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Abstract (cont.)

The seismic arrays operated by the Norwegian NDC comprise the Norwegian Seismic Array
(NOA), the Norwegian Regional Seismic Array (NORES), the Arctic Regional Seismic Array
(ARCES) and the Spitsbergen Regional Array (SPITS). This report also presents statistics for
additional seismic stations which through cooperative agreements with institutions in the host
countries provide continuous data to the NORSAR Data Processing Center (NPDC). These sta-
tions comprise the Finnish Regional Seismic Array (FINES), the Hagfors array in Sweden and
the regional seismic array in Apatity, Russia.

The NOA Detection Processing system has been operated throughout the period with an average
uptime of 100.00%. A total of 2004 seismic events have been reported in the NOA monthly seis-
mic bulletin from July through December 2001. On-line detection processing and data recording
at the NDC of NORES, ARCES and FINES data have been conducted throughout the period.
Data from two small-aperture arrays at sites in Spitsbergen and Apatity, Kola Peninsula, as well
as the Hagfors array in Sweden, have also been recorded and processed. Processing statistics for
the arrays for the reporting period are given.

A summary of the activities related to the GSETT-3 experiment and experience gained at the
Norwegian NDC during the reporting period is provided in Section 4. Norway is now contribut-
ing primary station data from two seismic arrays: ARCES and NOA and one auxiliary array
(SPITS). These data are being provided to the IDC via the global communications infrastructure
(GCI). Continuous data from all three arrays are in addition being transmitted to the US NDC.
The performance of the data transmission to the US NDC has been satisfactory during the
reporting period.

The PrepCom has encouraged states that operate IMS-designated stations to continue to do so
on a voluntary basis and in the framework of the GSETT-3 experiment until the stations have
been certified for formal inclusion in IMS. So far among the Norwegian stations, the NOA and
the ARCES array (PS27 and PS28 respectively) have been certified. We envisage continuing the
provision of data from these and other Norwegian IMS-designated stations in accordance with
current procedures.

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

Section 6.1 contains a study of the estimated global and regional detection capability of the IMS
primary seismic network. The study makes use of the Threshold Monitoring (TM) method. The
TM method is capable of using actual seismic data for a given time interval as the basis for the
detectability calculations. In cases when a seismic station did not provide data during the time
period under study, an estimated background noise level can be assigned. These noise estimates
and signal/noise variances can be based on results from earlier studies, or they can be taken from
stations assumed to have similar noise and signal characteristics.

We have found that the 35 stations of the primary seismic IMS network operational as of July
2001 have a three-station detection capability that is quite close to the projected performance of
the 49 stations of the network. The largest difference of about 0.5 my, units is found in southwest
Asia. This can be explained by the fact that most of the sensitive array stations of the network
are already in place. Another uncertainty is the noise levels assigned to the planned stations and
to the stations that did not provide real noise data during the period under investigation. The
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assignment of realistic noise levels for planned stations is therefore a topic requiring additional
studies.

This study also confirms the results provided by Kvarna and Ringdal (1999) that large earth-
quakes and the corresponding coda energy can temporarily, over tens of minutes, significantly
reduce the detection capability of the IMS network. During such conditions the use of high-fre-
quency regional data, combined with less stringent event formation criteria (1 or 2 station only)
will be important for CTBT verification purposes.

Section 6.2 is a study of travel times and attenuation relations of regional seismic phases in the
Barents Sea region. A database containing 42 events in the Barents Sea region has been compiled
and analyzed with the aim of evaluating crustal models, travel times and attenuation relations in
the context of performing regional detection threshold monitoring of this region. The 42 events
are mostly located around the circumference.of the study area due to the virtually. aseismic nature
of the Barents Sea itself. Regional P, and S, phases were observable for most events in the data-
base, while P, and L, phases were only observable for events with ray paths within continental
crust. This corroborates a number of previous observations of L,-wave blockage across the Bar-
ents Sea. Three existing velocity models were evaluated, with a model having slightly lower S-
velocities than earlier assumed in the upper mantle giving the overall best fit to the observed arriv-
als. In order to estimate magnitudes, short term average (STA) and spectral amplitude values were
calculated in several frequency bands for all phase arrivals in the data base. There were no signif-
icant differences between spectral and STA amplitudes, so the latter were used as this parameter is
more efficient to calculate in real-time processing. An inversion was performed in order to deter-
mine a P, and S, attenuation relation specific for this region. The resulting magnitudes based on
P,and S, phases gave an internally consistent, reasonably stable set of values, which can be cali-
brated towards any existing global or regional scale. An attenuation relation was also determined
for the L, phase, but the low number of amplitude readings in this case renders the results less
reliable.

Section 6.3 is a study of experimental Site-Specific Threshold Monitoring (SSTM) applied to the
Lop Nor test site in China. This study is a follow-up on similar experimental studies applied to
Novaya Zemlya and the “Kursk” accident site in the Barents Sea. These two previous case studies
have been reported upon in earlier Semiannual Reports, and have made use of seismic stations at
regional distances, mostly from the Fennoscandian array network. In the case of Lop Nor, we
have applied a combination of 3-component stations and arrays, at both regional and teleseismic
ranges. Our efforts so far, as reported in this contribution, comprise mainly a study of available
seismic stations, selected among those stations which are most sensitive to seismic events in the
Lop Nor general area, and tuning of the signal parameters of these stations so as to prepare pro-
cessing recipes for the application of the threshold monitoring tool.

We have selected a total of 17 seismic stations, including both IMS stations (mostly arrays at tele-
seismic distances) and other available stations (mostly of the three-component type, and situated
in the regional distance range). It appears that the combined threshold monitoring level of this sta-
tion network is close to or better than my, 3.0 for the Lop Nor test site. This is quite encouraging,
taking into account that the IMS network is not yet well developed in central and eastern Asia.
Once the full IMS network becomes available, this capability should improve considerably.

Section 6.4 is a study of seismicity of the Spitsbergen archipelago. Spitsbergen and the adjacent
areas are parts of a geologically complex region with moderate to high earthquake activity. The




NORSAR Sci. Rep. 1-2002 February 2002

main seismicity in the area is associated with the North-Atlantic Ridge, and especially the
Knipovich Ridge. In addition, some coal mines are located in the area of Spitsbergen, causing
occasional induced seismicity. We have compared maps of seismic events in and near Spitsber-
gen for the period 1964 - 1998 as taken from ISC bulletins with a corresponding map for 1998-
2001 using the solutions from the NORSAR Reviewed Regional Seismic Bulletin. Even though
the NORSAR regional bulletin covers a much shorter time interval than the ISC bulletin, the
observed seismicity patterns in the two plots are remarkably similar. In particular, a segment of
the mid-atlantic ridge to the west can be observed, and pronounced seismic zones in Nordaust-
landet (northeast) and Heerland (southeast) can also be identified on both maps. We have pur-
sued further the location calibration of the Spitsbergen area, and have adapted the Barents
regional velocity model to this area by adding a sedimentary layer of 2 km. This has resulted in
encouraging improvements in locating events with known (ground truth) locations.

Section 6.5 is a comparison of various location procedures applied to the Kara Sea seismic event
of 16 August 1997. This event has been the subject of considerable discussion, and in particular
it has been difficult to obtain a reliable focal depth estimate from available seismic recordings.
We have undertaken a sequence of location experiments to compare the results of a) using differ-
ent velocity models to describe the travel times of the phases and b) to make a comparison
between the use of a linearized location algorithm (HYPOSAT — Schweitzer, 2001) and a fully
non-linear scheme (shakeNA — Sambridge and Kennett, 2001). For direct comparisons between
the two methods we have used a standard least-squares misfit criterion, but we have also exam-
ined the influence of more robust choices for data misfit when using the non-linear location
scheme.

This study has shown both the importance of S wave information in assessing the depth of
regional events, and the need to get a good regional velocity model for both P and S in order to
place the strongest constraints on the location of the event.

