at the three ARCES microbarographs for the 10:00 - 11:00 time interval are
shown in Figure 6.3.15. The five infrasound detections within the time interval 10:03 - 10:08
have al similar back-azimuths (165-167 degrees) and apparent velocities (0.334-0.348 km/s).
The corresponding waveforms are shown in Figure 6.3.16, where the timeintervals of the infra-
sound detections are highlighted red. The waveforms plot clearly show that the declared detec-
tions correspond to separate infrasound signal pulses. The group of three infrasound detections
between 10:30 and 10:35 show the same type of characteristics with separate signal pulses hav-
ing similar back azimuths (201 degrees) and apparent velocities (0.338 - 0.343 km/s).

The microbarograph waveform plot of Figure 6.3.16 show several instances where one of the
sensors has anomal ous amplitudes. However, the previously described method for identifying
such instances efficiently prevent any infrasound detections within such time intervals.
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Figure 6.3.14. Processing results from continuous slowness analysis of the ARCES A- and B-ring
seismic sensorsfor 10:00 - 11:00 GMT on 22 May 2008. The red points represent slowness
estimates from candidate infrasound signals. See caption of Figure 6.3.12 for details.
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Figure 6.3.15. Processing results from continuous slowness analysis of the three ARCES
microbarograph sensorsfor 10:00 -11:00 on 22 May 2008. The red points represent slow-
ness estimates from candidate infrasound signals. See caption of Figure 6.3.13 for details.
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Figure 6.3.16. ARCES microbarograph data for the timeinterval 10:00 -11:00 on 22 May 2008,
bandpass filtered between 2.0 and 5.0 Hz. Time intervals with infrasound signal detections
(see Table 6.3.2) are shown red.

Figure 6.3.17 shows the infrasound processing results for the ARCES seismic sensors for the
timeinterval 16:00 - 17:00 on 22 May 2008. During thistime interval thereis only one detec-
tion at 16:43:50, corresponding to the infrasound signals from the Russian explosion site previ-
ously described in this paper. The corresponding processing results and waveform plot for the
three ARCES microbarographs are shown in Figures 18 and 19.

Asafinal example, we show in Figures 20 and 21 infrasound processing results and waveform
plot at the ARCES microbarographs for the time interval 05:00 - 06:00 on 22 May 2008. Seven
infrasound detections are found during this time interval, having durations ranging from 8 to
104 seconds. All detections show similar back-azimuths (170 - 173 degrees) and typical sound
velocities (0.34 km/s), indicating a common source for these signals. No infrasound detections
at the seismic sensors are found during this time interval.
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Figure 6.3.17. Processing results from continuous slowness analysis of the ARCES A- and B-ring
seismic sensorsfor 16:00 - 17:00 GMT on 22 May 2008. The red points represent slowness
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Figure 6.3.18. Processing results from continuous slowness analysis of the three ARCES
microbarograph sensorsfor 16:00 -17:00 on 22 May 2008. The red points represent slow-
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Figure 6.3.19. ARCES microbarograph data for the time interval 16:00 -17:00 on 22 May 2008,
bandpass filtered between 2.0 and 5.0 Hz. Time intervals with infrasound signal detections
(see Table 6.3.2) are shown red.
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Figure 6.3.21. ARCES microbarograph data for the timeinterval 05:00 -06:00 on 22 May 2008,
bandpass filtered between 2.0 and 5.0 Hz. Time intervals with infrasound signal detections
(see Table 6.3.2) are shown red.

We have demonstrated that an infrasound signal detector based on continuous slowness analy-
sisis applicable both to the seismometer and microbarograph data at the ARCES array. To
avoid spurious detections at the microbarographs, additional constraints had to put on the SNR
of the signals. Data quality checks were introduced to discard instances where sensors show
anomal ous amplitudes. A much larger number of detections are found on the microbarograph
data, clearly illustrating the improved sensitivity to infrasound signals as compared to record-
Ings at the seismic sensors.

