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Abstract (cont.) 

The NORSAR Dectection Processing System has been operated throughout 
the reporting period with an average uptime of 96.9 per cent. A total 
of 1651 seismic events haS. been reported in the NORSAR monthly seismic 
bulletin. The performance of the continuous alarm system and the 
automatic bulletin transfer by telex to AFTAC has been satisfactory. 
Processing of requests.for full NORSAR/NQRESS data on magnetic tapes 
has progressed according to established schedules. · 

The satellite link for transmitting NORESS data in real time to the 
U.S. has had an average uptime of 97.7 per cent, with a power break 
during 16-19 October 1987 being the main contributor to the downtime. 
On-line NORESS detection processing and data recording at the NORSAR 
Data Center (NDPC) has been conducted throughout the period, with an 
average uptime of 95.4 per cent. 

The ARCESS array started operation in mid-October 1987, and data have 
since been recorded and processed off-line at NDPC. As this system has 
been in an initial phase, there have been several interruptions in data 
recording, and the monthly average uptimes have ranged from 67.3 to 
93.0 per cent. 

Field maintenance activity has included regular preventive maintenance 
at all array sites and occasional corrective actions when required. In 
particular, much work has been conducted at the ARCESS array site. 
Among problems encountered, we note in particular that NORSAR subarray 
02B had a prolonged outage due to cable and power problems, and that. 
the ARCESS horizontal broad-band instruments have been malfunctioning 
since they were installed. 

A substantial effort has been made to improve the local area network 
connecting the NDPC computers (IBM, Sun, Vax) and to interface this 
network to other national and international systems. This work has been 
important in preparing for future automatic dq.ta exchange using 
telecommunication links, both with the United States and the Nordic 
countries. 

A study has been conducted to determine the achievable P-phase SNR 
gains at various frequencies for the NORESS array geometry. It has been 
found that by carefully choosing the proper array subgeometry at 
different frequencies, gains exceeding 10 dB can be consistently 
achieved over almost the entire frequency band 0.5 - 10 Hz. The optimum 
subgeornetries are as follows: 
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0.5 
1.0 
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1.0 Hz 
2.3 Hz 
5.0 Hz 

10.0 Hz 

iii 

AO, D-ring (10 elements) 
AO, C, D-rings (17 elements) 
AO, B, C, D-rings (22 elements) 
AO, A, B, C, D-rings (25 elements, i.e., 
full array) 

An assessment has also been made of the processing gains that could be 
achieved using arrays smaller than NORESS. Thus, for an intermediate 
array (comprising AO, A,B,C-rings, i.e., 16 elements, 1.4 km diameter) 
gains exceeding 8 db could be consistently achieved from 1.5 - 10 Hz. 
For a small array (AO, A,B-rings, i.e., 9 elements, 0.65 km diameter), 
gains exceeding 6 dB could be achieved from 3 - 10 Hz. 

The azimuthal and temporal distribution of low-velocity detections 
(< 3.0 km/s), which occasionally causes several hundred triggers of the 
NORESS detector during a single day, have been studied in detail. It 
has been established that these detections are strongly correlated with 
increased water flow in the nearby large river Glomma, with arrival 
azimuth being very consistent over time. Although the exact generation 
mechanism remains unknown, it is clear that these detections have no 
tectonic origin, and can therefore be masked from further processing 
using the phase velocity as a masking criterion. 

As part of a project to evaluate the relative precision of 3-component 
versus vertical component array solutions for event location, the 
scatter of Pn solutions from 3-component data at different sites within 
the NORESS array has been studied. A digitized representation of the 
NORESS topography has been developed and used in conjunction with a 
recently developed method to synthesize multiple scattering by surface 
topography. The results suggest that surface topographic relief 
significantly perturbs the surface particle motion and hence 3-
component slowness solutions. The perturbation varies from site to site 
within the NORESS array, and it also depends on details of the input 
signal spectrµm. On the other hand, the array slowness solution based 
on vertical component phase delays is relatively stable since the 
additional phase perturbations are negligible. 

The coupling mode technique for modelling surface wave propagation in 
2-D structures presented in the previous Semiannual Technical Summary 
has been applied to a model of the North Sea Graben. The purpose has 
been to examine how a large-scale and very strong lateral variation of 
the crustal structure affects the propagation of the short-period 
surface wavetrains. It appears that the observed extinction of the Lg 
phase across the North Sea Graben cannot be attributed to coupled mode 
effects. Thus, some other phenomena, such as a strong attenuation or 
small-scale heterogeneities able to reflect energy, must be associated 
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with the sedimentary thickening and the Moho uprising to explain the 
extinction of the Lg phase. On the other hand, results from this study 
concerning Rayleigh-Love couplings have been 'found to agree well with 
observations of anomalously high tranversal motions of Lg wavetrains 
for explosive sources. 

Data from the ARCESS array in conjunction with recordings from the 
Northern Norway seismic network have been used to assess the seismicity 
in the surrounding areas. A relatively high seismic activity has been 
observed along the escarpments and associated fault zones, and in 
particular the western Barents Sea appears to be exposed to a greater 
scale of seismicity than earlier known. On the other hand, the southern 
and eastern parts of the Barents Sea appear to be seismically quiet, 
with no observed earthquakes during the last year in spite of a 
detection threshold as low as magnitude 1.5 for that region. A longer 
time period of observation will be needed to further assess these 
seismicity data. 

Initial analysis of ARCESS recordings has indicated that the 
propagation of very high frequency signals (> 30 Hz) out to 500 km is 
similar to, although not quite as efficient as, previously observed for 
the NORESS array. Nevertheless, significant energy contents beyond 
30 Hz is seen for P phases of low magnitude events (ML~ 2.5) within 
this distance range. The propagation of the low-frequency Rg phase is 
far more efficient at ARCESS than at NORESS, and clear Rg has been 
observed at distances beyond 400 km, whereas such phases are never seen 
at NORESS beyond 70-90 km. A detectability study, based on 271 
reference events in the Leningrad-Estonia region (mostly mining 
explosions) has given an estimated 90 per cent P-wave detection 
threshold for ARCESS of ML= 2.5. The Helsinki seismic bulletin has 
been used as a reference, and the distance range of the events was 800-
1200 km. This compares favorably to the NORESS threshold of Mt= 2.7 
estimated for a similar epicentral distance range. An assessment of the 
Joint ARCESS-NORESS regional event location capability has shown that 
for distant events (> 500 km from both arrays) the Joint location 
accuracy is of the order of 30 km, whereas single-array location 
estimates at such ranges typically are uncertain by more than 100 km. 

Recordings of Lg waves from 39 Semipalatinsk explosions have been 
analyzed for the Gr&fenberg array, and compared to similar analyses 
earlier conducted for NORSAR data. It has been found that Lg magnitude 
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estimates are very consistent for the two arrays, with the standard 
deviation of the difference being less than 0.05 magnitude units for 
well-recorded events. Furthermore, the GrAfenberg data analysis has 
confirmed the previously observed Lg-P anomaly between the northwestern 
and southeastern parts of the Shagan River test site. 

UNCIASSIFIED 



vi 

AFTAC Project Authorization 

ARPA Order No. 

Program Code No. 

Name of Contractor 

Effective Date of Contract 

Contract Expiration Date 

Project Manager 

Title of Work 

Amount of Contract 

Contract Period Covered by Report 

T/6141/B/PMP 

4138 

OFlO 

Royal Norwegian Council for 
Scientific and Industrial 
Research 

1 October 1985 

30 September 1988 

Frode Ringdal (06) 81 71 21 

The Norwegian Seismic Array 
(NORSAR) Phase 3 

$ 3,702,816 

1 Oct 1987 - 31 Mar 1988 

The views and conclusions contained in this docwnent are those of the 
authors and should not be interpreted as necessarily representing the 
official policies, either expressed or implied, of the Defense Advanced 
Research Projects Agency, the Air Force Technical Applications Center 
or the U.S. Government. 

This research was supported by the Advanced Research Projects Agency of 
the Department of Defense and was monitored by AFTAC, Patrick AFB, FL 
32925, under contract no. F08606-86-C-0004. 

NORSAR Contribution No. 394 



I. 

II. 

III. 

IV. 

V .. 

VI. 

VII. 

vii 

TABLE OF CONTENTS 

SUMMARY 

NORSAR OPERATION 
II.l Detection Processor (DP) operation 
II.2 Array communications 
II.3 Event Detection operation 

OPERATION OF NORESS AND ARCESS 
III.l Satellite transmission of NORESS data 

III. 2 
III. 3 
III.4 

to the U.S. 
Recording of NORESS data at NDPC, Kjeller 
Recording of ARCESS data at Kjeller 
Data processing and bulletin transfer 

IMPROVEMENTS AND MODIFICATIONS 

MAINTENANCE ACTIVITIES 
V.l Activities in the field and at the Maintenance 

Center 
V.2 Array status 

DOCMENTATION DEVELOPED 

SUMMARY OF TECHNICAL REPORTS / PAPERS PUBLISHED 
VII.l On exploitation of small-aperture NORESS type 

arrays for enhanced P-wave detectability 
VII.2 Sources of short-term fluctuations in the 

seismic noise level at NORESS 
VII.3 

VII .4 

VII.5 

VII.6 

VII. 7 

Surface topographic effects on arrays and 
three-component stations 
Coupling of short period surface wavetrains 
across the North Sea Graben 
Seismicity of northern Norway and adjacent 
areas as inferred from ARCESS and SEISNOR data 
New results from processing of data recorded 
at the new ARCESS regional array 
Analysis of Grafenberg Lg recordings of 
Semipalatinsk explosions 

1 

3 
3 
8 

12 

13 
13 

14 
18 
18 

22 

25 
25 

30 

31 

32 
32 

52 

64 

74 

93 

106 

118 



I --

I . 

I 

I . 

I 



I. SUMMARY 

This Semiannual Technical Summary describes the operation, maintenance 

and research activities at the Norwegian Seismic Array (NORSAR), 

Norwegian Regional Seismic Array (NORESS) and the Arctic Regional 

Seismic Array (ARCESS) for the period 1 October 1987 - 31 March 1988. 

The NORSAR Detection Processing System has been operated throughout the 

reporting period with an average uptime of 96.9 per cent. A total of 

1651 seismic events have been reported in the NORSAR monthly seismic 

bulletin. The performance of the continuous alarm system and the 

automatic bulletin transfer by telex to AFTAC has been satisfactory. 

Processing of requests for full NORSAR/NORESS data on magnetic tapes 

has progressed according to established schedules. 

The satellite link for transmitting NORESS data in real time to the 

U.S. has had an average uptime of 97.7 per cent, with a power break 

during 16-19 October 1987 being the main contributor to the downtime. 

On-line NORESS detection processing and data recording at the NORSAR 

Data Center (NDPC) has been conducted throughout the period, with an 

average uptime of 95.4 per cent. 

The ARCESS array started operation in mid-October 1987, and data have 

since been recorded and processed off-line at NDPC. As this system has 

been in an initial phase, there have been several interruptions in data 

recording, and the monthly average uptimes have ranged from 67.3 to 

93.0 per cent. 

Field maintenance activity has included regular preventive maintenance 

at all array sites and occasional corrective actions when required. In 



particular, much work has been conducted at the ARCESS array site. 

Among problems encountered, we note in particular that NORSAR subarray 

02B had a prolonged outage due to cable and power problems, and that 

the ARCESS horizontal broad-band instruments have been malfunctioning 

since they were installed. 

A substantial effort has been made to improve the local area network. 

connecting the NDPC computers (IBM, Sun, Vax) and to interface this 

network to other national and international systems. This work has been 

important in preparing for future automatic data exchange using 

telecommunication links, both with the United States and the Nordic 

countries. 

The research activity is summarized in Section VII. Section VII.l 

describes a means of exploiting small-aperture NORESS type arrays for 

enhanced P-wave detectability. In Section VII..2 sources of short-term 

fluctuations in the seismic noise level at NORESS are presented. 

Surface topographic· effects on arrays and three-component stations are 

described in Section VII.3. Section VII.4 takes up the coupling of 

short period surface wavetrains across the North Sea Graben. In Section 

VII.5 the seismicity of northern Norway and adjacent areas as inferred 

from ARCESS and SEISNOR data is outlined. SectionVII.6 presents new 

results from processing of data recorded at the ARCESS regional array. 

An analysis of Griifenberg Lg recordings of Semipalatinsk explosions is 

presented in Section VII.7. 
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II. NORSAR OPERATION 

II.l Detection Processor (DP) Operation 

There have been 134 breaks in the otherwise continuous operation of the 

NORSAR online system within the current 6-month reporting interval. The 

uptime percentage for the period is 96.9 as compared to 98.9 for the 

previous period. 

Fig. II.1.1 and the accompanying Table II.1.1 both show the daily DP 

downtime for the days between 1 October 1987 and 31 March 1988. The 

monthly recording times and percentages are given in Table II.1.2. 

The breaks can be grouped as follows: 

a) Hardware failure 18 

b) Stops related to program work or error 16 

c} Hardware maintenance stops 3 

d) Power jumps and breaks 8 

e) TOD error correction 22 

f) Communication lines 67 

The total downtime for the period was 134 hours and 59 minutes. The 

mean-time-between-failures (MTBF) was 1.3 days, as compared to 2.5 for 

the previous period. 

J. Torstveit 
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LIST 
DAY 

280 
281 
287 
287 
288 
288 
289 
289 
289 
290 
291 
291 
291 
291 
292 
292 
293 
296 
299 
299 
300 
300 
303 
303 
303 
303 
303 
303 
304 
304 
306 
306 
306 
308 
309 

OF BREAKS IN DP PROCESSING THE LAST HALF-YEAR 
START STOP COMMENTS ........... DAY START STOP COMMENTS ........... 