The conclusions from our experiment of comparing the different data centre solutions with our
results are that using only a limited data set but an adequate travel-time model one can locate the
event in the Kara Sea relatively close to our HYPOSAT-based location. However, in this case
there is very little depth resolution. The relative small error ellipses are a problem which arises
when using only a limited number of data. Then the data errors do not usually follow a normal

distribution but are biased in one direction and suggest an unreasonably high resolution and
accuracy.

The location estimates for the whole data set from the different techniques agree quite well, with
some overlap of the estimated confidence regions. The study concludes that the event cannot be
shallower than 10 km and is most likely in the lower crust around 20-30 km depth. Such deep
crustal events are often attributed to the long-term effects of ice-unloading from the last glacia-
tion and have previously been observed at Novaya Zemlya (e.g. Marshall et al., 1989). The
assertion that this event was not an underwater explosion is supported by the occurrence of an
aftershock in the same epicentral area about four hours later and the fact that the observed seis-
mic signals do not show bubble pulse reverberations, typical for underwater explosions.

Section 6.6 presents some results derived from studying the seismic signals generated by the
accident of the Russian submarine “Kursk” on 12 August 2000. Two seismic events, which
occurred about 2 minutes and 16 seconds apart, were associated with this accident. The first of
these two events (Kursk-1) was about two magnitude units smaller than the second one (Kursk-
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2), which had a local magnitude of about 3.5 (Ringdal et al., 2000).

To get a better understanding of the accident, we have tried to estimate the relative location
between these two events. We have applied a signal correlation analysis procedure to measure,
with high accuracy, the time difference between the two events for various phases recorded at
six seismic stations. We then applied the master-event location technique and inverted the time
differences to obtain a relative horizontal location between the two events. The application of
the master-event analysis suggests that the submarine moved about 145 m to the north-west
during the 135.8 s between the two events. The azimuth of this movement is estimated at 302°.
After the accident not only the exact position of the Kursk submarine became known but also
the direction in which the submarine was lying on the sea bottom. This direction was reported
as 288°. This is in good agreement with the results in the study about the relative movement of
the submarine during the time interval between Kursk-1 and Kursk-2. An estimate of the uncer-
tainty involved in the calculations is also provided.

Frode Ringdal
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1 Summary

This report describes the research activities carried out at NORSAR under Contract No. F08650-
01-C-0055 for the period 1 July - 31 December 2001. In addition, it provides summary informa-
tion on operation and maintenance (O&M) activities at the Norwegian National Data Center
(NDC) during the same period. Research activities described in this report, as well as transmis-
sion of selected data to the United States NDC, are funded by the United States Department of
Defense. 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 all IMS-related activities will gradually be transferred
to the CTBTO/PTS. The O&M statistics presented in this report are included for the purpose of
completeness, and in order to maintain consistency with earlier reporting practice.

The seismic arrays operated by the Norwegian NDC comprise the Norwegian Seismic Array
(NOA), the Norwegian Regional Seismic Array (NORES), the Arctic Regional Seismic Array
(ARCES) and the Spitsbergen Regional Array (SPITS). This report also presents statistics for
additional seismic stations which through cooperative agreements with institutions in the host
countries provide continuous data to the NORSAR Data Processing Center (NPDC). These sta-
tions comprise the Finnish Regional Seismic Array (FINES), the Hagfors array in Sweden and
the regional seismic array in Apatity, Russia.

The NOA Detection Processing system has been operated throughout the period with an average
uptime of 100.00%. A total of 2004 seismic events have been reported in the NOA monthly seis-
mic bulletin from July through December 2001. On-line detection processing and data recording
at the NDC of NORES, ARCES and FINES data have been conducted throughout the period.
Data from two small-aperture arrays at sites in Spitsbergen and Apatity, Kola Peninsula, as well
as the Hagfors array in Sweden, have also been recorded and processed. Processing statistics for
the arrays for the reporting period are given.

A summary of the activities related to the GSETT-3 experiment and experience gained at the
Norwegian NDC during the reporting period is provided in Section 4. Norway is now contribut-
ing primary station data from two seismic arrays: ARCES and NOA and one auxiliary array
(SPITS). These data are being provided to the IDC via the global communications infrastructure
(GCI). Continuous data from all three arrays are in addition being transmitted to the US NDC.
The performance of the data transmission to the US NDC has been satisfactory during the
reporting period.

The PrepCom has encouraged states that operate IMS-designated stations to continue to do so
on a voluntary basis and in the framework of the GSETT-3 experiment until the stations have
been certified for formal inclusion in IMS. So far among the Norwegian stations, the NOA and
the ARCES array (PS27 and PS28 respectively) have been certified. We envisage continuing the
provision of data from these and other Norwegian IMS-designated stations in accordance with
current procedures.

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

Section 6.1 contains a study of the estimated global and regional detection capability of the IMS
primary seismic network. The study makes use of the Threshold Monitoring (TM) method. The
TM method is capable of using actual seismic data for a given time interval as the basis for the
detectability calculations. In cases when a seismic station did not provide data during the time
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period under study, an estimated background noise level can be assigned. These noise estimates
and signal/noise variances can be based on results from earlier studies, or they can be taken from
stations assumed to have similar noise and signal characteristics.

- We have found that the 35 stations of the primary seismic IMS network operational as of July

2001 have a three-station detection capability that is quite close to the projected performance of
the 49 stations of the network. The largest difference of about 0.5 my, units is found in southwest
Asia. This can be explained by the fact that most of the sensitive array stations of the network are
already in place. Another uncertainty is the noise levels assigned to the planned stations and to the
stations that did not provide real noise data during the period under investigation. The assignment
of realistic noise levels for planned stations is therefore a topic requiring additional studies.

This study also confirms the results provided by Kverna and Ringdal (1999) that large earth-
quakes and the corresponding coda energy can temporarily, over tens of minutes, significantly.
reduce the detection capability of the IMS network. During such conditions the use of high-fre-
quency regional data, combined with less stringent event formation criteria (1 or 2 station only)
will be important for CTBT verification purposes.

Section 6.2 is a study of travel times and attenuation relations of regional seismic phases in the
Barents Sea region. A database containing 42 events in the Barents Sea region has been compiled
and analyzed with the aim of evaluating crustal models, travel times and attenuation relations in
the context of performing regional detection threshold monitoring of this region. The 42 events
are mostly located around the circumference of the study area due to the virtually aseismic nature
of the Barents Sea itself. Regional P, and S, phases were observable for most events in the data-
base, while P, and L, phases were only observable for events with ray paths within continental
crust. This corroborates a number of previous observations of L,-wave blockage across the Bar-
ents Sea. Three existing velocity models were evaluated, with a model having slightly lower S-
velocities than earlier assumed in the upper mantle giving the overall best fit to the observed arriv-
als. In order to estimate magnitudes, short term average (STA) and spectral amplitude values were
calculated in several frequency bands for all phase arrivals in the data base. There were no signif-
icant differences between spectral and STA amplitudes, so the latter were used as this parameter is
more efficient to calculate in real-time processing. An inversion was performed in order to deter-
mine a P and S, attenuation relation specific for this region. The resulting magnitudes based on
P, and S, phases gave an internally consistent, reasonably stable set of values, which can be cali-
brated towards any existing global or regional scale. An attenuation relation was also determined

for the L, phase, but the low number of amplitude readings in this case renders the results less
reliable.

Section 6.3 is a study of experimental Site-Specific Threshold Monitoring (SSTM) applied to the
Lop Nor test site in China. This study is a follow-up on similar experimental studies applied to
Novaya Zemlya and the “Kursk” accident site in the Barents Sea. These two previous case studies
have been reported upon in earlier Semiannual Reports, and have made use of seismic stations at
regional distances, mostly from the Fennoscandian array network. In the case of Lop Nor, we
have applied a combination of 3-component stations and arrays, at both regional and teleseismic
ranges. Our efforts so far, as reported in this contribution, comprise mainly a study of available
seismic stations, selected among those stations which are most sensitive to seismic events in the
Lop Nor general area, and tuning of the signal parameters of these stations so as to prepare pro-
cessing recipes for the application of the threshold monitoring tool.
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We have selected a total of 17 seismic stations, including both IMS stations (mostly arrays at
teleseismic distances) and other available stations (mostly of the three-component type, and sit-
uated in the regional distance range). It appears that the combined threshold monitoring level of
this station network is close to or better than my, 3.0 for the Lop Nor test site. This is quite
encouraging, taking into account that the IMS network is not yet well developed in central and
eastern Asia. Once the full IMS network becomes available, this capability should improve con-
siderably.