In parallel with this study, we have processed the same data set using cross-correlation tech-
niques (Gibbons et al., 2007) combined with the detection statistic of Brown et a. (2002).
These results are comparabl e to those presented in this study, but a detailed comparison will
require further work concerning setting of window and filter parameters, threshold setting and
data quality control.

For the time interval April - June 2008 we have also processed the infrasound data from A pat-
ity, aswell as from the stations of the Swedish Infrasound Network using the method described
above. A natural next step isto combine the signal detections from this dense network of six
infrasound stations in Northern Europe to obtain information about the infrasound sources.
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6.4 Continued overview of NORSAR system responses: the NORES and
ARCES arrays

6.4.1 Introduction

At the early to mid 1980s, NORSAR began experimenting with the concept of a small-aperture
seismic array configuration that would allow detection and location of seismic events at
regional distances. This work initiated as a series of test deployments around NORSAR array
site NC602 (for details, see Mykkeltveit et al., 1983) and developed into the Norwegian
Regional Experimental Seismic System, what is known as the NORES (NORESS) array,
whose operation commenced officially on 3" June 1985 and terminated in July 2002. The
array consists of 25 elements, distributed on 4 concentric rings, with one element in the center,
and spreads over a diameter of 3 km. During summer and fall of 1987, a second regional array,
almost identical to NORES in terms of geometry, instrumentation and data output, was
installed in the vicinity of the town of Karasjok, in Finnmark, northern Norway. This is the
ARCES (ARCESS) array (ARCtic Experimental Seismic System), which is part of the Interna-
tional Monitoring System for the CTBT (certified in November 2001 under the primary station
code PS28). The geometry of ARCES is shown in Fig. 6.4.1.
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Fig. 6.4.1. Geometry of the ARCES arrays. The NORES array has an identical geometry.

The instrument responses of these two systems will be presented in the following sections, cov-
ering their entire operation interval, from installation to present day status. Presentation and
methodology follow the scheme initiated in Pirli and Schweitzer (2008) and is part of the ongo-
ing effort to recalculate, organize and document all NORSAR system responses.
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6.4.2 NORES array configurations

Although official opening of the NORES array did not take place before summer 1985, the
array was equipped with standard instrumentation since late 1984, after the extended test
period during which it operated as part of the NORSAR array. NORES seismic data cover a
variety of frequency bands, the result of maintaining in operation short-, long- and intermedi-
ate-period channels, as well as high-frequency channels. No data are available any longer from
the latter configuration and therefore the high-frequency response will not be discussed.

Standard NORES instrumentation is based on GS-13 short-period and KS36000 broadband
sensors and Sandia ‘Blue Box’ digitizers. The central element and three sites on the C-ring
(NRAO, NRC2, NRC4, NRC7) are equipped with 3C seismometers. A variation of the short-
period channel that existed during a short time interval (September 1985 — September 1986)
employed a 3-component S-3 short-period sensor, installed in a 60 m borehole. The site coin-
cided with site NRAO and was assigned the name NRFO. No further modifications were made
to the instrumentation of the array. The installation was struck by lightning in 2002 and has
been out of operation since then.

Table 6.4.1. The different instrument configurations of the NORES array.

Time Installation Components Calib Calper
Name [nm/count] [s]
1984-2002 | Standard_SP GS-13 0.0068649 1.00
(NORESSP1, Couplings Box
NORESSP2, Seismometer pre-amplifier
NORESSP3) Short-period filter
Distributed filter
Sandia ‘Blue Box’ digitizer
1985-1986 | S-3_SP_variation | S-3 0.0068649 1.00
(NORESSP4, Couplings Box
NORESSPS, Seismometer pre-amplifier
NORESSP6) Short-period filter
Distributed filter
Sandia ‘Blue Box’ digitizer
1984-2002 | Standard_IP KS36000 0.077364 1.00
(NORESIPI, Couplings Box
NORESIP2, Intermediate period bandpass filter
NORESIP3) Distributed filter
Interm. period spectral shaping filter
Sandia ‘Blue Box’ digitizer
1984-2002 | Standard_LP KS36000 0.13936 25.00
(NORESLPI, Couplings Box
NORESLP2, Long period high pass filter
NORESLP3) Long period bandpass filter
Distributed filter
Long period spectral shaping filter
Sandia ‘Blue Box’ digitizer