9 15 9 30 SERVICE MODCOMP 309 13 1 13 2 LINE FAILURE 21 50 21 55 LINE FAILURE 313 7 38 7 39 LINE FAILURE 8 16 8 20 LINE FAILURE 313 8 44 8 45 LINE FAILURE 14 20 14 22 LINE FAILURE 313 8 49 8 50 LINE FAILURE 7 7 7 8 LINE FAILURE 315 7 52 7 53 TOD RETARED 5MS 7 13 7 14 LINE FAILURE 316 12 59 13 0 LINE FAILURE 9 20 9 32 PROG TEST 320 11 40 12 15 SOFTWARE TEST 9 48 9 50 LINE FAILURE 322 7 1 7 3 TOD RETARED llMS 15 44 15 57 POWER FAILURE 323 7 58 7 59 LINE FAILURE 8 50 24 0 POWER FAILURE 324 12 9 12 10 CE MAINTENANCE DISK 0 0 11 25 POWER FAILURE 324 12 27 13 39 CE MAINTENANCE DISK 20 21 20 22 LINE FAILURE 327 7 1 7 2 LINE FAILURE 20 44 20 45 LINE FAILURE 327 13 47 13 48 LINE FAILURE 20 48 20 49 LINE FAILURE 328 12 57 12 59 LINE FAILURE 7 28 7 29 LINE FAILURE 329 3 44 7 2 POWER BREAK 16 59 17 15 POWER FAILURE 330 7 0 7 2 LINE FAILURE 14 39 14 40 LINE FAILURE 333 10 15 10 16 LINE FAILURE 11 51 11 52 LINE FAILURE 334 7 28 7 29 LINE FAILURE 7 9 7 19 TOD FAILURE 335 8 10 8 11 LINE FAILURE 7 47 7 49 TOD ADJUSTMENT 335 10 12 10 13 LINE FAILURE 7 7 7 a TOD RETARED 65MS 336 7 29 7 30 LINE FAILURE 12 36 12 40 LINE FAILURE 336 10 1 10 2 LINE FAILURE 7 8 7 9 LINE FAILURE 338 7 2 7 3 TOD RETARED lOMS 7 36 7 37 LINE FAILURE 341 8 43 a 44 LINE FAILURE 7 43 7 49 LINE FAILURE 343 7 1 7 2 TOD RETARED lOMS 7 54 7 56 LINE FAILURE 347 a 40 8 41 LINE FAILURE 11 0 11 19 POWER FAILURE 350 9 32 9 46 MODCOMP FAILURE 11 24 11 26 LINE FAILURE 350 10 3 10 23 MODCOMP SERVICE 9 55 9 56 LINE FAILURE 350 15 40 15 53 MODCOMP SERVICE 10 0 10 1 LINE FAILURE 351 7 1 7 2 TOD RETARED 7MS 7 14 7 15 LINE FAILURE 354 13 54 14 1 SYSTEM SOFT. WORK 7 19 7 20 LINE FAILURE 354 16 4 20 40 SYSTEM SOFT. WORK 8 1 8 17 POWER FAILURE 35.4 22 26 23 23 SYSTEM SOFT. WORK 7 0 7 1 TOD RETARED 13MS 355 4 52 5 19 SYSTEM SOFT. WORK 12 24 12 31 LINE FAILURE 355 5 27 5 34 SYSTEM SOFT. WORK 

Table II.1.1 Daily DP downtime in the period 1 October 1987 - 31 March 

1988. 



LIST OF BREAKS IN DP PROCESSING THE LAST HALF-YEAR 
DAY START STOP COMMENTS ........... DAY START STOP COMMENTS ........... 

355 9 53 9 54 MODCOMP RESET 48 11 34 12 8 POWER BREAK 
356 7 9 7 10 TOD RETARED llMS 50 9 45 9 47 LINE FAILURE 
358 12 22 12 23 LINE FAILURE 53 7 1 7 2 TOD RETARED lOMS 
362 8 52 8 53 LINE FAILURE 54 7 1 7 2 LINE FAILURE 
363 11 13 12 55 SYSTEM SOFT. WORK 54 10 5 10 6 LINE FAILURE 
363 14 16 15 35 SYSTEM SOFT. WORK 55 13 24 13 26 LINE FAILURE 
363 15 40 16 9 SYSTEM SOFT. WORK 56 7 53 7 55 TOD RETARED 13MS 

1 8 40 9 50 SYSTEM SOFT. WORK 60 7 1 7 2 TOD RETARED 4MS 
1 10 43 10 44 SYSTEM SOFT. WORK 63 7 0 7 1 TOD RETARED lOMS 
1 10 55 10 57 SYSTEM SOFT. WORK 67 7 0 7 1 LINE FAILURE 
1 11 .8 11 10 SYSTEM SOFT. WORK 67 7 18 7 50 POWER FAILURE 
1 11 45 11 49 SYSTEM SOFT. WORK 67 7 1 7 2 TOD RETARED.20MS 
1 11 59 12 1 SYSTEM SOFT. WORK 67 8 21 8 22 LINE FAILURE 
4 7 1 7 2 TOD RETARED 22MS 75 12 36 12 37 MODCOMP FAILURE 
5 3 8 7 36 CPU FAILURE 75 13 5 13 6 MODCOMP FAILURE 
8 7 5 7 9 TOD RETARED !OMS 75 13 7 13 8 MODCdMP FAILURE 
9 9 57 9 58 LINE FAILURE 75 13 39 13 40 MODCOMP FAILURE 

12 8 48 8 49 LINE FAILURE 75 14 1 14 7 MOD~OM? FAILURE 
13 7 1 7 2 LINE FAILURE 75 16 25 17 5 MODCOMP FAILURE 
21 7 21 7 22 LINE FAILURE 75 17 18 17 36 MODCOMP FAILURE 
22 6 28 6 29 LINE FAILURE 75 19 27 24 0 MODCOMP FAILURE 
22 6 37 6 42 LINE FAILURE 76 0 0 24 0 MODCOMP FAILURE 
22 10 6 10 7 LINE FAILURE 77 0 0 17 30 MODCOMP FAILURE 
25 7 0 7 2 TOD RETARED lOMS 77 17 38 18 9 MODCOMP FAILURE 
27 8 33 8 34 LINE FAILURE 77 19 10 19 18 MODCOMP FAILURE 
27 16 7 24 0 MACHINE FAILURE 81 6 56 7 0 CPU FAILURE 
28 0 0 20 39 MACHINE FAILURE 81 8 6 13 34 CPU FAILURE 
32 7 1 7 2 TOD RETARED. 12MS 86 10 24 10 25 L.INE FAILURE 
35 6 44 6 45 LINE FAILURE 8B 6 16 6 18 TOD RETARED lSMS 
35 13 19 13 20 LINE FAILURE 88 6 28 6 29 LINE FAILURE 
39 7 1 7 2 TOD RETARED lOMS 88 9 46 9 47 LINE FAILURE 
40 10 3 10 4 LINE. FAILURE BB 12 13 12 14 LINE FAILURE 
42 7 11 7 12 TOD RETARED 5MS 89 -12 57 12 ·50 LINE FAILURE 
43 10 0 10 8 SERVICE.MODCOMP 90 8 3 8 4 LINE FAILURE 
46 14 26 14 27 LINE FAILURE 

Table II .1.1 (cont.) 

-----~--------.-~-- ---------~- -------



Month 

OCT 87 

NOV 

DEC 

JAN 88 

FEB 

MAR 

DP Uptime 
hours 

715.30 

714.18 

733.27 

709.35 

695.02 

689.90 

DP Uptime 
% 

96.l 

99.2 

98.6 

95.3 

99.9 

92.7 

No. of DP 
Breaks 

29 

23 

24 

19 

16 

23 

* Mean-time-between-failures total uptime/no. 

No. of Days 
with Breaks 

14 

16 

14 

13 

14 

16 

DP MTBF* 
(days) 

1.0 

1. 2 

1. 2 

1. 5 

1. 7 

1. 2 

of up intervals. 

Table 11.1.2 Online system performance, 1 October 1987 - 31 March 

1988. 
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II.2 Array communications 

Table VII.2.1 reflects the performance of the systems in the reporting 

period. As in the last reporting period, 04C and 06C have been 

frequently affected, and in addition the performance of the 02B 

communications line gradually decreased, until it finally broke down at 

the end of November 1987. 

Although subarray 02B was still down at the end of the reporting period 

due to lack of power (the CTV has not been accessible due to extremely 

deep snow in the area and danger of snowslides), the communication 

lines were declared operational medio March by NTA/Hamar, after 12 km 

of cables (on poles) had been replaced. 

The 02B telemetry station, which has its own power system (solar cells) 

will as soon as conditions permit be inspected and put back into 

operation. 

Otherwise the performance of the remaining communications systems has 

been extremely good. 

October 

A storm hit the southern part of Norway 16-17 October and damaged OlA, 

02B and 06C power lines. By the end of the month, 02B was still out of 

operation, but OlA and 06C resumed operation 21 and 20 October, 

respectively. Besides, 04C data were affected by a bad communications 

cable, causing data spikes. After NTA/Hamar repaired the cable 7 

October, the performance improved significantly. 

November 

On 13 November 02B was back in operation after a storm had damaged the 

power line 16-17 October. The same subarray including 02B (telemetry) 

was affected 25 November by a progressively worse communication cable. 

In addition, 04C and 06C were affected frequently. Regarding 04C, it 

I 

I 

8 I 
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was assumed that the reason was varying line and cable quality. It was 

decided not to ask for NTA engagement before the NMC staff had checked 

modem, Slem and related equipment first. NTA/Lillehammer measured the 

06C line quality (point to point) 11 November and declared it satisfac

tory. The CTV modem was replaced 12 November, but also afterwards 

irregularities were observed. 

December 

NTA/Hamar decided not to repair 02B, including 02B (telemetry) 

communications line until a decision has been made whether to change 

part of the line (on poles), or replace the junction boxes along the 

line. 04C had periods of short outages (week 49), as did 06C. 

In order to get 06C back to normal operation, the Modcomp communica

tions processor at NDPC had to be restarted. 

January 

NTA/Hamar decided to replace part of the communications cable, 

approximately 12 km, with installation beginning in March. At 04C loss 

of power occurred due to a broken power line caused by heavy snow. 

Another problem which was believed to be caused by the CTV equipment 

(SLEM/Modem or both) had to be investigated very quickly. At 06C a 

relatively high error rate had been observed week 3 (max. 2.4%). A 

timing problem had occurred which was compensated for by restarting the 

communication machine (Modcomp). 

February 

NTA/Hamar continued their work on subarray 02B regarding replacement of 

approx. 12 km of communications cable, and expected to complete the 

work ultimo March. The NMC staff was scheduled to visit 04C in 

connection with attempts to replace the modem and/or Slem in order to 

improve the performance of the communications system. However, access 

to the subarray was hampered by the snow conditions in the area. At 06C 

resynchronization was also necessary in February. 



March 

NTA/Hamar finished replacement of 12 km communications cable (on poles) 

as planned in connection with 02B and 02B (telemetry). Another problem 

arose, which will delay the final after cable replacement. The power 

line to 02B is broken, but people from the power plant will not be able 

to enter the area for a while due to danger of snowslides. 04C was 

visited 3 and 7 March, and the Slem power supply was replaced with 

improved performance resulting. 

As stated in previous reports, there have been timing problems at 06C. 

On 15 March the Slem and modem were replaced with successful results. 

0.A. Hansen 
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Sub- OCT 87 (5) NOV 87 (4) DEC 87 (5) JAN 88 (4) FEB 88 (4) MAR 88 (5) Average 
array (28. 9-1.11) (2-29.11) (30.11-3.1.88)(4-31.1.88) (1-28.2) (29.2-3.4) ~ yr 

OlA 8.97 0.01 0.03 0.02 0.03 0.01 1.52 
OlB 0.08 0.05 0.03 0.06 0.05 0.06 0.05 
02B *41.8 *28.14 *100.00 *100.00 *100.00 *100.00 *78.32 
02C 0.04 0.02 2.87 0.02 0.02 0.41 0.56 
03C 0.05 0.02 1.46 0.02 0.03 0.01 0.21 
04C 5.64 3.32 4.42 *26.07 *35.93 0.87 *12.70 
06C *26.44 *31.56 1.93 0.76 7.66 2.31 *11. 77 

AVER 11.86 9.00 15.82 18.13 20.53 14.83 15.03 
Less 01A,02B 02B,06C 02B 02B,04C 02B,04C 02B 02B,04C 

06C99 06C 06C 
1.45 0.68 1. 79 0.11 0.03 0.63 0.60 

* see item lI.2 regarding figures preceded by an asterisk. 

Table ll.2.1 Communications performance. The numbers represent error rates in per cent 
based on total transmitted frames/week (1 Oct 87 - 31 Mar 88). 



11. 3 Event. Detection Operation 

In Table II.3.1 some monthly statistics· of the Detection andEvent 

Processor Operation are given. The table lists the total number of 

detections (DPX) triggered by theon,,.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): 

Table II. 3 .1 Detection and Event Processor· statistics, October 1987 -
March 1988. 

B. Paulsen 
B.Kr. Hokland 
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III. OPERATION OF NORESS AND ARCESS 

III. l Satellite transmission of NORESS data to the U.S. 

The satellite transmission of data to the U.S. from the NORESS field 

installation has generally been very stable, except for occasional 

interruptions due to power breaks. These outage periods are listed in 

Table III .1.1. 

16 Oct 1818 to 19·0ct 1422 due to power break 
22 Oct 1415 to 1421 due to power break 
24 Oct 1348 to 1415 due to power break 

1 Nov 0701 to 1100 due to power break 
13 Nov 0104 to 1038 due to power break 
13 Nov 1235 to 1338 due to power break 
13 Nov 1447 to 1514 due to power break 
19 Nov 1141 to 1434 due to power break 
22 Nov 0732 to 1747 due to power break 
27 Nov 2322 to 2328 due to power break 

2 Dec 2302 to 3 Dec 0103 due to power break 
10 Jan 1026 to 1059 due to power break 
13 Jan 2247 to 2256 due to power break 
15 Mar 1250 to 1251 due to Intelsat request 

Table III.1.1 Outage period for the NORESS satellite transmission 
system October 1987 - March 1988. · 

The total uptime for the NORESS Earth Station for satellite transmis

sion of data to the U.S. was thus 97.7%. The major contributor to the 

downtime is the period 16-19 October. The problems during this interval 

were due to power breaks caused by a severe storm, and it took the 

local electricity company several days to repair damage to the power 

lines. 

13 



III. 2 Recording of NORESS data at NDPC. Kjeller 

The recording of NORESS data at NDPC was affected by the mentioned 

power outages in the field as well as occasional short outages at NDPC. 

As documented below, the average recording time was 91% during Oct-

Dec 1987, when the system was affected by several power outages. During 

Jan-Mar 19·8'8, the recording .performance was excellent, averaging 99. 8%. 

The interruptions in recording NORESS data at Kjeller are listed in 

detail in Table III.2.1, with the nature of the problem indicated. 