Section 6.4 is a study of seismicity of the Spitsbergen archipelago. Spitsbergen and the adjacent
areas are parts of a geologically complex region with moderate to high earthquake activity. The
main seismicity in the area is associated with the North-Atlantic Ridge, and especially the
Knipovich Ridge. In addition, some coal mines are located in the area of Spitsbergen, causing
occasional induced seismicity. We have compared maps of seismic events in and near Spitsber-
gen for the period 1964 - 1998 -as taken from ISC bulletins with-a corresponding map for 1998-
2001 using the solutions from the NORSAR Reviewed Regional Seismic Bulletin. Even though
the NORSAR regional bulletin covers a much shorter time interval than the ISC bulletin, the
observed seismicity patterns in the two plots are remarkably similar. In particular, a segment of
the mid-atlantic ridge to the west can be observed, and pronounced seismic zones in Nordaust-
landet (northeast) and Heerland (southeast) can also be identified on both maps. We have pur-
sued further the location calibration of the Spitsbergen area, and have adapted the Barents
regional velocity model to this area by adding a sedimentary layer of 2 km. This has resulted in
encouraging improvements in locating events with known (ground truth) locations.

Section 6.5 is a comparison of various location procedures applied to the Kara Sea seismic event
of 16 August 1997. This event has been the subject of considerable discussion, and in particular
it has been difficult to obtain a reliable focal depth estimate from available seismic recordings.
We have undertaken a sequence of location experiments to compare the results of a) using differ-
ent velocity models to describe the travel times of the phases and b) to make a comparison
between the use of a linearized location algorithm (HYPOSAT - Schweitzer, 2001) and a fully
non-linear scheme (shakeNA — Sambridge and Kennett, 2001). For direct comparisons between
the two methods we have used a standard least-squares misfit criterion, but we have also exam-
ined the influence of more robust choices for data misfit when using the non-linear location
scheme.

This study has shown both the importance of S wave information in assessing the depth of
regional events, and the need to get a good regional velocity model for both P and S in order to
place the strongest constraints on the location of the event.

The conclusions from our experiment of comparing the different data centre solutions with our
results are that using only a limited data set but an adequate travel-time model one can locate the
event in the Kara Sea relatively close to our HYPOSAT-based location. However, in this case
there is very little depth resolution. The relative small error ellipses are a problem which arises
when using only a limited number of data. Then the data errors do not usually follow a normal
distribution but are biased in one direction and suggest an unreasonably high resolution and
accuracy.

The location estimates for the whole data set from the different techniques agree quite well, with
some overlap of the estimated confidence regions. The study concludes that the event cannot be
shallower than 10 km and is most likely in the lower crust around 20-30 km depth. Such deep

crustal events are often attributed to the long-term effects of ice-unloading from the last glacia-
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tion and have previously been observed at Novaya Zemlya (e.g. Marshall et al, 1989). The
assertion that this event was not an underwater explosion is supported by the occurrence of an
aftershock in the same epicentral area about four hours later and the fact that the observed seis-
mic signals do not show bubble pulse reverberations, typical for underwater explosions.

Section 6.6 presents some results derived from studying the seismic signals generated by the
accident of the Russian submarine “Kursk” on 12 August 2000. Two seismic events, which
occurred about 2 minutes and 16 seconds apart, were associated with this accident. The first of
these two events (Kursk-1) was about two magnitude units smaller than the second one (Kursk-
2), which had a local magnitude of about 3.5 (Ringdal et al., 2000).

To get a better understanding of the accident, we have tried to estimate the relative location
between these two events. We have applied a signal correlation analysis procedure to measure,
with high accuracy, the time difference between the two events for various phases recorded at
six seismic stations. We then applied the master-event location technique and inverted the time
differences to obtain a relative horizontal location between the two events. The application of
the master-event analysis suggests that the submarine moved about 145 m to the north-west
during the 135.8 s between the two events. The azimuth of this movement is estimated at 302°.
After the accident not only the exact position of the Kursk submarine became known but also
the direction in which the submarine was lying on the sea bottom. This direction was reported
as 288°. This is in good agreement with the results in this study about the relative movement of
the submarine during the time interval between Kursk-1 and Kursk-2. An estimate of the uncer-
tainty involved in the calculations is also provided.

Frode Ringdal




NORSAR Sci. Rep. 1-2002 February 2002

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

2.1 PS27 — Primary Seismic Station NOA
The average recording time was 100%, the same as for the previous 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:

July 2001 : 100%
August : 100%
September : 100%
October : 100%
November : 100%
December : 100%

Fig. 2.1.1 shows the uptime for the data recording task, or equivalently, the availability of
NORSAR data in our tape archive, on a day-by-day basis for the reporting period.

J. Torstveit
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Fig. 2.1.1. The figure shows the uptime for the data recording task, or equivalently, the availability
of NOA data in our tape archive, on a day-by-day basis, for the reporting period. (Page 1 of 2,
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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
Jul 2001 7,589 1,077 359 62 421 13.6
Aug 10,045 1,550 250 129 379 122
Sep 8,228 832 225 78 303 10.1
Oct 10,728 856 249 91 340 11.0
Nov 12,043 942 204 70 274 9.1
Dec 11,867 908 228 59 287 93
60,500 | 6,165 1,515 489 | 2,004 109

Table 2.1.1. Detection and Event Processor statistics, 1 July - 31 December 2001.

NOA detections

The number of detections (phases) reported by the NORSAR detector during day 182, 2001,
through day 365, 2001, was 60,500, giving an average of 329 detections per processed day (184
days processed).

B. Paulsen

U. Baadshaug
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2.2 PS28 — Primary Seismic Station ARCES

The average recording time was 99.20% as compared to 99.74% for the previous period.

Table 2.2.1 lists the reasons for and time periods of the main downtimes in the reporting period.

Date Time Cause
11 Jul 2241 - Power failure
12 Jul - 1836
18 Jul 1835 - Power failure
19 Jul - 0221
20 Jul 1634 - 2357 Power failure

Table 2.2.1. The main interruptions in recording of ARCES data at NDPC, 1 July -

31 December 2001.

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 fol-

lows:
July 2001 : 95.18%
August : 100%
September 100%
October 100%
November 100%
December 100%

J. Torstveit -
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Event Detection Operation

ARCES detections

The number of detections (phases) reported during day 182, 2001, through day 365, 2001, was
145,357, giving an average of 790 detections per processed day (184 days processed).

Events automatically located by ARCES

During days 182, 2001, through 365, 2001, 11,215 local and regional events were located by
ARCES, based on automatic association of P- and S-type arrivals. This gives an average of

61.0 events per processed day (184 days processed). 44% of these events are within 300 km,
and 76% of these events are within 1000 km.

U. Baadshaug

12
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2.3 AS72 — Auxiliary Seismic Station Spitsbergen

The average recording time was 99.99% as compared to 93.52% for the previous reporting
period.

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:

July 2001 : 100%
August : 100%
September : 100%
October : 99.97%
November : 99.99%
December : 99.97%

J. Torstveit

13
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Event Detection Operation

Spitsbergen array detections

The number of detections (phases) reported from day 182, 2001, through day 365, 2001, was
400,191, giving an average of 2175 detections per processed day (184 days processed).

Events automatically located by the Spitsbergen array

During days 182, 2001, through 365, 2001, 42,476 local and regional events were located by
the Spitsbergen array, based on automatic association of P- and S-type arrivals. This gives an
average of 184.0 events per processed day (184 days processed). 60% of these events are
within 300 km, and 82% 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 will include 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. An invest-
ment in the new station at Jan Mayen will be made in due course and in accordance with Prep-
Com program and budget decisions. In the meanwhile data from the existing seismic station on
Jan Mayen are being transmitted to the NDC at Kjeller and to the University of Bergen via a
VSAT link installed in April 2000.