The above mentioned instrumentations for which different instrument responses needed to be

calculated are presented in Table 6.4.1. Each case is mentioned together with information

about the time interval it could be met, the GSE response file Respid (in parenthesis), which is
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an identifier for each different calculated response, and the corresponding channel sensitivity
(Calib in nm/count) and calibration period (Calper in s).

As shown above, the two different NORES short-period configurations involve a short-period
seismometer (Geotech GS-13 or S-3), a Sandia digitizer referred here as ‘Blue Box’ and an
interface of pre-amplifier and filters between them. The response of the GS-13 seismometer is
described by 2 poles and 2 zeros that can be obtained by the standard seimometer formula
(Geotech Instruments, 1999):

. / 2

where Ay = 0.75 and o, = 6.283 rad/s, both of them being nominal values. The gain of the seis-
mometer, normalized at 100 Hz will be equal to 2200 V/m/s. However, all the individual
amplifier and filter stages between the seismometer and the digitizer contribute to the overall
response of the GS-13, which is expressed by the formula (Durham, 1984b):

H,(s) = Hg(s) Hp(s) - Hpy(s)  Hgp(s) - Hpp(s) ,

expressed in V/m/s, where H(s) the response of the seismometer, H;x(s) the response of the
seismometer-amplifier interface, Hp,(s) the response of the pre-amplifier, Hgp(s) the response
of the short period filter and Hpx(s) the response of the distributed filter. The equations provid-
ing each individual response stage and their details can be found in Durham (1984b) and Bred-
ing (1986), as well as in the relevant to the NORES system response NORSAR documentation.
The response of the S-3 short-period seismometer is identical to that of the GS-13 instrument,
including the pre-amplifier and filter stages (Durham, 1984b), and is therefore described by the
same transfer function(s), poles and zeros.

The ‘Blue Box’ digitizer, manufactured by Sandia, is a 16 bit gain ranged digitizer with a sen-
sitivity of 100000 count/V.

NORES site E0, which is collocated with site A0, the central array element, hosts a Kinemet-
rics KS36000-04A broadband borehole seismometer. Two different 3-component channels, a
long-period channel (Iz, In, le) and an intermediate-period channel (iz, in, ie), are outputed at
this site. For each one of these channels, the system consists of the components (Durham,
1984a) listed in Table 6.4.1 under the names Standard_LP and Standard_IP respectively. The
concept of interfacing the seismometer to the digitizer is the same as in the case of the short-
period channels, with series of filters that contribute to the overall seismometer response. Indi-
vidual stage transfer functions can be found in Durham (1984a) and the NORSAR responses
documentation.

The displacement response for the different NORES channels is depicted in Fig. 6.4.2. Dis-
placement amplitude is expressed in count/nm and phase in degrees. The short-period (SP)
channel response (NORESSP) is denoted with a blue line, the intermediate-period (IP)
response (NORESIP) with a green line and the long-period (LP) response (NORESLP) with a
red line. Moreover, shading is used to denote the range beyond the Nyquist frequency, which is
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equal to 20 Hz for the short-period channels, 5 Hz for the intermediate-period channels and 0.5
Hz for the long-period channels.
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Fig. 6.4.2. Displacement amplitude and phase response for the NORES short period (NORESSP),
intermediate period (NORESIP) and long period (NORESLP) configurations. The shaded
areas represent the range beyond the Nyquist frequency (20 Hz for the short-period, 5 Hz for
the intermediate period and 0.5 Hz for the long period channels).