Date Time Duration Cause 

5 Oct 1813-0643 (6 Oct) 12 h 30 m Tranmiss.ion line failure 
5 Oct 0652-0654 2 ,m - II -

12 Oct 0904-0926 22 m - II -
13 Oct 1203-1226 23 m Service Hub 
16 Oct 1543-1606 23 m Power failure at NDPC 
16 Oct· 1617-1627 10 m Power failure at Hub 
16 Oct 2026-1528 (19 Oct) 67 h 02 m Power failure .at Hub 
19 Oct 1700-1714 14 m Power failure at NDPC 
21 Oct 1415-1425 10 ·m Transmiss hm line failure 
21 Oct 1430-'1433 3 m - II -
21 .Oct 2132-0741 (22 Oct) 10 h 9 m Hardware error at NDPC 
22 Oct 1415-1421 6 m Power failure at Hub 
24 Oct 1348-1444 5.6 m - II -

1 Nov 07'01-1516 8 h 14 m .Power failure at Hub 
2 Nov 0801-0822 21 m Power failure at NDPC 
2 Nov 1624-0642 (3 Nov) 14 h 18 m Alarm system failure 

13 Nov 0104-0206 1 h .1 m 'Powe-r failure at Hub 
13 Nov 0546-103'9 4h 53 m -··11 --
13 Nov 1224-1230 6 m - II -
13 Nov 1447-1501 14 m - II -
19 Nov 1141-1253 1 h 12 m -·11 -
22 Nov 0733-1810 10 h 43 m - II -
23 Nov 1305-1315 10 m Tranmission line failure 
25 Nov 0344-05.26 1 h 42 m Power failure at NDPC 
25 Nov 1223-1327 1 h 4 m Maintenance .at Hub 
25 Nov 1425-1455 30 m - II -

14 



2 Dec 1353-1404 ll m Tr ans mi§ s fort line failure 
4 Dec 1251-0737 (7 Dec) 66 h 46 m Power break modem at NDPC 

22 Dec 0803-0814 ll m Maintenance at NDPC 

1 Jan 0818-1006 1 h 48 m Software:error 
26 Jan 1528-1635 1 h 7 m Transmission line failure 

17 Feb ll34-ll55 21 m Power 'failure at NDPC 
24 Feb 1506-1517 ll m Tranmission line failure 

7 Mar 0718-0755 37 m - ·~ -
7 Mar 0803-0804 1 m -.. ._ 

Table III.2.1. Interruptions in NORESS recordings at NDPC, October 1987 
- March 1988. 

Monthly uptimes for .the NORESS on-line data recor~ing~task, taking into 

account all factors (field installations, transmissip:p line, data 
";. 

center operation) affecting this task were as follows; \. 

October 87.6% 

November 93.9% 

December 91.0% 

January 99.6% 

February 99.9% 

March 99.9% 

Fig. III.2.1 shows the uptime for the data recording:t~sk, or equi

valently, the availability of NORESS data in our tape,iichive, on a 

day-by-day basis, for the reporting period. : .. _; 

''.'-

7' 
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Fig. III.2.1 (cont.) NORESS data recording uptime for January (top), 
February (middle) and March 1988 (bottom). 
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III. 3 Recording of ARCESS data at Kjeller 

The new ARCESS regional array in Karasjok, county of Finnmark, northern 

Norway, was installed during the fall of 1987. From mid-October, data 

from ARCESS have been transmitted continuously to the NDPC at Kjeller, 

using a Norwegian domestic satellite link. The monthly uptimes for the 

ARCESS on-line data recording task, taking into account all factors 

(field installations, transmission line, data center operation) 

affecting this task were as follows: 

October 

November 

December 

January 

February 

March 

48.9% (transmission started on 16 Oct) 

80.0% 

87.2% 

67.3% 

93.0% 

89.2% 

It must be· noted that these relatively low recording percentages are 

due to the system being in an initial phase, and the performance is 

expected to improve significantly as more experience is gained. 

Fig. III.3.1 shows the uptime for the recording task, or equivalently, 

the availability of ARCESS data in our tape archive, on a day-by-day 

basis, for the reporting period. 

III .4 Data processing and bulletin transfer 

The real time processing of NORESS data, using the RONAPP processing 

package, has continued during the reporting period. 24,305 detections 

were declared by the automatic processor during October 1987 - March 

1988. 
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I 

The bulletin with processing results for NORESS has been transmitted 

daily to the Center for Seismic Studies in Rosslyn, Virginia, via the 

ARPANET. 

The processing of ARCESS data has during this initial period been done 

in an off-line mode, and listings of detections on ARCESS for the 

reporting period are available. The complete real time processing of 

ARCESS data awaits the installation at Kjeller of a new Sun-based data 

processing system, expected to be completed during the summer of 1988. 

J. Torstveit 
O.A. Hansen 
S. Mykkeltveit 
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IV. IMPROVEMENTS AND MODIFICATIONS 

During the reporting period, the main efforts regarding system 

modifications and improvements have been devoted to the ARCESS array, 

in order to establish reliable operation, data transmission, recording 

and on-line processing of this system. These tasks have comprised: 

Establishment of a domestic 64 Kbps dedicated satellite link from 

the field site to Kjeller 

Interfacing the satellite link to the ARCESS Hub station and to 

the NDPC Sun computer system, in cooperation with Sandia and 

Science Horizons personnel 

Establishing reliable data recording and system monitoring at NDPC 

using the Sun computers 

Implementing an off-line detection processing system for ARCESS, 

using the IBM 4381 to process data from magnetic tape input 

Making several modifications and improvements in the field system, 

as described in Section V, in order to ensure data integrity. 

At the end of the reporting period, the ARCESS data acquisition system 

at NDPC was still based on a temporary solution, using a Sun-2 computer 

on loan from Science Horizons. Plans for upgrading the computer 

equipment and including on-line detection processing in a larger Sun

based system have been developed and will be implemented when the 

scheduled delivery of additional computer hardware is completed (Summer 

1988). 

Another significant effort has been to improve the local area network 

connecting the NDPC computers (IBM, Sun, Vax) and interfacing this 

internal network to other national and international systems. The main 

purpose is twofold: first to enable easy communication between the 

NORSAR, NORESS and ARCESS recording systems at NDPC, and, second, to 
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prepare for future seismic data exchange by telecommunication means, 

both to other Nordic countries and to the United States. 

Fig. IV.l shows the main computer systems at NDPC and how they are 

connected together through Ethernet and PRONET. NORSAR is also 

connected to other institutions in the area as indicated. NORSAR is the 

responsible institution for ARPANET in Norway, and a 64 Kbps satellite 

link is used for transmitting data from Norway to USA. The other 64 

Kbps satellite link shown on the figure will be up and running in 

October this year. This link will be used to connect the Ethernet at 

the Center for Seismic Studies with an Ethernet at NORSAR in connection 

with the planned Intelligent Array System. A third satellite connection 

not shown on the figure is used for transmitting data from ARCESS to 

NORSAR. 

The NORSAR local area network is based on the TCP/IP protocol which is 

supported by most computer manufacturers. This protocol gives us the 

possibility for electronic mail, file transfer and remote login. The 

file transfer utility is used daily to transfer results from NORESS and 

ARCESS to CSS. The TCP/IP protocols allow our IBM mainframe to transfer 

data directly to the VAX/UNIX computers at CSS. 

R. Paulsen 
F. Ringdal 
S. Mykkeltveit 
P.W. Larsen 
J. Fyen 
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V. MAINTENANCE ACTIVITIES 

V.l Activities in the field and at the Maintenance Center 

This section sununarizes maintenance activities undertaken in the field 

and at the NORSAR Maintenance Center (NMC) at Hamar. 

For the NORSAR and NORESS arrays, these activities have been mostly 

limited to routine maintenance functions. In the case of the new ARCESS 

array, several system modifications have been necessary in the initial 

operative phase. The following general comments apply, with additional 

details given in Table V.l. 

The subarray electronics have been monitored regularly from the NDPC, 

as have the communications systems. Repairs of various components, 

adjustments of gains and LP mass positions and system restarts after 

power failures have been undertaken as listed in Table V.l. 

NORE SS 

On Oct 2, the TWTA gain of the NORESS satellite ground station for 

transmission of data to the U.S. was increased by 5 dB. 

On a few occasions, it has been necessary to restart the high-frequency 

system manually following power outages. 

ARCE SS 

During a vist 14-17 October, the polarities of the clock pulses from 

the Communications Interface Module (CIM) were reversed. During the 

same visit, it was found necessary to mount the Hub 69 card outside the 

Hub rack, because this card picked up the noisy clock pulses from the 

CIM, which in turn created a severe loss of data. Some of the channels 

having many errors were adjusted, and reduced error rates were 
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obtained. For site AO the data transmission to the Hub building was 

changed to a spare fiber. 

During a visit 27-30 October, it was found that the CIM processor for 

array data was malfunctioning. A new card was constructed at the site 

from a couple of spare cards. 

Problems related to difficulties in receiving timing signals via radio 

made it necessary to move the receiving antenna during a visit 10-11 

December. On the same visit, a unit (which had been borrowed) for 

satellite reception of such timing signals was tested and found to work 

satisfactorily. Such a unit will be acquired for the ARCESS site and 

installed during the summer of 1988. For site C6, a change was made to 

the spare fibers. 

The UPS has failed on a couple of occasions, and repair services by the 

vendor have been necessary. 

A power supply that failed on 1 January was replaced. 

I 
I 

r -
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Subarray 
Area 

OlA 

OlB 

02B (tel) 

02C 

06C 

06C 

NORESS 

ARCE SS 

NDPC 

OlA 

02B 

02B (tel) 

04C 

04C 

06C 

06C 

Task 

Slem reset after power failure 

Preventive maintenance carried out, beside 
adjustment of SP/LP equipment 

Channel 3 dead, seismometer cable replaced 

Preventive maintenance incl. adj. of 
SP/LP equipment 

Slem reset after power failure 

Preventive maintenance incl. adj. of 
SP/LP equipment 

Restart of HF-system after power outage 

Visits in connection with system outages 
and readjustments (weeks 42 and 44) 

Daily check of SP/LP data. Weekly calibra
tion SP/LP seismometers. 

Adjusted Mass Position (MP) Vert., NS and 
EW, Free Period (FP) Vert. seismometers 

LP instruments checked. Adjusted MP NS, EW 
and FP EW. All channels were checked re
garding SP gain and offset. 

Amplifier channel 28 reinstalled after 
repair 

Survey together with the highway authori
ties in connection with localizing cable 
trenches along the road in Julussdalen 

Julussdalen. Due to changes in road struc
ture, seismic and comm. cables were cut and 
extended by approx. 40 meters 

The modem was replaced 

Modem installed 9 Nov failed and was re
placed 

27 
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Date I 

21 Oct 

21 Oct 

20 Oct 

13 Oct 

20 Oct 

14, 22 
Oct 

26 Oct 

Oct 

Oct 

9 Nov 

4 Nov 

6 Nov 

3 Nov 

9 Nov 

12 Nov 



Subarray 
Area 

NORESS 

FINE SA 

NORESS 

NDPC 

ARCESS 

NMC 

NDPC 

NORESS 

04C 

ARCESS 

FINESA 

NDPC 

Task Date 

Site D6 was out of operation while the 12 Nov 
cable be-tween Hub and vault was temporarily 
repaired 

NMC staff carried out extension of the array 17,18,19 
in Finland Nov 

HF equipment hooked up to the uninter
ruptible Power Supply (UPS) 

Daily check of SP/LP data. Weekly calibra- Nov 
tion of SP/LP seismometers carried out 

In connection with loss of carrier to the 3,4 Nov 
clock, antenna position was changed, the 
receiver was adjusted. Beside a fiber optic 
cable on site C6 was replaced 

At the NMC DDS 1105 Data Acquisition System Dec 
.was overhauled and repaired 

Daily check of SP/LP data. Weekly calibra
tion of SP/LP seismometers carried out 

In the LPV a transfomrer caused noise on 
HF channels 

The subarray was visited in connection with 
loss of power and line check 

Lack of 28 Volt DC fed from common power 
source in the Hub caused system outage 

DDS 1105 reinstalled and put into operation 
after expension mentioned under item 1 

Daily check of SP/LP data. Weekly calibra
tion of SP/LP seismometers carried out 

Dec 

15 Dec 

1988 

25,27 
Jan 

6 Jan 

13 Jan 

Jan 

Data acquisition and channel analysis Jan 
pertaining to the SP channels OlA,OlB, 
02C, 03C and 06C. 
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Subarray 
Area 

NDPC 

NMC 

NDPC 

04C 

06G 

NORESS 

ARCESS 

NDPC 

Task Date 

On the same subarrays, plus 04C, data Jan 
acquisition and analysis have been carried 
out in order to verify the A/D convertors' 
ability to reproduce all possible numbers 
within a given range. 

Instrumentation repair/maintenance. Dif- Feb 
ferent activities 

Daily check of SP/LP data and com. systems. Feb 
Weekly calibration of SP/LP seismometers. 
Adjustment/measurements of LP seismometers 
with respect to MP and FP 

The Slem power supply was replaced, and on 3,7 
the SP channels gain and DC off set were Mar 
adjusted 

A new modem and Slem were installed 

New Hub 15 card installed at CID 21 due 
to a high failure rate between remote site 
and the Hub unit 

15 Mar 

The system had to be restarted after a fail- 12 Mar 
ing UPS (Uninterruptible Power Supply) 

Daily check of SP/LP data and com. system. Mar 
Weekly calibration of SP/LP seismometers, 
and adj./measurements with respect to MP and 
FP carried out. 

Table V.l Activities in the field and the NORSAR Maintenance Center, 
including NDPC activities related to the NORSAR array, 1 October 1987 -
31 March 1988. 
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V.2 Array status 

NO RS AR 

No changes or modifications have been carried out since the last 

report. 

As of 31 March 1988 the following channels deviated from tolerances: 

OlA 01 
02 
04 

OlB OS 

04C 01 
08 

06C 04 
OS 
06 

NORE SS 

8 Hz filter 
8 Hz filter 
30 dB attenuation 

Broadband filter installed 

As of 31 March 1988, all channels were within specified tolerances. 

ARCE SS 

As of 31 March 1988, all channels were within specified tolerances, 

except the two horizontal broadband c,omponents, which were inoperative. 