S. Mykkeltveit

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 Provisional Technical Secretariat of the CTBTO and NORSAR. Analysis of the
data collected at several potential locations for this station in and around Karasjok has been
completed. The results of this analysis have lead to a recommendation on the exact location of
the infrasound station. This location needs to be surveyed in detail. The next step will be to
approach the local authorities to obtain the permissions needed to establish the station. Station
installation is now expected to take place in the year 2003.

S. Mykkeltveit

2.6 RN49 — Radionuclide Station on Spitsbergen

The IMS radionuclide network will include a station at Longyearbyen on the island of Spitsber-
gen, with location 78.2°N, 16.4°E, as given in the protocol to the Comprehensive Nuclear-Test-
Ban Treaty. These coordinates coincide with those of the auxiliary seismic station AS72.
According to PrepCom decision, this station will also be among those IMS radionuclide sta-
tions that will have a capability of monitoring 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, some 20 km away from the
Treaty location. The PrepCom approved the corresponding coordinate change in its meeting in
May 2000. The station installation was part of PrepCom’s work program and budget for the
year 2000. The infrastructure for housing the station equipment has been established, and a
noble gas detection system, based on the Swedish “SAUNA” design, was installed at this site in
May 2001. A particulate station (“ARAME” design) was installed at the same location in Sep-
tember 2001. Currently, the two systems are undergoing testing and evaluation.

S. Mykkeltveit
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3 Contributing Regional Seismic Arrays

3.1 NORES

Average recording time was 70.32% as compared to 99.98% for the previous period.

The outage between 16 August and 9 October was due to a thunderstorm that caused major
damage to the equipment.

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

July 2001 : 100%
August : 50.70%
September : 0%
October : 72.55%
November : 98.65%
December : 100%

Fig. 3.1.1 shows the uptime for the data recording task, or equivalently, the availability of
NORES data in our tape archive on a day-by-day basis for the reporting period.

J. Torstveit
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NORES Event Detection Operation

NORES detections

The number of detections (phases) reported from day 182, 2001, through day 365, 2001, was
95,065, giving an average of 726 detections per processed day (131 days processed; the pro-
cessing of NORES data was suspended for a total of 53 days, due to severe clock problems fol-
lowing a thunderstorm).

Events automatically located by NORES

During days 182, 2001, through 365, 2001, 2351 local and regional events were located by
NORES, based on automatic association of P- and S-type arrivals. This gives an average of
17.9 events per processed-day (131 days processed). 43% of these events-are within 300 km, :
and 75% of these events are within 1000 km.

U. Baadshaug
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3.2 Hagfors (IMS Station AS101)

The average recording time was 99.91% as compared to 99.90% for the previous reporting
period.
Table 3.2.1 lists the reasons for and times of the main outages in the reporting period.

Date Time Cause
14 Aug 0832 - 1050 Installation of new station

Table 3.2.1. The main interruptions in Hagfors recordings at the Norwegian
NDC, 1 July - 31 December 2001.

The Hagfors array was refurbished in- August through the installation of entirely new equip-
ment deployed at new site locations. The “old” array continues its operation in parallel with the
“new” array. All data reported here refer to the “old” Hagfors array.

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:

July 2001 : 99.99%
August : 99.55%
September : 100%
October : 100%
November : 99.94%
December : 99.98%

J. Torstveit
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Fig. 3.2.1. The figure shows the uptime for the data recording task, or equivalently, the availability
of Hagfors data in our tape archive, on a day-by-day basis, for the reporting period (Page 1
of 2, Jul-Sep 2001).
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Fig. 3.2.1 (cont.) (Page 2 of 2, Oct-Dec 2001).
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Hagfors Event Detection Operation

Hagfors array detections

The number of detections (phases) reported from day 182, 2001, through day 365, 2001, was
103,399, giving an average of 562 detections per processed day (184 days processed).

Events automatically located by the Hagfors array

During days 182, 2001, through 365, 2001, 2952 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 16.0 events per processed day (184 days processed). 56% of these events are within 300 km,
and 83% of these events are within 1000 km.

U. Baadshaug
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3.3 FINES (IMS station PS17)
The average recording time was 99.99% as compared to 99.51% for the previous reporting
period.

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:

July 2001 : 99.99%
August : 100%
September : 100%
October : 100%
November : 99.96%
December : 100%

Fig. 3.3.1 shows the uptime for the data recording task, or equivalently, the availability of
FINES data in our tape archive on a day-by-day basis for the reporting period.

J. Torstveit
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Fig. 3.3.1. The figure shows the uptime for the data recording task, or equivalently, the availability
of FINES data in our tape archive, on a day-by-day basis, for the reporting period (Page 1 of
2, Jul-Sep 2001).
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Fig. 3.3.1 (cont.) (Page 2 of 2, Oct-Dec 2001)
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FINES Event Detection Operation

FINES detections

The number of detections (phases) reported during day 182, 2001, through day 365, 2001, was
41,957, giving an average of 228 detections per processed day (184 days processed).

Events automatically located by FINES

During days 182, 2001, through 365, 2001, 2381 local and regional events were located by
FINES, based on automatic association of P- and S-type arrivals. This gives an average of 12.9
events per processed day (184 days processed). 79% of these events are within 300 km, and
88% of these events are within 1000 km.

U. Baadshaug
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3.4  Apatity

The average recording time was 98.31% in the reporting period compared to 99.92% during the

previous period.

Table 3.4.1 lists the reasons for and times of the main outages during the reporting period .

Date
02 Jul
01 Oct
01 Oct
02 Oct
02 Oct
03 Oct
05 Nov
28 Nov
29 Nov
29 Nov
29 Nov

Time
1528 - 1724
0723 - 0958
1153 -

- 0414
1120 -

- 1347
1207 - 1458
1326 -

- 0848
0925 - 1008
1245 - 1300

Cause
Stop in Apatity
Stop in Apatity
Stop in Apatity

Stop in Apatity

Stop in Apatity
Stop in Apatity

Stop in Apatity
Stop in Apatity

Table 3.4.1. The main interruptions in Apatity recordings at the NDC, 1 July -

31 December 2001.

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

lows:

J. Torstveit

July 2001

August

September

October

November
December

99.74%
100%
100%

94.06%

96.09%

99.95%
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Fig. 3.4.1. The figure shows the uptime for the data recording task, or equivalently, the availability
of Apatity data in our tape archive, on a day-by-day basis, for the reporting period (Page 1 of
2, Jul-Sep 2001).
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Apatity Event Detection Operation

Apatity array detections

The number of detections (phases) reported from day 182, 2001, through day 365, 2001, was
229,833, giving an average of 1200 detections per processed day (184 days processed).

As described in earlier reports, the data from the Apatity array are transferred by one-way (sim-
plex) radio links to Apatity city. The transmission suffers from radio disturbances that occa-
sionally result in a large number of small data gaps and spikes in the data. In order for the
communication protocol to correct such errors by requesting retransmission of data, a two-way
radio link would be needed (duplex radio). However, it should be noted that noise from cultural
activities and from the nearby lakes cause most of the unwanted detections. These unwanted
detections are “filtered” in the signal processing, as they give seismic velocities that are outside
accepted limits for regional and teleseismic phase velocities.

Events automatically located by the Apatity array

During days 182, 2001, through 365, 2001, 2246 local and regional events were located by the
Apatity array, based on automatic association of P- and S-type arrivals. This gives an average
of 12.2 events per processed day (184 days processed). 42% of these events are within 300 km,
and 73% of these events are within 1000 km.

U. Baadshaug
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3.5 Regional Monitoring System Operation and Analysis

The Regional Monitoring System (RMS) was installed at NORSAR in December 1989 and
was 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 distance.