6.4.3 ARCES array configurations

As already mentioned above, the ARCES array was designed as a duplicate of NORES, both in
terms of geometry and instrumentation. So, the status of ARCES responses for the time inter-
val 1987 — 1999 is the same as that described for NORES in the previous section. An extensive
refurbishment of the array took place in September 1999, resulting in the replacement of all
Sandia digitizers with Nanometrics HRD24 digitizers and the removal of the KS36000 seismo-
meter and their replacement with a Giiralp CMG-3T broadband instrument. From October
2003 to July 2004, a high-frequency 3-component channel operated at site AREOQ, with a
REFTEK 130-01 digitizer connected to the CMG-3T seismometer. Finally, since March 2008,
an additional broadband 3-component channel is operating at site AREO with a Giiralp DM24
digitizer connected to the CMG-3T sensor.

The different ARCES configurations for which separate instrument responses need to be calcu-
lated are listed in Table 6.4.2, with information about the time interval they could be met, the
GSE response file Respid (in parenthesis), and the corresponding channel sensitivity (Calib in
nm/count) and calibration period (Calper in s).

For the initial (Standard_SP/IP/LP) ARCES channels, system response characteristics are iden-
tical to those of standard NORES and have been described in the previous section (6.4.2).
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Table 6.4.2. The different instrument configurations of the ARCES array.

Time Installation Name Components Calib Calper
[nm/ [s]
count]
1987-1999 | Standard_SP GS-13 0.006838 1.00
(ARCESSP1, Couplings Box
ARCESSP2, Seismometer pre-amplifier
ARCESSP3) Short-period filter
Distributed filter
Sandia ‘Blue Box’ digitizer
1987-1999 | Standard_IP KS36000 0.077313 1.00
(ARCESIP1, Couplings Box
ARCESIP2, Intermediate period bandpass filter
ARCESIP3) Distributed filter
Interm. period spectral shaping filter
Sandia ‘Blue Box’ digitizer
1987-1999 | Standard_LP KS36000 0.139260 25.00
(ARCESLPI, Couplings Box
ARCESLP2, Long period high pass filter
ARCESLP3) Long period bandpass filter
Distributed filter
Long period spectral shaping filter
Sandia ‘Blue Box’ digitizer
1999-... Current_SP GS-13 0.037776 1.00
(ARCESSP4, HRD24 digitizer
ARCESSP5,
ARCESSP6)
1999-... Current_BB CMG-3T 0.005065 1.00
(ARCESBBI, HRD24 digitizer
ARCESBB?2,
ARCESBB3)
2003-2004 | REFTEK_HH CMG-3T 0.000508 1.00
(ARCESHHI, DAS 130-01 digitizer
ARCESHH2,
ARCESHH3)
2008-... Guralp_EH CMG-3 4.019100 1.00
(ARCESEHI, DM24 digitizer
ARCESEH2,
ARCESEH3)

The current short-period configuration consists of a GS-13 seismometer and a Nanometrics

HRD24 digitizer. The response of the sensor is the same as described in section 6.4.2, but no
special interface is required in this case for its connection to the digitizer. The response of the
digitizer consists of the following components (Nanometrics communication):

* An analogue lowpass filter with 3 poles and no zeros
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* A FIR filter with 34 coeffiecients, decimating by a factor of 5 from an initial input
sample rate of 30 kHz

* A FIR filter with 30 coefficients, decimating by a factor of 3

* A FIR filter with 118 coeffiecients, decimating by a factor of 2

* A FIR filter with 36 coefficients, decimating by a factor of 5

* A FIR filter with 256 coefficients, decimating by a factor of 5, down to the desired
sample rate of 40 sps, and

* An IR filter with one pole and one zero
The HRD24 is a 24-bit digitizer with a sensitivity of 6303183.11 count/V.

The same digitizer is connected, in the case of the broadband channels, to a Giiralp CMG-3T
sensor. The response of the seismometer can be calculated from its poles and zeros, sensitivity
and normalization factor provided by the manufacturer in instrument specific calibration
sheets.