P.W. Larsen 
0.A. Hansen 
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VII. SUMMARY OF TECHNICAL REPORTS / PAPERS PUBLISHED 

VII.l On exploitation of small-aperture NORESS type 

arrays for enhanced P-wave detectability 

Introduction 

Under potential future nuclear test bans, small-aperture NORESS type 

arrays can provide significant contribution to the performance of the 

monitoring system. By their ability to detect, locate and characterize 

weak seismic signals, the probability of a successful treaty evasion 

can be considerably reduced. 

In this paper, we concentrate on the detection aspect of small-aperture 

(regional) arrays, and focus on detection of primary phases preceded by 

pure noise. By beamforming, we can exploit the incoherent structure of 

seismic noise and the coherent structure of P-arrivals to enhance the 

signal-to-noise ratio (SNR). On the other hand, detection of secondary 

phases from events at regional distances (up to 2000 km) will not be 

addressed in this paper, since they in most cases are not embedded in 

pure noise, but in the relatively coherent coda of the preceding signal 

arrivals. SNR enhancement by beamforming will not be efficient for 

these phases unless the single station noise level is higher than the 

coda level. Under such conditions, the noise can be efficiently 

suppressed until the level of the underlying coda is reached. 

To realistically assess the potential of the NORESS array for event 

detection, it is necessary to compute the actual beamforming gains for 

a variety of representative seismic signals. From such calculations, 

the objective is to infer the best set of beams for the detection of 

regional and teleseismic P-waves. The results from this study can then 

be applied to other arrays of the NORESS type. 
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NORESS design considerations -- a brief review 

The design of the NORESS array involved balancing of several partly 

conflicting demands on array performance. For details, see Followill 

and Harris (1983), and Mykkeltveit (1985). 

Under the condition of equal signal and noise amplitudes at each 

sensor, we can express the beamforming gain G by the normalized zero

lag cross-correlations via the formula: 

N 
r 

i,j=l 

N 

cij I r 
i,j=l 

where Cij is the signal correlation between sensors i and j, and Pij 

is the corresponding noise correlation. Numerical models for these 

correlations as a function of intersensor separation were constructed 

for several filter bands based on data from a provisional installation 

at NORSAR subarray 06C, see Mykkeltveit et al (1983). Some important 

findings from these investigations were that the noise correlation 

curves consistently had negative minima at certain interstation 

separations before tending to zero at larger separation distances, 

while the'signal correlations degraded continuously as the distances 

increased, see Fig. VII.1.1. These results indicated a possibility for 

noise suppression in excess of .JN which is the theoretically expected 

value if all noise cross-correlations were 0. If the signal decorrela

tion was sufficiently small, SNR gains also in excess of .JN could be 

obtained. 

In addition to the constraint that the array should have an equal 

capability to process signals from all directions (symmetry), it was 

required that the SNR enhancement (gain) by beamforming should be close 

to optimum for a wide range of frequencies (1-10 Hz). It was then 

realized that the array should consist of instruments where a large 

span of intersensor separations were represented, and that sub-
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configurations of the array must be used to detect different phases in 

different frequency bands. This study deals with how one should exploit 

the sub-configurations to achieve the best SNR gain for P-phases in 

different frequency bands, and to quantify the gain values. 

The array's ability to estimate the apparent velocity and azimuth of 

seismic signals, to resist spatial aliasing, to properly sample the 

wavefield and to have an option for a good three-component subarray 

were also considered important factors in the design work. From the 

criteria outlined above, it was decided to build an array with a 

geometry based on four concentric rings spaced at log-periodic 

intervals in radius R, according to the relation: 

R Rmin · an, n = 0, 1, 2, 3, Rmin = 150 m, a 2.15 

The final configuration of the NORESS array, shown in Fig. VII.1.2, has 

3 elements in the innermost ring called the A-ring (radius 150 m), 5 

elements in the B-ring (radius 320 m), 7 in the C-ring (radius 690 m), 

9 in the D-ring (radius 1490 m), plus one in the center, calle.Q AO. AO, 

C2, C4 and C7 are all equipped with three-component instrumentation. 

Data analysis procedure 

Applying a short-term to long-term average (STA/LTA) algorithm to a set 

of filtered beams has proved to be a robust and reliable way of 

detecting seismic signals. In this study we want to link the calcula

tion of SNR gain, noise suppression and signal loss by beamforming to 

the current operational detection algorithm, and hence avoid indirect 

measurement methods. The analysis procedure has been as follows: 

1. Twelve partly overlapping filter bands that in our general 

experience have appeared most appropriate for regional and 

teleseismic P-wave detection were defined, see Table VII.1.1. 
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Three years of routine processing of regional array data from 

NORESS have shown that P-waves can have dominant frequencies 

varying from below 1.0 Hz to well above 10 Hz. This observation 

together with results from a previous study by Kvrerna and 

Mykkeltveit (1986), formed the basis for the selection of the 

filter bands. 

2. From the 25 short-period vertical component instruments of the 

NORESS array, ten sub-geometries that appeared reasonable in the 

detection process were used to form beams in the respective 

twelve filter bands. These sub-geometries were symmetric, so all 

elements of each array ring had either weight 1 or weight 0, see 

Table VII.1.2. 

3. For each of the twelve frequency bands, five high SNR regional 

and/or teleseismic P-wave signals were selected, see Table 

VII.1.3. The events were all found by searching through the 

bulletins generated from real-time processing of NORESS data. 

Events with peak signal frequencies close to the lower cutoff of 

the bands were chosen. This was done in order to ensure that the 

signal was analyzed in the band for which the SNR for that signal 

attains its maximum value. The approach chosen satisfied this 

requirement, since the noise amplitudes almost always decrease 

monotonically with increasing frequencies in the range of interest 

for this study. 

In the search for representative events for each filter band, it 

turned out, as expected, that teleseismic events fully dominated 

the frequency range up to 2 Hz. In the range between 2 and 5 Hz, 

both teleseismic and regional events were present, whereas 

teleseismic events were almost absent for frequencies above 5 Hz. 

4. The beamforming steering delays for all events were'calculated 

using the wide-band slowness estimation method (Kvrerna and 
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Doornbos, 1986). The apparent velocity and azimuth of each P-phase 

was estimated by processing all 25 channels in the frequency band 

representative for that event, see 3) above. 

5. All events were then subjected to STA/LTA detection processing 

using a new program system developed at NORSAR (Fyen, 1987). The 

SNR, STA and LTA detection values for all beams as well as for all 

single channels were stored to compute the SNR gain, noise 

suppression and signal loss. The SNR (STA/LTA) gain was defined as 

the SNR of the beam divided by the average SNR of the single 

channels applied in the beamforming. The corresponding noise 

suppression was defined as the average LTA of the single channels 

applied in the beamforming divided by the LTA of the beam, while 

the signal loss was defined as the similar ratio of STA values. 

When expressing the values in decibels, the following relation 

holds: 

SNR gain Noise suppression - Signal loss 

Table VII.1.4 shows the output from processing one of the sixty events 

in the data base. 

Detailed presentation of results for two geometries 

When plotting the noise suppression values for all events as a function 

of the lower cutoff of the filter band applied in the analysis, we get 

for the full array configuration (AOZ, A-ring, B-ring, C-ring and D

ring) the representation shown in Fig. VII.l.3a. As seen from the 

spread of the five values of each filter band, some averaging must be 

done to produce meaningful results. Some of the filters show differ

ences up to 5 dB. After calculating the mean of the values within each 

of the twelve passbands and introducing some slight smoothing, the 

curve in Fig. VII.l.3a was obtained. Rather than progressing with the 
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discrete measurement points, we will mostly present and apply the 

smoothed curves in the following presentation and discussion. 

In the full array configuration, a large span of intersensor separa

tions are represented. As seen from Fig. VII.l.3a, the .JN noise 

suppression level was not reached for frequencies below 3.5 Hz. This is 

due to the fact that at such frequencies, the noise is correlated 

between some of the sensors, and even though some of the sensor pairs 

produce negative correlations, the total noise suppression does not 

reach the ..JN level (13.98 dB for 25 sensors). 

The noise suppression for the sub-geometry AOZ, C-ring and D-ring is 

given in Fig. VII.l.3b. In contrast to the results using the full 

array, we here achieved values in excess of .JN (now 12.3 dB for 17 

sensors) in the frequency band 1 to 4 Hz. For this sub-geometry, only 

relatively large intersensor separations (700 m or more) are repre

sented, which in the band 1 to 4 Hz have negative noise cross-correla

tions. Negative cross-correlations imply destructive interference when 

forming a beam. Above 4 Hz the noise suppression curve approaches the 

.JN level, which is consistent with an asswnption of uncorrelated noise. 

Figs. VII.l.3c and VII.l.3d give the signal loss for the two configura

tions discussed above. The signal losses are less than 1 dB for 

frequencies up to about 3 Hz, at which point the signal decorrelation 

starts to increase for both configurations. 

Finally, the SNR gain curves are given in Figs. VII.l.3e and VII~l.3f. 

The full array does not reach the .JN level for any frequency. When the 

noise suppression finally reaches this level at about 3.5 Hz, the 

signal loss is exceeding 1.5 dB. For the sub-geometry AOZ, C-ring and 

D-ring the signal loss is negligible between 1 and 3 Hz. In this 

frequency band, the noise suppression is exceeding .JN, and the SNR-gain 

is therefore also exceeding this value. 
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Composite gain curves 

In determining which sub-geometry should be utilized to achieve 

optimal beamforming gain in the different frequency bands, it is 

necessary to directly compare the absolute gain values. The question of 

beamforming gain relative to -JN serves more as an indicator of the 

noise field characteristics, and is therefore more relevant in the 

array design phase. Now, it turns out that in order to cover the entire 

0-10 Hz band, only four different sub-geometries (out of the ten 

considered) are needed, and each of which provides the highest absolute 

SNR gain within a certain frequency interval. This result is presented 

in Fig. VII.1.4 in the form of a composite gain curve, along with the 

corresponding composite curves for the noise suppression and signal 

loss. The following comments apply regarding the four frequency 

intervals given in Fig. VII.1.4. 

0.5-1.0 Hz: To guard against the relatively high noise spectral level 

in the lower p~rt of this band, the NORESS system response is designed 

with a strong rolloff. Therefore the dominant recorded noise amplitudes 

seldom have frequencies below 0.8 Hz, so a filter band, e.g., from 0.8 

to 1.6 Hz would probably produce similar results. Nevertheless, for 

frequency bands with lower cutoffs below 1.0 Hz, the AOZ, D-ring 

configuration is capable of producing array gains between 9 and 12 dB. 

The signal loss is negligible in this frequency band. 

1.0-2.3 Hz: For detection of the teleseismic signals that are abundant 

in this frequency range, beamforming applying the AOZ, C-ring and D

ring geometry provides SNR enhancement of about 13 dB. Under favorable 

noise conditions, almost 15 dB has been measured. The signal loss is 

less than 1 dB, and the noise suppression is well above the .JN level of 

12.3 dB (17 sensors). 
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2.3-5.0 Hz: Intersensor separations introduced by adding the B-ring 

enhance the noise suppression for frequencies above 2.3 Hz, so the SNR 

gain is still kept at about 13 dB out to about 3.5 Hz. Between 3.5 and 

4.0 Hz, the signal loss increases sharply to more than 2 dB, and the 

best SNR gain curve produced by the AOZ, B-ring, C-ring and D-ring sub

geometry drops to about 11 dB at 5 Hz. 

5.0-10.0 Hz: The full array noise suppression stays at the .JN level 

(13.98 dB) in almost the entire band. Even though the signal decorrela

tion starts to be significant for frequencies above 6 Hz, the full 

array provides the best SNR gain all the way out to 10 Hz. The gain 

values stay at about 11 dB from 5 to 7 Hz, and then drop to 8.5 dB at 

10 Hz. 

Comparison of different array geometries 

The main emphasis of this study has been on determining optimum sub

geometries in various frequency bands and corresponding SNR gains for a 

full NORESS-type array. However, the study has in addition provided a 

basis for comparing the projected performance of regional arrays of 

different sizes. Thus, we have compared optimum SNR gains for the 

following three arrays: 

i) A full regional array (NORE SS type) 

Diameter: 2980 m 

Number of instruments: 25 

Geometry: AOZ, A-ring, B-ring, C-ring, D-ring 

ii) An intermediate regional array 

Diameter: 1390 m 

Number of instruments: 16 

Geometry: AOZ, A-ring, B-ring, C-ring 
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iii) A small regional array 

Diameter: 650 m 

Number of instruments: 9 

Geometry: AOZ, A-ring, B-ring 

SNR gains by the full array have already been discussed. For the 

intermediate and small arrays, processing to determine optimum SNR 

gains was done as for the full array, but taking into account only 

those instruments included in the respective array configurations. 

First we consider the intermediate array, i.e., all subgeometries with 

the D-ring excluded. The results given in Fig. VII.l.5a are consistent 

with the findings when processing the full array, see Fig. VII.1.4. Out 

to 2.3 Hz, the AOZ and C-ring is the best sub-geometry, then the B-ring 

instruments start to contribute positively and gain values between 10 

and 12 dB are achieved to about 5 Hz. In the frequency band 5 to 10 Hz, 

all available rings (AOZ, A-ring, B-ring and C-ring) should be 

included. 

In analyzing the performance of the small array, we excluded both the 

C-ring and the D-ring in the selection of sub-geometries. From Fig. 

VII.l.5b, it turns out that 6.5 to 8 dB SNR gain is produced between 

3.5 and 10 Hz. The best sub-geometry below 5 Hz comprises AOZ and the 

B-ring, whereas the A-ring starts to contribute positively above 5 Hz. 

Again, this frequency dependency of the optimum sub-geometry is 

consistent with the overall trend noticed for the full and intermediate 

arrays. 

Conclusions 

This study has demonstrated that the NORESS array geometry provides P

phase signal-to-noise ratio (SNR) gains (relative to the average single 

sensor) of 10 dB or more over almost the entire frequency range 0.5-
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10 Hz, the only exception being slightly lower gains at the low and 

high end of this band. 

In the frequency range 1-4 Hz, which is by far the most important both 

for regional and teleseismic P-phase detection, these gains are 

consistently as high as 12-14 dB, i.e., 0.6-0.7 mb units. Such an 

excellent performance over a wide range of frequencies is to our 

knowledge unmatched by any previous array design. 