Data from the Apatity array were 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 and to focus on regional events in preparation
for Gamma-data submission during GSETT-3, 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 to 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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Jul Aug Sep Oct Nov Dec Total
01 01 01 01 01 01
Phase detections 194113] 180434] 163008| 165445] 135244| 159879| 998123
- Associated phases 7043 6003| 4657 5588 3252f 5029 31572
- Unassociated phases | 187070| 174431 158351| 159857 131992 154850} 966551
Events automatically 1718 1329 1050 1270 561 1127 7055
declared by RMS
No. of events defined by 80 104 103 62 98 80 527
the analyst

Table 3.5.1. RMS phase detections and event summary.

U. Baadshaug
B. Paulsen
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4 NDC and Field Activities

4.1 NDC Activitities

NORSAR is functioning as the Norwegian National Data Center (NDC) for CTBT verification.
Six monitoring stations, comprising altogether 119 field instruments, will be located on Nor-
wegian territory as part of the future IMS as described elsewhere in this report. The four seis-
mic IMS stations are all in operation today, and three of them are currently providing data to
the IDC. The radionuclide station at Spitsbergen is currently operating in a testing mode,
whereas the infrasound station in northern Norway will need to be established within the next
few years. Data recorded by the Norwegian stations is being transmitted in real time to the Nor-
wegian 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 will require increased resources and additional person-
nel both at the NDC and in the field. It will require establishing new and strictly defined proce-
dures as well as increased emphasis on regularity of data recording and timely data
transmission to the IDC in Vienna. Anticipating these requirements, a new organizational unit
has been established at NORSAR to form a core group for the future Norwegian NDC for
treaty monitoring. The NDC will carry out all the technical tasks required in support of Nor-
way'’s treaty obligations. NORSAR will also carry out assessments of events of special interest,
and advise the Norwegian authorities in technical matters relating to treaty compliance.

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 polit-
ical 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 to establish bilateral or multilateral
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 continuously modified to simplify operations and improve results. NORSAR is
currently applying teleseismic detection and event processing using the large-aperture
NORSAR array as well as regional monitoring using the network of small-aperture arrays in
Fennoscandia and adjacent areas.

Certification of PS28

On 8 November 2001 the IMS station PS28-ARCES was formally certified. PTS personnel vis-
ited the station during the winter of 2000, and carried out a detailed technical evaluation. As a
result of this inspection and subsequent discussions between NORSAR and the PTS, it was
concluded that PS28 needed only one enhancement in order to be certified: to install a central-
ized authentication process at the central array recording facility. After this was done during
the fall of 2001 and subsequently verified by the PTS, station certification was granted.

Communication topology

Norway has elected to use the option for an independent subnetwork, which will connect the
IMS stations AS72, AS73, PS28, 1S37 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 con-
nected directly to the GCI (Basic Topology). All the VSAT communication is functioning satis-
factorily.

The Norwegian NDC has been cooperating with institutions in other countries for transmission
of IMS data to the Prototype IDC during GSETT-3. Details on this can be found in Section 4.2.

Jan Fyen

4.2 Status Report: Norway’s Participation in GSETT-3

Introduction

This contribution is a report for the period July - December 2001 on activities associated with
Norway’s participation in the GSETT-3 experiment, which provides data to the International
Data Centre (IDC) in Vienna on an experimental basis until the participating stations have been
commissioned as part of the International Monitoring System (IMS) network defined in the
protocol to the Comprehensive Nuclear-Test-Ban Treaty. This report represents an update of
contributions that can be found in previous editions of NORSAR’s Semiannual Technical
Summary. It is noted that as of 31 December 2001, two out of the three Norwegian seismic sta-
tions providing data to the IDC have been formally certified and thus commissioned as part of
the IMS network.
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Norwegian GSETT-3 stations and communications arrangements

During the reporting interval 1 July - 31 December 2001, Norway has provided data to the
GSETT-3 experiment from the three seismic stations shown in Fig. 4.2.1. The NORSAR array
(PS27, station code 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.
ARCES is a 25-element regional array with an aperture of 3 km, whereas the Spitsbergen array
(station code SPITS) has 9 elements within a 1-km aperture. ARCES and SPITS both have a
broadband three-component seismometer at the array center.

The intra-array communication for NOA has been achieved by a land line for subarray NC6
and VSAT links based on TDMA technology for the other 6 subarrays. The central recording
facility of NOA is at NOR_NDC.

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

Continuous SPITS data have been transmitted to NOR_NDC via a VSAT terminal located at

Plataberget in Longyearbyen (which is the site of the IMS radionuclide monitoring station
RN49 installed during 2001).

Seven-day station buffers have been established at the ARCES and SPITS sites and at all NOA
subarray sites, as well as at NOR_NDC for ARCES, SPITS and NOA (central array station
buffer).

The NOA and ARCES arrays are primary stations in the GSETT-3 network and the IMS, which
implies that data from these stations are transmitted continuously to the receiving international
data center. Since October 1999, these data have been transmitted (from NOR_NDC) via the
Global Communications Infrastructure (GCI) to the IDC in Vienna, whereas transmission of
the same data to the Prototype International Data Center (PIDC) in Arlington, VA, was discon-
tinued on 7 February 2000. The SPITS array is an auxiliary station in GSETT-3 and the IMS,
and the SPITS data have been available to both the IDC and the PIDC throughout the reporting
period on a request basis via use of the AutoDRM protocol (Kradolfer, 1993; Kradolfer, 1996).
The Norwegian stations are thus participating in GSETT-3 with the same status (primary/auxil-
iary seismic stations) they have in the IMS defined in the protocol to the Comprehensive
Nuclear-Test-Ban Treaty. In addition, continuous data from all three arrays are being transmit-
ted to the US NDC.

Uptimes and data availability

Figs. 4.2.2 - 4.2.3 show the monthly uptimes for the Norwegian GSETT-3 primary stations
ARCES and NOA, respectively, for the period 1 July - 31 December 2001, given as the hatched
(taller) bars in these figures. These barplots reflect the percentage of the waveform data that are
available in the NOR_NDC tape 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 communication outage, and NOR_NDC data acquisition outages.

Figs. 4.2.2-4.2 3 also give the data availability for these two stations as reported by the PIDC in
the PIDC Station Status reports. The main reason for the discrepancies between the
NOR_NDC and PIDC 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
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array station to be up and available if at least one channel produces useful data, the PIDC uses
weights where the reported availability (capability) is based on the number of actually operat-
ing channels. The PIDC receives its ARCES and NOA data via the IDC in Vienna.

Use of the AutoDRM protocol

NOR_NDC’s AutoDRM has been operational since November 1995 (Mykkeltveit & Baads-
haug, 1996). The PIDC started actively and routinely using NOR_NDC’s AutoDRM service
after SPITS changed its station status from primary to auxiliary on 1 October 1996. The
monthly number of requests by the PIDC for SPITS data for the period July - December 2001
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 period July - December 2001, NOR_NDC derived information on
524 supplementary 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 PIDC. These events are plotted in Fig. 4.2.5.

Data forwarding for GSETT-3 stations in other countries

NOR_NDC continued to provide communications for the GSETT-3 auxiliary station at Nilore,
Pakistan, through a VSAT satellite link between NOR_NDC and Pakistan’s NDC in Nilore.
The PIDC as well as the IDC obtain data from the Hagfors array (HFS) in Sweden through
requests to the AutoDRM server at NOR_NDC (in the same way requests for Spitsbergen array
data are handled, see above). Fig. 4.2.6 shows the monthly number of requests for HFS data
from the two PIDC accounts “pipeline” and “testbed”.

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 future requirements
related to operation of IMS stations to the maximum extent possible.