As mentioned earlier (see also Table 6.4.2), there are two variations of the CMG-3T configura-
tion, one with a REFTEK DAS 130-01 digitizer and one with a Giiralp DM24 digitizer.

The REFTEK DAS 130-01 is a 24-bit output word digitizer that employs the Crystal Semicon-
ductor CS5372/5322 chipset. This is the combination of an analog modulator and a series of
digital filters that decimate from the frequency of the A/D input clock down to a desired sam-
ple rate. However, for some recording sample rates, a combination of CS5322 FIR filters and
additional CPU firmware filtering has to take place. The particular ARCES data are recorded
with a sample rate of 100 sps, which is achieved by the following combination of filters
(REFTEK, 2008):

* (S5322 FIR filter A with 34 coefficients, decimating by a factor of 8 from an input
rate of 1024 kHz

* (S5322 FIR filter B with 14 coefficients, decimating by a factor of 2

» (S5322 FIR filter B with 14 coefficients, decimating by a factor of 2

» (S5322 FIR filter B with 14 coefficients, decimating by a factor of 2

* (S5322 FIR filter B with 14 coefficients, decimating by a factor of 2

» (S5322 FIR filter B with 14 coefficients, decimating by a factor of 2

» (S5322 FIR filter C with 102 coefficients, decimating by a factor of 2, down to 200
Hz, and

* CPU firmware filter #3, decimating by a factor of 2, to the desired sample rate of 100
Hz

The sensitivity of the instrument is 62914560 count/V.

Finally, the Giiralp DM24 is a 24-bit digitizer, which employs a combination of the Crystal
Semiconductor CS5376 chip and internal digital filters to produce the desired data recording
sample rate (see Giiralp Systems website for product documentation). The filter sequence
employed in the case of ARCES to obtain 100 Hz data is the following:

» (CS5376 FIR filter Stage 1, Sinc 1, with 36 coefficients, decimating by a factor of 8
from an input rate of 512 kHz

» (S5376 FIR filter Stage 3, Sinc 2, with 6 coefficients, decimating by a factor of 2
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* (CS5376 FIR filter Stage 4, Sinc 2, with 8 coefficients, decimating by a factor of 2

» (CS5376 FIR filter Stage 5, FIR 1, with 48 coefficients, decimating by a factor of 4

* (CS5376 FIR filter Stage 5, FIR 2, with 126 coefficients, decimating by a factor of 2

 DM24 FIR Stage 1, SWA-D24-3D08, with 502 coefficients, decimating by a factor of
5, and

* DM24 FIR Stage 2, SWA-D24-3D07, with 502 coefficients, decimating by a factor of
4 to the desired rate of 100 sps

The sensitivity of the digitizer is 312207.306 count/V.
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Fig. 6.4.3. Displacement amplitude and phase response of the ARCES short period and broadband
installations. The current short period (ARCESSP4), the current broadband (ARCESBBI ),
the REFTEK high-frequency variation (ARCESHH 1) and the Giiralp high-frequency varia-
tion (ARCESEH 1) configurations are depicted. The shaded areas represent the range beyond
the Nyquist frequency (20 Hz for short period and broadband and 50 Hz for the high-fre-
quency configurations).

The displacement response for the different ARCES channels is depicted in Fig. 6.4.3. Dis-
placement amplitude is expressed in count/nm and phase in degrees. The initial ARCES con-
figuration response curves are not included in the plot, since they are the same as NORES and
are depicted in Fig. 6.4.2. The current short-period (SP) channel response (ARCESSP4) is
denoted with a blue line, the current broadband response (ARCESBB1) with a red line, the
broadband (high-frequency) REFTEK variation response (ARCESHH1) with a green line and
the broadband (high-frequency) Giiralp variation (ARCESEH1) with a cyan line. Moreover,
shading is used to denote the range beyond the Nyquist frequency, which is equal to 20 Hz for
the short-period and broadband channels and 50 Hz for the two high-frequency channels.
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