As described in this paper, and illustrated in Fig. VII.1.4, these SNR 

gains are obtained through beamforming on selected subarrays, where the 

choice of subarray is governed exclusively by the frequency range 

considered. 

As expected, some of the rings produce intersensor separations that 

should be avoided for certain frequency rantges. Below 1.0 Hz, all 

instruments except AOZ and the D-ring produce positive noise correla

tions and were therefore excluded. At 1 Hz, the C-ring starts to 

contribute to an increased SNR gain, at about 2.3 Hz, the B-ring and 

finally at 5 Hz, the A-ring. 

The main reason why the subsets of the array, at lower frequencies, 

outperform the full array lies in the spatial noise correlation 

properties. As is well known, the beam SNR may actually deteriorate if 

too many highly correlated sensors are included in the beamforming 

process. The procedure outlined in this paper, where a number of 

different bandpass filters are applied in parallel, and the beams are 

based on the best sub-geometry for each frequency band, ensures 

excellent SNR gain and signal detection performance at all frequencies. 

A comparison of the projected overall performance of the full NORSESS 

array and two smaller arrays (denoted the intermediate and small array, 

respectively) has been carried out. The results, as summarized in Fig. 

VII.1.6, are as follows: 
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The intermediate array provides SNR gains relative to the average 

single sensor that exceed 8 dB in the 1.5-10 Hz frequency range. Thus, 

such an array would be very capable for regional P-phase detection, 

although somewhat inferior to the full NORESS-type array. The degrada

tion in performance would be quite significant at frequencies below 

3 Hz. 

The small array configuration has SNR gains exceeding 6 dB in the range 

3-10 Hz, but the performance is considerably lower than the two larger 

configurations, except at the very high frequency end, where the 

difference is modest. 

Under the assumption that the beam is steered towards the azimuth and 

apparent velocity of the incoming P-phase, we know from the results 

presented in this paper which sub-geometry provides the best beamforrn

ing gain in each of the 12 filter bands. We also know which sub

geometries are best when discarding the D-ring or both the C-ring and 

D-ring from the selection. 

This latter point is important, not only for the possible design of 

smaller arrays, but also in view of practical considerations when 

deploying a beam set to be processed in real time. The essential point 

here is that a smaller array geometry provides broader beam lobes, and 

thus requires fewer beams to be deployed for complete coverage. If the 

computer load is a limiting factor 1 the fewer beams might be an 

important tradeoff factor against the lower achievable SNR gains. 

To arrive at a recommended beam deployment for the respective filter 

bands, the optimum values have to be seen in conjunction with other 

factors like mis-steering of the beams, false alarm rate and computer 

load. In future work, the dependencies between these factors and their 

implications on a final beam deployment will be studied in detail. 

T. Kvierna 
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No. Prototype Type Low High Order 
-------------·---'-------------·----------- - -- - - - -
BPOl BU BP o.s 1. 0 3 
BP02 BU BP 1. 0 2.0 3 
BP03 BU BP 1. 5 3.0 3 
BP04 BU .BP 2.0 4.0 3 
BP05 BU BP 2.5 5.0 3 
BP0.6 BU BP 3.0 6.0 3 
BP07 BU BP 3.5 7.0 3 
BP08 BU BP 4.0 8.0 3 
BP09 BU BP s.o 10.0 3 
BPlO BU BP 6.0 12.0 3 
BPll BU BP 8.0 16.0 3 
BP12 BU HP 10.0 3 
---------------------·----------·------------- -- --

Table VII.1.1 The table shows the twelve filters applied in the 
experiment; all were recursive Butterworth filters of order 3 with one 
octave bandwidth. 

--------------------------------AOZ A-RING B-RING C-RING D-RING 
--------------------------------1 0 0 0 1 

1 0 0 1 1 
1 0 1 1 1 
1 1 1 1 1 

1 0 0 1 0 
1 0 1 1 0 
1 1 1 1 0 

1 0 1 0 0 
1 1 1 0 0 

1 1 0 0 0 
- ------ -----·-------------- ---- ----

Table VII.1.2 Array ring weights for the ten sub-geometries considered 
in this study. 
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ORIGIN ORIGIN LAT LON MAG ARRIVAL APP AZIM 
DATE TIME TIME VEL 

03/12/87 23.10.30.7 0.3S 18.lW 5.5 23.21.11.8 16.4 205.4 
09/07/87 11.57.13.8 31.lS 178.lW 5.8 12.16.50.6 35.7 35.4 
07/15/.87 07.16.13.5 17.5N 97.lW 5.9 07.28.36.9 21.5 266.6 
04/.29/.87 01.45.22.6 27.4N 56.lE 5.9 01.53.37.7 16.7 122.4 
05/12/87 01.30.25.0 7.lN 126.7E 6.2 02.00.39.5 29.2 267.9 
07/20/87 16.47.48.1 33.7N 57.0E 5.0 16.55.17.7 14.1 115.0 
05/.09/.87 06.32.34.9 11. JS 165.7E 5. 5. 06.51.36.1 39.4 35.6 
07/15/87 16.11.02.8 47.0N 154.lE 5.2 16.22.01.2 22.9 19.6 
07/22/.87 08.23.04.3 15.8N 93.4W 5.1 08.35.21.5 20.1 280.1 
03/15/87 05.11.17.0 15.6N 94.6W 5.6 05.23.45.8 21.0 294.3 
04/30/87 05.17.37.0 39.8N 74.6E 5.7 05.25.39.8 15.7 89.3 
07/11/87 06.15.51.0 82.2N 17.6W 5.5 06.20.55.0 10.5 347.8 
07/04/87 17.16.52.1 10.9N 62.2W 4.7 17.28.14.8 19.2 255.5 
03/12/87 01.57.17.2 49.9N 78.8W 5.5 02.04.37.4 16.2 79.4 
08/15/.87 00.31.49.2 52.7N 152.6E 4.9 00.41.22.4 14.1 29.2 
03/22/87 17.45.04.6 52.lN 171. 4W 5.3 17.55.57.4 12.1 7.2 
02/27/87 23.34.52.0 38.5N 20.3E 5.3 23.39.57.1 11.4 161. 6 
02/19/87 22.41.25.2 40. 2N 21.6E 4.1 22.46.08.8 9.9 159.4 
07/27/87 21.20.50.5 40.8N 22.lE 4.5 21.25.32.1 10.1 159.1 
07/16/.87 16.36.17.7 59.SN 28.0E 2.8 16.37.50.0 8.3 83.7 
07/23/87 19.28.01.6 46.4N 153.SE 5.3 19.39.01.8 24.4 29.7 
11/.05/87 18.31.25.8 37.0N 21.4E 4.0 18.36.42.4 10.6 146.1 
04/12/.87 09.00.51.8 42.7N 26.6E 3.8 09.05.28.4 10.2 141. 9 
03/.09/.87 19.50.21.2 39.4N 20.SE 3.7 19.55.13.3 10.0 159.0 
04/.16/.87 01.10.20.6 55.0N 158.0E 5.0 01.20.05.6 14.4 27.0 
04/12/87 12.13.51.0 31.8N 75.8E 4.2 12.22.43.8 14.2 100.6 
07/.11/.87 13.55.54.2 36.6N 26.8E 4.5 14.01.12.0 10.6 148.4 
07/24/87 02.42.59.0 32.0N 75.SE 4.1 02.51.49.9 14.0 98.3 
12/13/87 06.22.39.0 32.8N 73.9E 4.2 06.31.17.9 14.5 100.1 
09/10/87 21.53.14.6 43.9N 147.8E 5.2 22.04.21.4 12.8 32.9 
11/01/.87 20.39.33.0 65.lN 11. 9E 3.6 20.40.37.0 8.6 358.7 
07/.20/.87 00.29.38.2 52.2N 156.JE 4.4 00.39.49.5 14.6 33.8 
12/26/87 08.58.31.0 45.4N 152.5E 4.6 09.09.36.5 16.2 36.6 
03/31/87 01.18.36.8 53.2N 156.5E 5.2 01.28.46.0 14.9 38.4 
01/19/87 04.07.24.2 55.6N 5.6E 3.6 o~.08.54.5 9.1 213.6 

Table VII.1.3 (page 1 of 2) Events applied in the data analysis 
procedure. The analysis filter number (FILT) corresponds to the filters 
given in Table VII.1.1. The event locations were given by one of the 
following agencies: PDE, University of Helsinki, University of Bergen 
or NORESS automatic bulletin. In the cases where no location is given, 
the only availabe event information is a P-phase detected on the NORESS 
array. 
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FILT NO. 

1 1 
1 2 
1 3 
1 4 
1 5 
2 6 
2 7 
2 8 
2 9 
2 10 
3 11 
3 12 
3 13 
3 14 
3 15 
4 16 
4 17 
4 18 
4 19 
4 20 
5 21 
5 22 
5 23 
5 24 
5 25 
6 26 
6 27 
6 28 
6 29 
6 30 

. 7 31 
7 32 
7 33 
7 34 
7 35 
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09/04/87 08.38.18.8 61.4N 3.lE 3.4 08.39.20.8 9.4 289.6 8 36 
04/24/87 11.59.42.9 9.1 130.3 8 37 
03/01/87 12.49.39.0 16.7 107.0 8 38 
07/16/87 12.07.54.5 60.lN 29.4E 2.6 12 .10. 01. 6 9.0 76.6 8 39 
07/06/87 22.48.49.4 60.0N 29.5E 2.6 22.50.58.4 11.2 83.3 8 40 
07/03/87 10.38.49.6 59.5N 24.0E 3.0 10.40.23.3 9.7 106.7 9 41 
07/25/87 19.08.32.1 60.lN 4.8E 2.1 19.09.24.4 9.4 253.3 9 42 
04/18/87 02.51.08.6 61. 6N 2.6E 2.4 02.52.12.4 9.5 292.9 9 43 
07/22/87 21.36.35.4 61. ON 2.6E 2.6 21.37.38.6 9.4 285.1 9 44 
04/19/87 22.16.20.2 57.lN 7.BE 3.2 22.17.23.0 8.0 203.3 9 45 
04/25/87 16.30.56.7 8.2 196.3 10 46 
03/01/87 06.42.03.0 57.lN 7.lE 3.5 06.43.07.7 9.0 211. 8 10 47 
08/31/87 17.32.59.9 59.7N 10.6E 1. 7 17.35.08.3 7.1 209.0 10 48 
07/07/87 01.44.40.4 60.2N 29.7E 2.7 01.46.50.4 12 .1 82.9 10 49 
05/25/87 04.14.34.2 8.7 182.4 10 50 
05/.25/.87 04.26.04.5 57.7N 11.5E 2.8 04.28.12.0 8.7 179.5 11 51 
01/19/88 07.00.54.1 62.3N 4.0E 2.5 07.03.01.8 9.6 288.2 11 52 
08/.01/.87 19.57.29.3 57.5N 5.8E 2.2 19.59.39.3 8.2 204.6 11 53 
01/12/.88 09.04.40.1 8.9 186.7 11 54 
01/.16/.88 13.26.34.4 8.7 181.6 11 55 
02/04/87 12. 02. 41. 0 61. 7N 5.0E 3.5 12.03.33.0 9.6 294.3 12 56 
05/.25/.87 02.35.26.4 61.8N 5.3E 3.1 02.36.15.9 9.8 297.0 12 . 57 
01/07/88 12.51.09.8 59.5N 11.0E 1.6 15.53.16.7 7.0 199.4 12 58 
10/31/87 10.09.14.1 61.lN 4.SE 4.2 10.10.07.4 9.5 289.2 12 59 
12/01/87 12.08.00.6 59.3N 10.4E 1.6 12.10.10.0 6.8 206.0 12 60 

Table VII.1.3 (page 2 of 2) 

SNR-gain(dB) Noise-suppression(dB) Signal-loss(dB) LTA AO A B c D 

----------------------------------------------------------------------9.03 10.53 1. 5.0 31. 7 1 0 0 0 1 
14.67 15.69 1. 02· 17.3 1 o.o 1 1 
12.76 13.58 0.82 21.6 1 0 1 1 1 
10.88 11.60 0.72 26.9 1 1 1 1 1 

9.04 9.38 0.34 34.8 1 0 0 1 0 
7.84 8.11 0.27 39.4 1 0 1 1 0 
6.67 6.90 0.23 45.0 1 1 1 1 0 
2.85 2.95 0.10 68.8 1 0 1 0 0 
2.06 2.16 0.10 75.7 1 1 1 0 0 
0.48 0.53 0.05 92.1 1 1 0 0 0 

----------------------------------------------------------------------

Table VII .1.4 The table gives the SNR-gain, noise suppression, signal 
loss, the detection LTA value and the corresponding array ring weights 
from processing event number 13 (see Table VII.1.3). This is a 
teleseismic event which has been analyzed in the filter band 1.5-
3.0 Hz. 
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dB below the best for all frequencies up to 8 Hz, but between 8 and 10 
Hz it comes closer to the best values. 
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VII .2 Sources of short-term fluctuations in the seismic 

noise level at NORESS 

The small-aperture array NORESS in southern Norway provides a unique 

tool to investigate the spatial coherence and directionality of the 

ambient seismic noise field. By using techniques such as narrow-band 

and wide-band frequency-wavenumber analysis, both apparent velocity and 

azimuth of the noise as well as signals can be reliably determined. 

Three years of operation of an automatic short-term to long-term 

(STA/LTA) detector algorithm has further offered the possibility of an 

extensive study of the short-term variability of the seismic noise 

field (i.e., noise bursts of a few seconds length). In conjunction with 

the associated automatic determination of apparent velocity and 

azimuth, this detector system provides a unique data base for detailed 

characterization of propagating noise phases. 

An abrupt increase in the seismic noise level will cause an STA/LTA 

detector algorithm to delare a detection. The three-year period of 

continuous processing of data from from NORESS, has shown that this 

kind of detections sometimes completely dominates the output report 

from the real-time processor. In most cases these noise bursts can be 

separated from the local and regional S-phases on the basis of their 

relatively low apparent velocity estimates. But there is clearly a need 

to understand the mechanisms causing these phenomena and their 

implications on real-time array processing. Several studies have during 

the past fifteen years been conducted on the seismic noise field at the 

NORSAR / NORESS array sites. These investigations have revealed 

systematic diurnal and seasonal variations in the seismic noise level 

(Fyen, 1988; Ringdal and Bungum, 1977). Bungum et al (1985) found that 

the short-period noise field at NORSAR was dominated by westerly 

directions for frequencies at 1 Hz and below, whereas easterly 

directions dominated the noise field above 2 Hz. It has also been shown 

that from time to time there is a significant increase in the noise 

variance which results in an increased number of false alarms triggered 
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by the automatic signal detector (Steinert et al, 1975). In this study 

we will report on the directional and temporal distribution of the 

short-term noise fluctuations. We will correlate the temporal distribu

tion with environmental factors and attempt to locate possible noise 

sources. 