The PrepCom has tasked its Working Group B with overseeing, coordinating, and evaluating
the GSETT-3 experiment. The PrepCom has also encouraged states that operate IMS-
designated stations to continue to do so on a voluntary basis and in the framework of the
GSETT-experiment until such time that the stations have been certified for formal inclusion in
IMS. 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 sta-
tion. The ARCES array was formally certified by the PTS on 8 November 2001. It is expected
that a contract will be signed with the PTS for operation and maintenance of this station, with
an effective date of 1 January 2002. Provided that adequate funding continues to be made avail-
able (from the PTS and the Norwegian Ministry of Foreign Affairs), we envisage continuing
the provision of data from all Norwegian IMS-designated seismic stations without interruption
to the IDC in Vienna.
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U. Baadshaug
S. Mykkeltveit
J. Fyen
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Fig. 4.2.1. The figure shows the locations and configurations of the three Norwegian seismic array
stations that have provided data to the GSETT-3 experiment during the period 1 July -
31 December 2001. The data from these stations are transmitted continuously and in real time
to the Norwegian NDC (NOR_NDC). The stations NOA and ARCES have participated in
GSETT-3 as primary stations, whereas SPITS has contributed as an auxiliary station.
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ARCES data availability at NDC and PIDC
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Fig. 4.2.2. The figure shows the monthly availability of ARCES array data for the period June -
December 2001 at NOR_NDC and the PIDC. See the text for explanation of differences in def-

inition of the term “data availability” between the two centers. The higher values (hatched
bars) represent the NOR_NDC data availability.

NOA data availability at NDC and PIDC
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Fig. 4.2.3. The figure shows the monthly availability of NORSAR array data for the period June -
December 2001 at NOR_NDC and the PIDC. See the text for explanation of differences in def-

inition of the term “data availability” between the two centers. The higher values (hatched
bars) represent the NOR_NDC data availability.
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AutoDRM SPITS requests received by NOR_NDC from pipeline and testbec
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Fig. 4.2.4. The figure shows the monthly number of requests received by NOR_NDC from the PIDC
for SPITS waveform segments during July - December 2001.
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Reviewed Supplementary events
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Fig. 4.2.5. The map shows the 524 events in and around Norway contributed by NOR_NDC during
July - December 2001 as supplementary (Gamma) events to the PIDC, as part of the Nordic
supplementary data compiled by the Finnish NDC. The map also shows the seismic stations
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 includes 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 prepara-
tory work has also been carried out in connection with the seismic station on Jan Mayen
(AS73), the infrasound station at Karasjok (IS37) and the radionuclide station at Spitsbergen
(RN49). NORSAR also acts as a consultant for the operation and maintenance of the Hagfors
array in Sweden (AS101).

In addition to the above activities, which are directly related to the International Monitoring
System, NORSAR'’s field staff are continuing, within available resources, to maintain the
small-aperture NORES array, which is co-located with NOA subarray 06C. These efforts are
given low priority, since there is no requirement for specific uptimes at NORES. .

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-1 1/2), 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 accociated 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 VSATSs, 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. Lgken
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6  Summary of Technical Reports / Papers Published

6.1 Estimating global and regional IMS detection capability
Introduction

The primary seismic network of the International Monitoring System (IMS) for verifying com-
pliance with the Comprehensive Nuclear Test Ban Treaty (CTBT) consists of 49 stations (see
Fig. 6.1.1), out of which 35 are installed and operational as of July 2001. These stations are the
key element of the IMS as they are used for detecting events that might be violations of the
CTBT. We have in this study used the threshold monitoring (TM) method (Kvama and
Ringdal, 1999, Ringdal and Kvarna, 1989, 1992) to assess the detection capability of the IMS .
seismic network. The TM method is capable of using actual seismic data for a given time inter-
val as the basis for the detectability calculations. In cases when a seismic station did not pro-
vide data during the time period under study, an estimated background noise level can be
assigned. These noise estimates can be based on results from earlier studies, or they can be
taken from stations assumed to have similar noise characteristics.

Fig. 6.1.1. Station configuration of the full IMS primary seismic network.
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The detection capability of the full IMS primary seismic network

We have used the time interval 10:20-11:00 on 29 June 2001 as the basis for estimating the
detection capability of the full IMS primary seismic network. This time interval does not con-
tain any major seismic events and most of the stations have relatively quiet noise conditions.
Fig. 6.1.2 shows the short-term-averages (STAs) representing the noise levels at each of the
IMS primary seismic stations operational as of 29 June 2001. For stations not providing data
during this time interval, a typical constant noise level has been assigned. These stations have
the label const at the top of each panel.

The noise levels assigned for the planned primary seismic stations are shown in Fig. 6.1.3.

Fig. 6.1.2. Real or estimated noise levels of current IMS primary seismic stations for the time
period 10:20-11:00 on 29 June 2001.
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Fig. 6.1.3. Noise levels assigned for the planned IMS primary seismic stations.

We have used the average noise levels shown in Figs. 6.1.2 and 6.1.3 to calculate the three-sta-
tion network detection capability at the 90% confidence level of the full IMS primary seismic
network. The results are shown in Fig. 6.1.4. Very good detection capability is found in north-
ern Europe and North America where several high performance seismic arrays are installed.

The results shown in Fig. 6.1.4 agree well with the statistical simulations provided by the
NetSim program (Sereno et. al, 1990).
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25

Fig. 6.1.4. Three station detection capability of the full IMS primary network.

The detection capability of the IMS primary seismic network as of July 2001

It is of particular interest to compare the detection capability of the current IMS network with
the projected performance of the 49 stations of the full network. As of 7 July 2001 the primary
seismic IMS network consisted of 35 stations, but several of these stations did not provide any
data. We have in Fig. 6.1.5 plotted the background noise levels for a time interval without any
significant seismic signals, and we see that several stations are down or providing data gaps.
The corresponding three-station detection capability is shown in Fig. 6.1.6, and we again notice
the good detectability associated with the high performance arrays in northern Europe, North
America and Australia.

We have in Fig. 6.1.7 plotted the difference in detectability between the current IMS primary
seismic and the projected performance of the full network. The average difference is only 0.06
magnitude units, and the largest differences are found in southwest Asia with a maximum value
of 0.47. The constant noise levels assigned to the planned or non-operational stations are taken
from typical noise levels at stations assumed to have similar noise characteristics. The rela-
tively large uncertainty associated with the assigned constant noise levels is also reflected in the
detectability estimates.
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Fig. 6.1.5. Noise levels of current IMS primary seismic stations on 7 July 2001.
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Fig. 6.1.7. Difference in detection capability between the current operational primary seismic net-
work (Fig. 6.1.6) and full network (Fig 6.1.4).
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The detection capability of the IMS primary seismic network in the coda of alarge
earthquake

At 09:38:43.5 on 7 July 2001 a my, 5.7, Mg 7.6 earthquake occurred near the coast of Peru. Fig.
6.1.8 shows the average three-station network detection capability for a five minute time inter-
val that starts 1 minute and 20 seconds after the origin time of the event. Notice the reduced
detectability for the areas around the epicenter.

Fig. 6.1.8. Three-station detection capability of IMS primary stations 1 minute and
20 seconds after the occurrence of a my, 5.7 earthquake near the coast of Peru.

In Fig. 6.1.9 we have plotted the difference in detectability between the time interval with the
earthquake signals (Fig. 6.1.8) as compared to the detectability during quiet background noise-
conditions (Fig. 6.1.6). For large regions, including South America and adjacent areas, the
detection performance is reduced by more than 1 magnitude unit. The maximum difference is
1.925 units in the vicinity of the epicenter. As time passes, the seismic signals will propagate to
longer distances and reduce the detectability for larger regions of the Earth. However, due to
the signal attenuation the degradation of the detection capability will be less than for regions
closer to the event.
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Fig. 6.1.9. Difference in detection capability between the levels given in
Fig. 6.1.8 and 6.1.6.

Conclusions

We have found that the 35 stations of the primary seismic IMS network operational as of July
2001 have a three-station detection capability that is quite close to the projected performance of
the 49 stations of the network. The largest difference of about 0.5 my, units is found in south-
west Asia. This can be explained by the fact that most of the sensitive array stations of the net-
work are already in place. Another uncertainty is the noise levels assigned to the planned
stations and to the stations that did not provide real noise data during the period under investi-
gation. The assignment of realistic noise levels for planned stations is therefore a topic requir-
ing additional studies.

This study also confirms the results provided by Kvarna and Ringdal (1999) that large earth-
quakes and the corresponding coda energy can temporarily, over tens of minutes, significantly
reduce the detection capability of the IMS network. During such conditions the use of high-fre-
quency regional data, combined with less stringent event formation criteria (1 or 2 station only)
will be important for CTBT verification purposes.
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6.2 Travel times and attenuation relations for regional phases in the

Barents Sea region
This research is conducted under contract DTRA01-00-C-0107.