Real-time processing results 

The algorithm for real-time processing of data from the NORESS array 

has been described in detail by Mykkeltveit and Bungum (1984). A 

conventional STA/LTA detector is applied to a set of 17 coherent and 3 

incoherent filtered array beams. For further information on incoherent 

beamforming, see Ringdal et al (1975). When a detection is declared, 

the refined arrival time and the dominant signal frequency are 

estimated. Narrow-band frequency-wavenumber analysis (Capon, 1969) is 

then performed to estimate the apparent velocity and azimuth of the 

detected phase. The automatic event location procedure is based on the 

S-P travel time difference and the azimuth of one of the phases. The P

and S-phases- are automatically separated by their apparent velocity 

estimates (above and below 6.0 km/s, respectively), and are associated 

to the same event if the estimated azimuths differ by less than a 

predefined value. The data investigated i~ this paper are the reports 

produced by the real-time processor, which contain arrival time, 

definition of the detection beam, dominant frequency, signal-to-noise 

ratio, apparent velocity and azimuth for each detected phase. The main 

topic of interest in the context of this study is the occasional 

occurrence of a vast increase (sometimes lasting for several days) in 

the number of detections on the incoherent beams. 

In most cases the associated apparent velocities are less than 3.0 km/s 

and unlike the local and regional S-waves, there is no sign of P

detections preceding these phases. When sorting the processing reports 

according to the apparent velocities of the detected phases, we found 

for the year 1986 that 15406 out of a total number of 49891 detections 

had apparent velocities less than 3.0 km/s. The numbers for the year 

53 



1987 were 22087 and 50665, respectively. The majority of the low

velocity detections have low signal-to-noise ratios and could be 

avoided if the detection threshold on the incoherent beams were raised. 

But the incoherent beams are our best tool for detecting local and 

regional secondary phases, so raising the threshold would imply missing 

a lot of interesting secondary phases. 

Azimuthal distribution 

Figs. VII.2.la and lb are histograms showing the azimuthal distribution 

of the low-velocity detections for 1986 and 1987. The distributions are 

very similar with a dominant region between 5 and 120 degrees azimuth 

and a peak between 95 and 105 degrees. Few low-velocity arrivals come 

from the southern direction, and two minor peaks show up at about 250 

and 320 degrees azimuth. It should also be emphasized that 1987 had 

about 6500 more low-velocity detections than 1986 and that most of 

these 6500 were confined to the major dominant azimuth range (95-105 

degrees). 

Temporal distribution 

The majority of the low-velocity detections have peak frequencies 

between 2 and 3 Hz. Fyen (1988) found that there was an increase in the 

3 Hz noise level coinciding with increased water flow in the nearby 

river Glomma. Fig. VII.2.2 shows a map of the NORESS site, the nearby 

populated areas and the river Glomma. In Fig. VII.2.3a we have 

displayed the distribution within the year 1986 of the low-velocity 

detections with azimuths between 95 and 105 degrees, and in Fig. 

VII.2.3b the corresponding distribution of the water flow in river 

Glomma. The correlation between these histograms is obvious. The maxima 

at about day 230 and day 300 coincide, but the major detection peak 

starting at day 130 is somewhat delayed relative to the water flow 

maximum. The equivalent annual distributions for 1987 are given in 

Figs. VII.2.4a and 4b. In contrast to 1986, there was during the 

autumn of 1987 a large flood due to heavy rain for more than a week, 

and this is also reflected in a peak in the number of detections. Also 
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in this case, the largest detection peaks at about day 190 and day 300 

are delayed relative to the water flow maxima and they seem to occur 

with the decrease in the water flow. 

In order to investigate further the stability of the noise field, a 6-

hour interval containing numerous low-velocity detections were 

subjected to additional analysis by the wide-band frequency-wavenumber 

method desribed by Kvrerna and Doornbos (1986). A total of 720 time 

samples, each of 25 seconds length, were processed in the frequency 

band 2.5 to 2.9 Hz. Excluding the relatively few time samples with 

other types of signals, we obtained a mean azimuth of 99.5 degrees 

with a standard deviation of 0.8 degrees. The mean apparent velocity 

was 2.83 km/s with a standard deviation of 0.03 km/s. Thus, there is a 

continuous background noise field within this frequency band with 

fluctuations causing the low-velocity detections. 

We also investigated the time-dependency of low-velocity detections at 

other azimuths. We found that the temporal distributions of low

velocity detections with azimuths between 0 and 95 degrees were rather 

flat and did not reveal any particular peaks during the year. The same 

applies to the detections with azimuths between 300 and 330 degrees. 

Thus the only definite correlation with water flow occurred in the 95-

105 degree range. 

Discussion and conclusions 

The short term variability of seismic noise recorded at NORESS has been 

characterized in this paper by observing the distribution of array 

detections triggered by the short-term to long-term "linear power" 

ratio. The cumulative frequency distribution of these detections has 

been computed as a function of signal-'to-noise ratio. The slope of the 

log(SNR) versus log (number of detections) relationship at low SNR 

values is 6.7 for the year 1987, see Fig. VII.2.5. This is signifi

cantly greater than the value near 1.0 normally associated with 

earthquakes (see, e.g., Steinert et al, 1975). This observation, in 
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conjunction with the observed low apparent velocities and the absence 

of associated P-phase detections, indicates that these low SNR 

detections generally do not originate from tectonic events or ex

plosions, and are thus part of the ambient noise field. 

Our results show typical Rayleigh wave velocities (2.5-3.0 km/s) and 

dominant frequencies between 2 and 3 Hz for the vast majority of these 

detections. The azimuthal distribution of the detections is remarkably 

similar for the two years 1986 and 1987, with a dominance of phases 

from the easterly direction. This corresponds to the direction to the 

large nearby river Glomma, and thus indicates that the water flow in 

this river directly or indirectly is strongly associated with such 

noise fluctuations. 

A particularly good correlation has been found between the number of 

Rayleigh wave detections in the azimuth range 95-105 degrees (which has 

the most detections for either year) and the Glomma water flow. In 

fact, during periods· of heavy water flow, the noise field is con

tinuously dominated by propagating Rayleigh waves from this particular 

direction. This implies that there is a continuous source of these 

disturbances. Tracing in the previously found direction of 99.5 degrees 

from NORESS, we find at the river Glomma, near the town of Braskereid

foss, a darn construction and a hydroelectric power plant. 

Bungurn et al (1977) conducted a study of propagating seismic phases 

from a similar source, the hydroelectric power plant at Hunderfossen 

near NORSAR subarray 14C. The concluded that this plant produced 

continuous strong seismic energy at 2.778 Hz frequency and S-phase 

velocity (3-5 km/s). It is interesting that in our case we observe 

similar signal frequencies, but significantly lower phase velocities. 

In fact, one of the unique capabilities of the NORESS system is the 

ability to provide very reliable phase velocity and directional 

measurements, and the uncertainty in our phase velocity estimates is 

extremely small (only 0.03 km/s for the 6-hour period analyzed in 
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detail). We also note that apart from the mentioned azimuth range, we 

have found no particular correspondence between water flow and the 

number of detections. Also an unresolved question is why the majority 

of detections in the azimuth range 95-105 degrees occur with a slight 

delay (3-5 days) after the Glomma water flow peaks. The diurnal 

distribution of the low-velocity detections have minima during working 

hours. This can be explained in terms of the increased noise level at 

these time intervals, as documented by Fyen (1988). 

In conclusion, this study has documented that the main source of short

term variability in the seismic noise at NORESS, i.e., noise bursts of 

a few seconds duration, are propagating Rayleigh waves of frequencies 

between 2 and 3 Hz. In contrast to the lower frequency noise which is 

dominated by microseisms associated with storm activity in the North 

Atlantic Ocean in the westerly direction from NORESS, these Rayleigh 

waves mostly originate east of the array. To a large extent, the 

observed detections are strongly correlated with the water flow in the 

nearby ri:ver Glomma, but the exact determination of the actual source 

and the generation mechanisms will require further study. 

T. Kv~rna 
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Fig. VII.2.la Histogram showing the azimuthal distribution of NORESS 
low-velocity detections for the year 1986. The azimuth solutions have 
been estimated by the frequency-wavenumber method of Capon (1969). The 
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Fig. VII.2.3a Histogram showing the distribution of NORESS low
velocity detections in the azimuth range 95-105 degrees during the year 
1986. Each bar gives the number of detections in a five-day period. 
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Fig. VII.2.3b Histogram showing the distribution of water flow in 
river Glornrita measured at the town of Elverum (see Fig. VII.2.2) for the 
year 1986. Each bar corresponds to a five-day average value. 
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Fig. VII.2.4a The same as for Fig. VII.2.3a, but for the year 1987. 
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Fig. VII.2.4b The same as for Fig. VII.2.3b, but for the year 1987. 
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Fig. VII.2.5 Cumulative distribution during 1987 of number of 
detections versus signal-to-noise ratio for an incoherent NORESS beam 
filtered in the frequency band 2.0-3.0 Hz. The slope of the log(SNR) 
versus log(number of detections) relationship at low SNR give some 
indication on the mechanisms causing these detections (see Steinert et 
al, 1975; Kvrerna et al, 1987). 
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VII.3 Surface topographic effects on arrays and three-

component stations 

A recent analysis of the location capabilities by the NORESS array and 

by the 3-component stations within the array has led to the following 

conclusions concerning 3-component slowness solutions for regional P 

waves (Kv~rna and Doornbos, 1986): 1) There is a relatively large 

scatter in the solutions for events from the same source region, and 2) 

there are significant differences between the solutions at the 

different stations. The differences are systematic, and for a proper 

evaluation of NORESS and similar arrays it is important to understand 

their cause. Here we report on an investigation of the effects of 

surface topography. 

I 

The usual correction for surface topography implies an arrival time 

correction for elevation, and possibly a particle motion correction for 

surface slope. These corrections are consistent with geometrical ray 

theory, which requires that topographic relief be smooth on the scale 

of a wavelength. If this is not the case, wave scattering by topo

graphic relief will be important. We have digitized a topographic map 

of the NORESS array area. The data are displayed in the form of 

elevation in Fig. VII.3.1, and in the form of surface gradients in Fig. 

VII.3.2. These figures demonstrate that topographic relief is not 

smooth on the scale of the wavelengths involved (-2 km). To evaluate 

the scattering we have applied a recently developed multiple scattering 

method (Doornbos, 1988). For the present purpose, we need to determine 

only the displacement vector at the surface, say y. In the above 

method, the solution for y is obtained recursively in wavenumber space. 

If the topography is described by a function f(x,y), and TI(kx,ky) is 

the Fourier transform of y(x,y), then a trial solution in the form of a 

perturbation series is 
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00 

ll(kx_,ky) = r u<n)(kx_.ky) 
n=O 

and u<n) is a function of u<n-m), 1 < m < n, of the surface topography 

f(x, y), and of the surface gradients a f/ ax, af/ aY. The zeroth order 

term ll(O) gives the conventional free surface response for a plane, the 

first order term ll(l) includes the Born approximation, and the higher 

order terms account for multiple scattering. 

Kvrerna and Doornbos (1986) analyzed in detail the P waves from a suite 

of mining events in the same location near Leningrad. The slowness 

solution based on wide-band signals (2-4 Hz) from the complete 

vertical-component array, was very stable. The solution differs from 

that expected for Pn from this source region, but the difference cannot 

be attributed to near-receiver structure. Hence we associate the 

observed slowness with that of an incident plane P wave. Three

component slowness solutions were obtained at 4 sites. The average of 

solutions for the 4 sites coincides reasonably well with the array 

solution, but there are significant differences between the individual 

sites, and there is also a relatively large scatter in the solutions at 

each site. We have synthesized the free surface response in the 

frequency range 2-4 Hz, and applied Kvrerna and Doornbos' method to 

determine the apparent slowness of the synthetics. The procedure was 

applied to the 3-component sites AO and C7. The other 3-component sites 

C2 and C4 are located too close to the boundaries of the available 

topographic map to yield reliable synthetics. The results for discrete 

frequencies between 2 and 4 Hz are displayed in Fig. VII.3.3 for 

station AO, and in Fig. VII.3.4 for station C7. The results show a 

significant variation with frequency, but the average over the 

frequency band explains about half of the observed anomaly. We 

speculate that shallow subsurface structure may enhance the surface 

topographic effect. The variation with frequency is in agreement with 
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the notion of surface response as an interference pattern. One 

consequence is that the slowness solutions for P from two events will 

be different if the source spectra are different. This is in agreement 

with the observed scatter of 3-component slowness solutions at each 

site. We have calculated the response at 10 other array sites for which 

the topographic map provides adequate information, even tho.ugh there 

are no 3-component stations at these sites. The results for all 12 

sites are summarized in Fig. VII.3.5, in the form of average azimuth 

angle and incidence angle. The results suggest that the particle motion 

vector varies smoothly across the array. An important mechanism for the 

perturbation of particle motion is scattering into S motion, and this 

modifies especially the horizontal components. The vertical components 

are more stable. Since the array slowness solution is based on phase 

differences between stations, we have also calculated the vertical 

component phase perturbations due to topographic relief. The cor

responding delay time perturbations are included in Fig. VII.3.5. These 

perturbations are negligible, hence the array slowness solution appears 

to be relatively insensitive to topographic relief. 

In summary, our results suggest that surface topographic relief 

significantly perturbs the surface particle motion and hence 3-

component slowness solutions. The perturbation varies from site to site 

within the NORESS array, and it also depends on details of the input 

signal spectrum. On the other hand, the array slowness solution based 

on vertical component phase delays is relatively stable since the 

~dditional phase perturbations are negligible. 
I • 

E. 0degaard, Univ. of Oslo 
D.J. Doornbos 
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VII.4 Coupling of short period surface wavetrains .acrgss 

the North Sea Graben 

In the previous semiannual technical report (Maupin, 1987) ,. we bri.efly 

presented a coupling method aiming at modelllJ:J,gsurface wave;p:ropaga

tion in 2-D structures, and some preliminary re.sult.s. ·The, method is tlhow 

applied to a model of the North Sea Graben. We examine how a la,r,ge

scale .and very strong lateral variation of the crustal structur·e 

affects the propagation of the short-period surface wave trains. 