A database containing 42 events in the Barents Sea region has been compiled and analyzed
with the aim of evaluating crustal models, travel times and attenuation relations in the context
of performing regional detection threshold monitoring of this region. The 42 events are mostly
located around the circumference of the study area due to the virtually aseismic nature of the
Barents Sea itself. Regional P, and S, phases were observable for most events in the database,
while P, and L, phases were only obscrvable for events with ray paths within continental crust.
This corroborates a number of previous observations of L,-wave blockage across the Barents
Sea. Three existing velocity models were evaluated, with a model having slightly lower S-
velocities than earlier assumed in the upper mantle giving the overall best fit to the observed
arrivals. In order to estimate magnitudes, short term average (STA) and spectral amplitude val-
ues were calculated in several frequency bands for all phase arrivals in the data base. There
were no significant differences between spectral and STA amplitudes, so the latter were used as
this parameter is more efficient to calculate in real-time processing. An inversion was per-
formed in order to determine a P, and S, attenuation relation specific for this region. The
resulting magnitudes based on P, and S; phases gave an internally consistent, reasonably stable
set of values, which can be calibrated towards any existing global or regional scale. An attenu-
ation relation was also determined for the L, phase, but the low number of amplitude readings
in this case renders the results less reliable.

Introduction

The Barents Sea region is an area which is of particular interest in the context of the compre-
hensive nuclear test ban treaty (CTBT), as it contains the former Soviet Union nuclear test sites
on Novaya Zemlya. For this reason, it is of interest to perform regional seismic detection
threshold monitoring in order to continuously assess the upper limit magnitude of events that
could go undetected, and also to provide automatic locations for seismic events in the region
with the best possible precision. The Threshold Monitoring (TM) method (e.g. Ringdal and
Kvarna, 1989; 1992; Kverna and Ringdal, 1999) uses continuous seismic data from a network
of stations to calculate a threshold magnitude for each point in a grid, for which an event would
have 90% probability of detection by the network. It is thus able to take varying noise levels,
interfering signals from teleseismic events, data gaps, particularly favorable site-station trans-
mission properties etc. into account, which traditional, static capability maps are incapable of
doing (Ringdal and Kvama, 1992). However, for the threshold monitoring to be accurate, reli-
able travel time curves and attenuation relations are required for the target area. Ideally, calibra-
tion events should be available for all station/phase combinations at each target point. However,
in practice, particularly in areas of low seismic activity such as the Barents Sea, it is necessary
to rely on travel time curves calculated from a regional velocity model and regional attenuation
relations. Still, a good coverage of seismic events is a requirement in order to determine mean
regional values of such relations. In order to provide the necessary data for this region, we have
compiled a database of recent events, and have attempted to extract the necessary information
in spite of the less than optimal coverage.
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Seismotectonic setting

The Barents Sea is an epicontinental sea, bordering on the Precambrian and Caledonian crust
of northern Fennoscandia, the Kola Peninsula and northern Siberia to the south, and young pas-
sive margins to the north and west, formed during the Cenozoic opening of the Eurasian Basin
and the Norwegian-Greenland Sea respectively (e.g. Faleide et al., 1993). Large parts of the
western margin and the oceanic crust to the west is covered by a huge sediment wedge depos-
ited after the opening of the Norwegian-Greenland Sea, primarily during the Pliocene-Pleis-
tocene age (Eidvin et al., 1993). The interior of the Barents Sea is underlain by large
thicknesses of Upper Paleozoic to Cenozoic sediments, with accentuated Moho relief, leaving
as little as ~4 km of crystalline basement under the deepest basins (Jackson ef al., 1990; Faleide
etal., 1993).

The internal Barents Sea has very little seismic activity, implying a stable tectonic situation
(Bungum and Lindholm, 1996). This has also been interpreted as a consequence of a relatively
weak ridge-push force counteracted by tensional stresses related to Pliocene-Pleistocene ero-
sional unloading (Fiedler and Faleide, 1996). The activity is significantly higher along the
western Barents Sea margin, which is under weak oblique (NW-SE) compression from the
north-Atlantic ridge, with the large Pliocene-Pleistocene sediment load likely being the most
important stress-generating mechanism in these areas (Byrkjeland et al., 2000).

Northern Fennoscandia and the Kola Peninsula are areas of intermediate seismic activity, tend-
ing mainly toward earthquakes in the upper half of the crust. There appears to be some activity
connected to a postglacial reverse and strike-slip fault system in northern Fennoscandia (Bun-
gum and Lindholm, 1996), the stress tensor appears to have NW-SE compression approxi-
mately corresponding to the expected ridge-push direction (Hicks et al., 2000). There is also
some seismic activity along the northern coast of the Kola Peninsula, while onshore northern
Siberia has lower levels. The seismic activity in northern Fennoscandia is most likely tied to a
combination of the tectonic ridge push force and constructive postglacial uplift stresses (Bun-
gum and Lindholm, 1996). Novaya Zemlya and the Kara Sea to the east has some sporadic
earthquake activity, as evidenced by some interesting events in recent years (e.g. Marshall et
al., 1989; Ringdal et al., 1997; Bowers et al., 2001; Schweitzer and Kennett, 2002).

Database of seismic events

A total of 42 seismic events in the Barents Sea and northern Fennoscandia were used as the
basis for this study. The events were selected to provide the best possible ray path coverage of
the crust, although since large areas of the Barents Sea are in practice aseismic, there is a con-
centration of activity on the outer parts: Svalbard, western Barents Sea, northern Fennoscandia,
the Kola Peninsula and Novaya Zemlya. The database consists of earthquakes, mining blasts
and other explosions (both chemical and nuclear), and some events of unknown origin. Areas
with large numbers of seismic events with similar locations were represented with a single
event, in order to avoid introducing any bias towards these areas in the subsequent inversion.

In addition to waveform data from seismic array stations on mainland Norway (ARCES,
NORES), we have also used available array data from Finland (FINES), Svalbard (SPITS), and
the Russian Kola peninsula (APA). Data from the Amderma (AMD) station in northern Russia
were available for 15 of the events, waveform data were also retrieved from the IRIS consor-
tium for the Global Seismographic Network (GSN) seismic stations in Kevo, Northern Finland
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(KEV), Lovozero on the Kola peninsula (LVZ) and Ny Alesund on the Svalbard archipelago
(KBS). The location of these nine stations used are shown along with the locations of the 42
selected seismic events in Fig. 6.2.1. The waveform data were re-analyzed, with emphasis
placed on consistent phase identification and onset time picking of observable phases. Only
phases that could be clearly observed and identified were analyzed and used. A preliminary
relocation of the events was performed during the analysis, using the ‘Fennoscandia’ crustal
model (Mykkeltveit and Ringdal, 1981) which is the model routinely used by NORSAR for
seismic event location in northwestern Europe and the Barents Sea.

An investigation of which phases were observable on the different stations from various source
areas was performed, in order to evaluate the geographical coverage for each phase. As
expected, crustal phases (P, and L,) are in general only observable for paths that travel more or
less exclusively within the shield areas, i.e. from onshore or coastal events in Fennoscandia and
Svalbard. This confirms previous observations.indicating the blockage of L, phases that have ..
paths crossing large sedimentary structures such as those encountered in the Barents Sea (e.g.
Zhang and Lay, 1994; Baumgardt, 2001; Bowers et al., 2001). P, and S, phases are observable.
for most events with distances greater than 2-3 degrees. Fig. 6.2.2 shows phase maps for the
ARCES array in northern Norway.