Mo.del 

We use a simplified 2-D model of the North Sea Graben O:evis.ed by 

Kennett and Mykkeltveit (1984), based on seismic refracti:.on :profUing 

experiments reported by Wood and .. Barton (1983). The.model .co,ns.ists:. ·.of 

purely elastic homogeneous layers of laterally v'aryip:g thi:ekn.e:&s:es 

(Fig. VII.4.1). It is extended at depth Mith a 60. km thick .. l.:i.:d,'having 

S-wave velocities increasing from 4.65 to 4.71km/s. The.·Rg,.,;:r.;gaind:Sn 

wavetrains that we aim to study are supported by .these crustal aind .. lid 

waveguides. Due to the lateral variation of the wav~gui-des, ::,tihe 

wave trains may radiate body waves, which leave· the 'Structu~e,:to 

propagate deeper in the mantle. The body .waves can.be r·epr-e:sentedL!Dy a 
' s.um of surface wave modes, as required by the coupling· me:tb;pd, .,by 

extending the model to depths where the S-'Velocity is/as large as the 

largest horizontal apparent velocity of the radiated body_,waves. 'The 

mantle underneath the North Sea presents a low-velocity zone (Stuart, 

1978). In such a structure, .a large·number of mod.es .prop~gate,,,many 6f 

them having very little energy in crustal and lid wav~guide.s. ·'Thus 

using a realistic model of the mantle requires to u:se.a 1a:r::ge.mumber 

of modes to model the body wavefield propagating in the crust and .. in 

the lid, most of the modes having a very small .contribution to· :the 

wavefield. A least~cost approximation is available<wi:th'>the. lo;cl~e-d.;mode 

method (Harvey, 1981); the introduction of a half-space with.a.very 

high S-wave velocity underneath the structure of interest cre~tes 

trapped modes with high phase velocities .able to represent .,the.,body 

I 
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waves with a minimum number of modes. We thus introduce a halfspace 

with an S-wave velocity of 7.0 km/s underneath the lid to complete the 

model. 

The model is divided into 51 zones, 25 equally wide zones in each 

laterally heterogeneous outer part of the Graben, and one 50 km wide 

zone in the central part of the Graben. The 26 first Rayleigh wave 

modes and the 26 first Love wave modes are calculated in each zone at a 

period of 1.0 s using the subroutine package of Saito (1988). The 

vertical displacement with depth of the Rayleigh wave local modes at 

the outskirts of the Graben are plotted on Fig. VII.4.2, where they are 

classified according to the wavetrain they belong to. The necessity to 

retain only a reasonable amount of modes leads us to neglect body waves 

with higher apparent phase velocities than 5.1 km/s. The phase 

velocities of the different modes are plotted as a function of 

horizontal distance in the Graben on Fig. VII.4.3 for Rayleigh wave 

modes and on Fig. VII.4.4 for Love wave modes. The zonal phase 

velocities are superimposed on the local phase velocities, issued as a 

subproduct of the coupling method. We can notice the good agreement 

between the velocities calculated with the two methods. The very fine 

zoning in the laterally varying parts of the model is required by the 

non-linearity of the sedimentary layer influence, specially on the 

Rayleigh wave modes, testified by the oscillatory behavior of the phase 

velocities with distance on Fig. VII.4.3. 

Transmission properties 

Through propagation across the Graben, the different modes are coupled 

by the lateral heterogeneity. Due to the large scale of the model 

compared to the wavelengths of the modes involved in this study, the 

coupling in reflection is very small. For Rayleigh waves propagating 

perpendicularly to the Graben for example, only 0.02% of the incoming 

energy is reflected by the structure. We will therefore concentrate our 

attention on the transmission properties of the structure. 
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We study the transmission properties for 2 diffe1rent wave propagation 

directions. First for waves propagating in the x-direction of the. 

structure lateral variation. And second for waves propagating at an 

angle with respect to this direction. Since coupling occurs be·tween 

modes having a common slowness in the y .. dfrection paral.lel to. the 

Graben structure, and that the modes involved in the coupl'ing hav€ 

different total slownesses, they all propagate in s.lightly different 

directions in the second case. As an example, we have chose·n· to tre·at 

the case of a slowness in the y-direction equal to 1 s/km. This. 

corresponds to propagation with respect to the x-direetion at 22P for 

the Rg-wavetrain, 25 to 45° for the Lg-wavetrain, around 48° for the Sn 

wave, and from 49 to 58° for the body waves. 

The transmission matrices express how the energy of' an· ineomin:g·.mO'de is 

distributed on the different modes of the system after propagation 

across the Graben. The matrix elements on Figs. VII.4;5 to VIT.4;8 are 

the absolute values of the amplitude transmission coefficients 

expressed in % , for modes normalized to a unit energy flux. The .. · square 

elements thus represent energy transmissioncoefficients. Eacbcolumn 

of the matrix corresponds to a different· inc·oming wave. 

For propagation at right angle across the Graben, the Rayleigh and Love 

wave modes are decoupled. On Fig; VII.4.5 is plotte·cLthe transmission 

matrix for the Rayleigh wave modes, and on·Ffg. VU.4.6 for the Love 

wave modes. In this model, the fundamental mode of the Rayleigh waves, 

or the Rg wavetrain, is little affected by the lat&ral hetero·geneity. 

It has hardly any coupling with adjacent modes (Fig. VII. 4. 5) . We. 

should notice that this results from the homo·gene·ous velocitie·s of the 

sedimentary layer of this model, where the Rayleigh wave fundame•ntal 

mode at 1 Hz is confined. With a refined representation of the 

sediments, the Rg wavetrain might be more affect:edby the·Grahen 

structure. Among the other Rayleigh wave modes of Fig. VII.4.5, the Lg 

modes are strongly coupled to each other as well as to the Sn modes. 

Their coupling is weaker with the body wave modes. The Sn modes are 
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strongly coupled both to the Lg modes and to the body waves. And 

symmetrically, the SV body waves are strongly coupled to the Sn modes, 

but weakly to the Lg ones. The partition of the modal set into 

different wavetrains associated with different waveguides is clearly 

mirrored by the transmission matrix. The strongest couplings appear to 

be restricted to neighboring waveguides. The coupling pattern is 

somewhat more complex for the Love wave modes (Fig. VII.4.6). For the 

Love waves, the coupling of the Lg wave modes is fairly strong both 

with the Sn wave and the body waves, and the Sn wave modes are strongly 

coupled with Lg as well as with body wave modes. 

Figs. VII.4.7 and VII.4.8 display the transmission matrices for 

Rayleigh and Love waves propagating at an angle with respect to the x

direction. The shift of the propagation direction away from the 

direction of lateral variation of the structure does not strongly alter 

the coupling among the Rayleigh wave modes or among the Love wave 

modes. The new feature is the coupling between the Love and Rayleigh 

wave modes, which remains nonetheless very small. 

In order to summarize the results quantitatively, we transform the 

transmission matrices, expressed as mode to mode coupling coefficients, 

into energy transfers from wavetrain to wavetrain. Since the coupling 

between two wavetrains depends on the modal content, both in amplitude 

and in phase, of the incoming wavetrain, we average out over amplitudes 

and phases in order to obtain a mean coupling, comparable to a general 

trend in a set of seismograms. Averaging out the amplitudes is 

equivalent to using a wavetrain where the energy is equally distributed 

among the different modes. The energy carried by a mode or a wavetrain 

is also distributed with depth differently from one mode to another, 

and therefore does not directly predict the amplitude of its surface 

displacement. The energy transfers need thus also to be converted into 

wavetrain amplitudes at the surf:ace of the model to be directly 

comparable to observed seismograms. 

77 



In Table VII.4.1, we give the percentage of energy distributed.on the 

different wavetrains of the system (1st column) after propc;igation 

across the Graben, for different incoming wavetrains. The energy 

distribution is also transcribed into surface amplitudes (2nd column) 

scaled to the surface amplitude of the incoming wavetrain. ;.We use the 

vertical displacement for the Rayleigh waves. The two first parts of 

the table deal with Rayleigh and Love waves propagating at right.angle 

across the Graben. The lower part of the table displays the co,upling 

amongwavetrains propagating across the North Sea Graben in a;direction 

non-perpendicular to the symmetry direction of the structure. ~:The· most 

significant features of the table are expressed as diagrams on Figs. 

VII.4.9 to VII.4.11. 

The properties of the transmission matrices are of c.ourse, mirrored ·into 

the parts of the table and diagrams related to energy transmission. We 

recognize the independence of Rg wavetrain (Fig. VII.4.9a) .. Whe:ther 

they are of Rayleigh or Love type, and whether they propagate .in a 

direction perpendicular or not to the structure, the Lg•:wavetrains le.ak 

only a small fraction of their energy in the Sn wave and in the body 

waves (Fig. VII.4.9b, 9c and 10). The energy transferred fr0m Rayleigh 

to Love wave modes (Fig. VII.4.9c) or conversely (Fig. VII.4 .. lOb) when 

the propagation direction is at an angle with respect to the structµre, 

is very small. Fig. VII.4.11 displays the strong transfer from Sn to Lg 

and body-wave energy. 

If we now turn .to the transcription of these energy transfers into 

surface displacement amplitudes, we notice that the transfers ·.fr.om Lg 

to Sn waves, which shift some energy depthward, reduce the total 

amplitude· of the signal (see Fig. VII.4.9b and lOa, where the amplitude 

of the body waves, transferred into deeper parts.of the .earth, should 

not.be considered as part of the signal). On the other hand, the 

strong conversion from Sn to Lg produces an.Lg surface signal.at.the 

exit of the Graben 2.5 times larger than the original surface displace-
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ment for Rayleigh waves (Fig. Vll.4.11) and 3 times larger for Love 

waves._ 

Similarly, and despite the small amount of energy involved, transfers 

from Rayleigh to Love modes enhance the surface displacement sig

nificantly. For example, we observe on F.ig. Vll.4.9c that the total Lg 

wavetrain at the exit of the Graben presents a transversal displacement 

(associated with Love wave modes) up to 0.3 times the vertical 

displacement (associated with Rayleigh wave modes). Conversely, 

transfers from Love to Rayleigh wave modes does not produce such a 

significant vertical surface displacement (Fig. VII.4.lOb). This 

results from the general property of the surface displacements around 1 

Hz, which are on the average twice as large for Lg Love wave modes as 

for Lg Rayleigh wave modes, for a similar amount of energy at depth. 

This property predicts that, if after some strong couplings, the energy 

becomes equally distributed among Love and Rayleigh modes, the 

transversal component of the Lg wavetrain is twice as large as the 

vertical one. 

Conclusion 

We find a mean energy transmission across the North Sea Graben of 80% 

for an Lg wavetrain at 1 Hz. This is in apparent contradiction with the 

extinction of the Lg phase across this structure, as observed by 

Kennett and Mykkeltveit (1984). Even if we include more modes in order 

to better account for the body waves propagating in the mantle, and 

thereby decrease the amount of energy confined in the waveguides, it 

seems unlikely that this will prove sufficient to reconcile modelling 

results and observations. These results deal only with the amplitude of 

the transmission matrix at a given period~ The phase behavior of the 

wave as a function of period is a key-element to the effective build-up 

of a wavetrain. Further tests need thus to be performed to study how 

the phase of the transmission matrix varies with period. If rapid 

variations are observed, destructive interferences between neighboring 

periods might explain the disappearance of the Lg wavetrain. Further-
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more, our modelling accounts only for the gross features of the Graben. 

Other phenomena, such as a strong attenuation or particularly important 

small-scale heterogeneities able to reflect energy, might be associated 

with the sedimentary thickening and the Moho uprising to explain the 

extinction of the Lg phase. 

On the other hand, our results concerning Rayleigh-Love couplings are 

in better agreement with observations of anomalously high transversal 

motions on Lg wavetrains (Kennett and Mykkeltveit, 1984) for explosive 

sources. Despite a level of coupling rather low in the above example, 

we show how the couplings from Rayleigh to Love waves enhance the total 

displacement, whereas couplings from Love to Rayleigh waves lower it, 

and that strong couplings produce Lg transversal surface displacement 

twice as large as the vertical one. 
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Propagation perpendicular to the Graben 

Rayleigh waves 

~ Rg Lg Sn 
p 

Rg 99.667 0.9983 0.026 0.0297 0.002 0.0826 
Lg 0.281 0.0278 79.172 0.8837 37.043 2.4583 
Sn 0.007 0.0004 10.071 0.0347 18.139 0.2903 
P/Sv 0.038 0.0012 10.735 0.0436 44.810 0.8721 

Love waves 

~ Lg Sn 
t 

Lg 78.560 0.9038 22.100 3.0854 
Sn 3.692 0.0242 48.885 0.6393 
Sh 17.751 0.1899 29.021 1.7655 

Propagation at an angle with the Graben 

~ R Rg R Lg R Sn 
t 

R Rg 99.737 0.9987 0.015 0.0229 0.001 0.0402 
R Lg 0.168 0.0206 76.146 0.8628 33.267 4.9471 
R Sn 0.002 0.0002 9.083 0.0327 11.992 0.3345 
R P/Sv 0.027 0.0008 12.774 0.0489 53.874 0.8546 
L Lg 0.048 0.0295 1. 325 0.2538 0.601 1.1842 
L Sn 0.004 0.0010 0.207 0.0128 0.065 0.0655 
L Sh 0.012 0.0054 0.446 0.0616 0.193 0.3828 

~ L Lg L Sn 
t 

R Rg 0.004 0.0052 0.002_ 0.0302 
R Lg 1. 214 0.0477 1.143 0.3451 
R Sn 0.151 0.0019 0.098 0.01-22 
R P/Sv 0.688 0.0045 0.284 0.0222 
L Lg 77.177 0.8926 26.910 3.5245 
L Sn 4.459 0.0266 42.850 0.6438 
L Sh 16. 311 0.1756 28.719 1.6148 

Table VII.4.1 Wavetr~in coupling at 1 Hz by propagation across the 
North Sea Graben. The left columns give the energy distribution in %, 
and the right columns give the surface displacement amplitudes, 
normalized to the surface displacement of the incoming wave, of the 
different wavetrains, at the exit of the model. Rayleigh wavetrains are 
noted R and Love wavetrains are noted L. 
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Fig. VII.4.l Model of the North Sea Graben (after Kennett and 
Mykkeltveit, 1984). 
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Fig. VII.4.2 Vertical displacement as a function of depth of the 26 
first Rayleigh wave modes at 1 Hz at the outskirts of the North Sea 
Graben. The modes are classified according to the'wavetrain they belong 
to. The S-wave velocity as a function of _depth is· plotted for refer
ence. 
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Fig. VII.4.4 Figure caption as for Fig. VII.4.3, for Love wave modes. 
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Fig. VII.4.5 Transmission matrix in % for the 26 first Ra~leigh wave 

d ·t 1 Hz after crossing the North S'ea Graben perpenrlicul,ar.ly. 'Thke mo. es a . , . . . 
matrix elements are the absolute values of amplitude transmis.sion 
coefficients which carry a unit energy flux. 
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Fig. VII.4.6 Figure caption the same as for Fig. VII.4.5, for the 
first 26 Love wave modes. 
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Fig, VII·,4,z·. Figure caption the same as· for Fig; vn:4.s; f.or: 
propagation at an angle across the North Sea Graben, with:·a slow:n:e'Ss>,of 
1.0 s/km in the y-direction. 
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Fig. VII.4.8 Figure caption the same as for Fig. VII.4.6, for 
propagation at an angle across the North Sea Graben, with a slowness of 
1.0 s/km in the y-direction. 
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Fig. VII.4.10 The same as for Fig. VII.4.9, for incoming Love-type Lg 
wavetrains. 
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VII.5 Seismicity of northern Norway and adjacent areas as inferred 

from ARCESS and SEISNOR data 

Over the last years the seismic instrumentation in Norway and surround

ing areas has been improved through the installation of regional and 

local networks. The increased number of stations has resulted in 

developing more detailed seismicity patterns and improved focal 

mechanisms (e.g., Havskov and Bungum, 1987), which in turn can be 

correlated with similarly detailed information from geological 

investigations. 