Crustal models and travel times

In order to be able to predict phase arrival times for a given origin in a threshold monitoring
application, an accurate crustal velocity model is required. An evaluation of several available
crustal models was therefore performed. Observed and theoretical travel times for two models
are shown in Fig. 6.2.3, plotted according to epicentral distance after relocation with the corre-
sponding model using HYPOSAT (Schweitzer, 2001). All depths were fixed at 10 km for this
comparison. The Fennoscandia model (Mykkeltveit and Ringdal, 1981), shown in Table 6.2.1,
gave a reasonably good travel time residuals, but there were some systematic discrepancies as
clearly visible in Fig. 6.2.3. The Lg-phase arrivals have consistent and quite large negative
residuals on average, while the S, phases trend towards positive residuals. The P, arrivals have
quite large negative residuals, in particular around the 6 - 12 degree distance range. Two mod-
els from Schweitzer and Kennett (2002), named BAREY and BAREZ (Table 1) were also
tested, with the BAREY model giving the lowest travel time residuals overall (Fig. 6.2.3).
These two models were adapted from a model developed for the Barents and Kara Seas by
Kremenetskaya et al. (2001) by making minor P-velocity adjustments and varying the P/S ratio
in the upper mantle (Schweitzer and Kennett, 2002). The main differences between these two
models are the S velocities in the upper mantle, which of course have the greatest effect on
regional S phases propagating at these depths (S;). The BAREY model has the lowest S veloc-
ities in the upper mantle while BAREZ has the highest. The Fennoscandia model has upper
mantle S velocities between the other two models. As shown in Table 6.2.1, the velocity pro-
files for both P and S within the crust are virtually identical, with the Conrad discontinuity at 16
km and the Mohorovicic discontinuity at 40 km (Fennoscandia) and 41 km (BAREY/BAREZ)
depth.

The small differences in upper mantle P velocities (Table 6.2.1) serve to reduce the observed P,
residuals after relocation. The resulting small differences in epicenter locations for the different
models also have an effect on the travel times of crustal phases, most visible for the L, onsets
(Fig. 6.2.3). The BAREY model appears to be particularly accurate for paths from Novaya
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Zemlya to Fennoscandia, which is the setting for which it was developed. The BAREZ model
is slightly better for paths crossing the Barents Sea from Novaya Zemlya to the north-west
(towards Svalbard and Bjprngya), and also to the south (towards Amderma) (Schweitzer and
Kennett, 2002). The BAREY model however provided the smallest overall travel time residuals
for all paths in our data set. The geographic distribution of the travel time residuals for the Fen-
noscandia and BAREY models is shown in Fig. 6.2.4, showing the generally lower residuals, in
particular for the S, arrivals, obtained using the BAREY model.

Attenuation relations and magnitudes

In order to provide threshold magnitudes for a given location, it is essential to be able to con-
vert observed amplitudes to event magnitudes at the target location. To this end an attenuation
relation from Jenkins et al. (1998), based on Sereno (1990) is used:

A af +b .
M; =logd+ log((m) ) 1

where A is amplitude in nanometers, A is the epicentral distance in km, f is the logarithmic cen-
ter frequency of the passband at which the amplitude reading is taken, while a and b are phase-
dependent constants. The value 200 represents a reference distance where the geometrical
spreading changes from spherical to a more complicated function based on the phase analyzed
(Sereno, 1990). Due to the fact that the decrease in seismic amplitude with epicentral distance
is a combined effect of geometrical spreading, anelasticity and scattering, care must be taken in
relating these coefficients to physical properties of the medium (cf. Alsaker et al., 1991). How-
ever, this is not necessary for our purpose, as long as the relation as a whole is able to describe
the amplitude/distance relation in a consistent and reasonably accurate manner. The relation
was developed using spectral amplitudes, however for continuos processing it is more efficient
to use time-domain short term average (STA) amplitudes. A comparison of STA amplitudes
and spectral amplitudes in the same frequency bands for the selected events showed that they
are in practice equivalent with regard to magnitude calculation (Agrs ~ Agpgc). STA ampli-
tudes were calculated in three frequency bands (2-4, 3-6 and 4-8 Hz) corresponding to three of
the frequency ranges used in JENKINS et al. (1998), using a moving window with a step length
of one sample and window lengths of 2 s length for P, and 5 s for S, and L. The maximum
STA amplitude within 7.5 s (P,), 10 s (S,)) and 15 s (Lp) after the observed phase onset was
then selected. Only amplitude readings with a minimum signal-to-noise ratios (SNR) of 3.0 or
greater for P and S, and 2.5 or greater for L,, compared to a noise window of 5 s length start-
ing 10 s ahead of the observed onset time have been used. The SNR for L, is almost always
lower than for S, or P,,, as the L, phase arrives within the coda of the earlier onsets. Similarly,
Sy arrivals generally show lower SNRs than P, arrivals, although this can also depend on
source effects and the relative noise situation at the seismic station.

Magnitudes calculated using equation (1) did reveal some inconsistencies between magnitudes
calculated from different frequency bands, phases and stations, as shown in Fig. 6.2.5. The a
and b coefficients used in this care were determined using data from eastern North America,
central Asia and Australia by Jenkins e? al. (1998) (Table 6.2.2), also applied by Bowers ef al.
(2001) for the Barents Sea. For ARCES it is clear that magnitudes calculated from STA values
in the 2-4 Hz passband are systematically higher, by about 0.3 magnitude units on average,
than magnitudes calculated in the 3-6 Hz passband, which again are almost 0.2 magnitude units
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higher on average than magnitudes calculated from the 4-8 Hz passband. Similar discrepancies
were observed at the other stations. As Fig. 6.2.5 also shows, there is a quite large, systematic
offset between the P, and S, phase magnitudes calculated within the same frequency band at
the same station. In addition, there are large discrepancies between magnitudes calculated from
the same phase/frequency range at different stations. This implies that the relation does not
accurately represent the attenuation of seismic waves for this set of reference events.

In order to provide an attenuation relation that better explains the measured amplitudes in the
database, and also to determine station corrections for the nine stations used, an inversion of
the available amplitude data was performed. Using equation (1), the STA amplitude A for
phase i from event j measured at station K may be expressed as:

A A
aiflogm + bllogm + Sik —Mj = _logAljk 2)

where S;; is the station correction for phase i at station k, and M; is the event magnitude for
event j. The parameters a; and b; are the coefficients from equation (1) for phase i. Equation (2)
represents a set of linear equations, and can be written in matrix form:

Ax = D 3

where A represents the Jacobi matrix, x the vector of unknowns and D is the data vector. We
used standard, least-squares techniques to solve equation (2).

A total of 863 amplitude readings with acceptable SNR (23.0) from P, (548 readings) and S
(315 readings) phases from the 40 seismic events that had sufficient data to be used, were
inverted in order to yield the two relation coefficients and nine station corrections for each of
the two phases, in addition to relative magnitudes for the 40 events. The individual events had
between four and 40 amplitude readings contributing to the solution. The a; and b; values deter-
mined through this inversion are given in Table 6.2.2, while the corresponding station correc-
tions S;;, are listed in Table 6.2.3. New magnitudes calculated using these results are plotted in
Fig. 6.2.6, showing that the mean offset was reduced in all cases compared to the original cal-
culations (Fig. 6.2.5). The scatter, expressed as the standard deviation, was marginally higher
for some combinations, and reduced for others.

The magnitudes for the P, and S, phases calculated using the inversion results are internally
consistent, and can thus be tied in to any other magnitude scale. To calibrate the scale in this
case we have used five events in the Novaya Zemlya region with body wave magnitudes
ranging from my, 2.4 to 5.6 (Table 4) that have previously been studied in great detail (e.g.
Ringdal and Kremenetskaya, 1999), giving a constant offset of -0.33. Applying this offset
value and the estimated phase-dependant station corrections S; (listed in Table 6.2.3) to
equation (1), the final magnitude relation for P, and S;, STA amplitudes yields:

A af+b;

where A is observed STA amplitude within a frequency band with logarithmic center frequency
f, Ais epicentral distance, and a; and b; are phase-dependant constants given in Table 6.2.2. The
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P, and S, magnitudes calculated using equation (4) were in general comparable to previously
reported magnitudes for other, well studied events, as shown in Table 6.2.4.

A separate inversion was attempted in order to determine coefficients for the L, phase for
events and stations located within Fennoscandia, as L, observations are hmlted to this area.
The inversion gave seemingly acceptable results when applied to our small group of events,
however, attenuation was extremely low for dis