This paper will concentrate on the analysis of the combined data from 

two such recently installed sets of seismic instruments. One is a 

regional network termed SEISNOR (Surveillance of Earthquake Activity 

Offshore Northern Norway, Bungum et al, 1988), and the other is the 

Arctic Regional Seismic Array (ARCESS), which is a 39-element seismic 

array very similar to the NORES.S array (Norwegian Regional Seismic 

Array, Mykkeltveit, 1985)'. The SEISNOR regional network stations and 

the ARCESS array are shown in Fig. VII.5.1, together with the main 

geological structures off northern Norway. 

As an introduction, Fig. VII.5.2 illustrates the previously known seis

micity patterns in northern Fennoscandia and the Norwegian and Barents 

Seas. These data are taken from a NORSAR data base and cover the period 

from 1955 through 1987 (Bungum, 1988). To maintain a compromise between 

location precision and magnitude completeness in this figure, only 

events recorded on at least eight stations have been included. The 

figure shows, in addition to the seismicity zones in northern Finland 

and the eastern coast of Sweden, the following main characteristics: 

The mid~oceanic ridge, with the Knipovich Ridge west of Svalbard 

and the Mohn's Ridge further south and west. 
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An extended seismicity zone· between the ·Mohn' s ~Rtdge and'n\o:t":ltbn:1l'.n· 

Norway, limited by the Senja Fra:ctur.e Zone and .covering .la1!.gJ:? 

parts of .eastern Lofoten Basin. 

A seismicity zone along ·the coast o:f ·northern Noirway (Ilana Fau:Jttt 

Complex) as well as one offshore zone (following the KrDstt±ansuntt~ 

Bod'0 Fault Complex) . 

Some earthquake activity near the inter;section ;betwe<en the· ·vra,T:i:n::g 

Plateau Escarpment and the eastern part of the Jan Mayei:n iFraxrtture 

Zone. 

Data analysis 

As outlined above, the monitoring o:f 'seismic events ·in·nerttlite'l!llt"N.~y 

has improved significantly following the installation o:f n&w;•seiii-smdrc 

stations in 1987. In this report we theref'ore wfll ·croncentrate',<on: th'e· 

t.ime period from April 1987 :through April 198·8, ana:Iyz:ing even~, 

recorded by the SEISNOR network and the ·A.RUESS array. 

The SEISNOR network is a re;gi.onal s·e:ismic me.two:rk comsf;stfng .. of s'.i.\x 

seismographic stations dis.tributed f:rom 62. 6°N tO' 69 .C0 N w.t;tn&n~ ~o1?way 

(see Fig. VII. 5 .1). The si.tes contain a rn:ix:ture c>•f sing.lie c·emponertt,. 

thre·e - component and vertical c.omponent ·minf-ar:ra.y s:tatians w<:iitth the 

p·ri:mary purpose of recording offsho·re events. The uri:iq'.u~ 'i!eatture-s «if 

this .network are two-fold. First, this is a c.omputer-con.trol;led' ne'tt.W'O;lilk 

of field stations capable 0£ detecting and storing events la:eaTly a::t 

each field station and transferring desired data in near r.e•i:H. :time. as 

instructed by a central proce:ssing co1I1put:er. Detecti.o1'llS· 'fronhailll .the 

remo:te field st'ations can be proc-e•ssed aut·omatica:lly ;a;t :the · cQl'ft'r:a\l 

computer or manually extracted fer particular events· of intens:t. 

Secondly, the northernmost station, ·KTK, and tlire centrally loc:a.ted 

station, MOR, are small mini-arrays with horizontal dimensions of ab.out;-
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450 meters. With this distribution of sensors, estimates of the 

slowness vectors of the incoming wave field for local and regional 

seismic events can be used for better identification of seismic phases 

and calculation of event locations. The network has been operational 

since April 1987 (Bungum et al, 1988). 

The Arctic Regional Array, ARCESS, is an almost circular array of 

sensors with an aperture of 3 km comprising a total of 39 sensors 

including single component short period, three-component, broadband and 

long period instruments. This array, which is very powerful both in 

terms of detection threshold and location capability, begari operation 

near the end of October 1987 (Mykkeltveit et al, 1987). 

The analysis of the data obtained from these two sets of seismic 

instruments consists of various filtering and wave separation al

gorithms for phase identification and estimation. The real value of 

incorporating mini-arrays and the ARCESS array into the SEISNOR network 

centers. around' the· use of frequency-wavenumber (F-K) analyses (e.g. , 

Capon, 1969). 

An earthquake location program capable of using the azimuth data for 

both initial starting locations and in the formal inverse problem 

(Bratt and Bache, 1988) has been used for the present study, and all 

the seismic phases possible have been analyzed from SEISNOR and ARCESS 

as well as any other available stations within Norway. A careful 

identification and timing of the seismic phases has been combined with 

the azimuth information already obtained from a broadband F-K analysis 

(Kvrerna and Doornbos, 1986) of array data and three-component sites in 

order to obtain a high quality data set for the earthquake locations. 
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Spatial distributii:>n of sehmicity 

Duringc its firs~t year of. operation, the SElSNOR network! has~::ree;e;r-de.~& 

163 locatable seismic events. Additionally i th~ ARCESS':' arrayiha.sr;o 

detected 36 off shore events .. between N.ovember 1.987 aniikAp·riiL1:9.88;iL .. Tllt@i"' 

magnitudes (ML) range from. about 1. 5 to 4. 0, with almo.st .comJJiJ .. eite',r, 

coverag~ .. for. events above ML. 2"5. Fig. VII'; 5. 3 s.bows. the. lo.e;a.t:ab:lLe;c;: 

seismicity between 60° and 80°N; recorded:on at least.:o,ne:•:Of<i:tlte," 

stations. in the networks for a, one~year p~riod. If:we,., comp~r.e;LF:t'~'~·· 

VII. 5. 3 with Fig. VII. 5. 2 showing. more thaR 30 years·;;oft·s.e.ismi~:iLt}r;'.Ewe•e. 

can s.ee." a. quite consistent pattern; The earthqu·akes, eve:111:·,,:fo):;-Slll.Gih'J;a;v 

short time period. as one year, s.eem to line up along,~. the, ma.lcn:";fj;:!ili\l;;t·:ailJli. 

fracture systems and. known regions of higher seismicity; 

Shortly after the SEISNOR network began ope.r:ation·,. seN:ex:al;. e:&l'.IltrI.it>tl:ake,s..;,F 

appeared.. ne.ar. 64.0 N and 12°E.. Thes.e events: weTe, als.o-~ fe.1.tr:b}r~:''°Rll:Q-~i:~e.i1'1&, 

the•, area, and with magnitudes. in the. range 2 . 2 = 2.;].· the.ye app~.aJ<~.dl~i·l1i.'J.t:a,;-;. 

region . that has. been relatively quie,t earlier.. Tli.e,, eve.ntsc.;;: liez:Oll1ttMP<" 

northern part .. of the M0re~Tr0ndelag Fault Zone.; wher.e:- tbe-,so'l:l-:tt:il\;r:w~:~ritr~ 

is known to exhibit a relatively high· seis.micity •. 

Along: .. the Nordland. coast, the.Rana. Fault. Complex. separa:t11a·Jb:th:e±;;co:a:s•t:a:i:; .. 

areas; from the seismically less. active Tr0ndeilag:Platf6,rmtL Eftn$s.;;::· 

rec.orded. around .this. fault complex. during'· the:. last .ye-a,t.ma;y; itldd:·~a:J~eEa:, 

largex. seismic. activity here: than earlier. known',, e;s:tend.ingyp:i~·t:h~" 

to'. the•. intersection wi.th. Kr.istians.und.-:-B.o.d0tFault: Comp_ie'Xt; w:h:i·Q.h:ixis~"Ol'l'A'<' 

of the, mo.st active areas along· the, Norweg?,an coast:!; 

In. addition to the seismicity along the ·coast from\1.M0;re;" to;:,Lo·fb.;!f;e,n~ .. 

there is a. noticeable level of activity also offshore along;: the:~: 

Kristiansund~ Bod0 Fault .. Complex we.st of the Tr0nd.elag,\ Pl.atf.orm;•as.:;i 'We'il1~~ 

as further north along and on the continental side. of• th,;h;V"'rifigi;:'. 

Pla.teau Escarpment. 

I 
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Further north, events have been located along the Senja Fracture Zone 

and eastwards to the Ringvass0y-Loppa Fault Complex. The Senja Fracture 

Zone has been known for a long time as a very active area (Bungum, 

1988), separating the oceanic crust to the west from the continental 

crust to the east. 

The western Barents Sea, i.e., the region east of the Senja Fracture 

Zone, contains the Ringvass0y-Loppa Fault Complex. This area was until 

recently assumed to be more or le-ss aseismic, but several earthquakes 

have been located here, especially after ARCESS was set in operation in 

late 1987. Since the magnitude threshold for locatable events east of 

the Senja Fracture Zone is below ML 2.0 north to 75°N, the Barents Sea 

may be divided into two different parts with respect to seismicity. The 

western Barents Sea includes the Ringvass0y-Loppa Fault Complex, which 

is a system of deep 1istric faults accompanied by a moderate seismicity 

dropping smoothly eastwards away from the Senja Fracture Zone. This 

region has shown very little seismic activity before, with very few 

events reported· the last 30 years (Fig. VII.5.2). When considering the 

level of seismicity now recorded, with events in the magnitude range of 

ML 1.7 - 3.1, this illustrates very clearly the recent significant 

improvement in detectability for these areas. The seismicity seems to 

extend more or less continually north to the more active southern part 

·of Svalbard. It should be noted that the onshore seismicity in Fig. 

VII.5.3 possibly contains some explosions, in particular close to the 

MOR station, in northern Sweden and within the Kola peninsula. 

In order to illustrate the effects the various types of geologic 

structures have on the propagation of seismic waves through the crust 

and upper mantle, a suite of seismograms are shown for comparison in 

Figs. VII.5.4 and VII.5.5. By comparing seismograms at the ARCESS array 

from earthquakes occurring at many different locations, particular 

characteristics can be correlated with the gross features of the known 

lateral variations in the crustal structure of the area in this study. 

Figs. VII.5.4 and VII.5.5 show panels with six pairs of seismograms 

I. 
I 
I 

I 
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from earthquakes located in different areas in the region studied. It 

turns out that few of the events show very clear Lg phases, which are 

often seen for events with continental type propagation paths (Kennett 

et al, 1985). However, Lg phases are seen on the event from Lofoten 

(LOF), and perhaps also on the event from southern Ringvass0y-Loppa 

Fault Complex. These events are located closer to the coast than the 

other two offshore (SFZ and BARNT), which appear to have no Lg phase. 

The Lg phase is also missing for events from the Viking Graben area, 

where the graben structure is instrumental in the blocking of Lg energy 

(Kennett et al, 1985). Since most of the offshore events in the present 

case lack Lg phases even when located in essentially continental type 

crust (the Barents Sea), this might be a result of stronger attenuation 

in the upper crust. 

Conclusion 

The data from recently installed seismographic stations have shown that 

several regions in the northern part of the Norwegian coastline a,re 

exposed to a greater rate of seismicity than reflected in earlier 

seismicity maps. Even though the seismic networks have only been in 

operation for one year, they have unveiled new and important informa

tion about a large number of earthquakes. These have been found in 

general to follow the main fault systems, with increasing activity 

along the coast from M0re to Lofoten, and northwards along the 

continental margin to the Svalbard Islands. The area around the V0ring 

Plateau and where the Kristiansund-Bod0 Fault Complex intersects with 

the Rana Fault Complex shows an activity that may be as large as the 

activity off M0re. 

The seismic activity is also relatively high along the escarpment and 

associated fault zones. Since the data used in this analysis only 

reflects one year of operation (only six months for ARCESS), it is not 
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known to which extent the apparent clustering of events could be 

related to temporal variations in seismicity. 

The Senja Fracture Zone and Western Barents Sea are exposed to a 

greater rate of seismicity than earlier known. Especially interesting 

are the events in the Western Barents Sea which occur in a region with 

traditionally very low seismicity. 

The southern and eastern Barents Sea still appear to be seismically 

quiet. Even during the last year there have been no events detected 

east of 30°E or in the basin just north of the northern part of 

mainland Norway. In these areas the detection threshold for earthquakes 

should be slightly below magnitude 1.5 due to the continental type 

crustal structure and assumed mild lateral heterogeneity. This suggests 

that the area has indeed very low seismic activity; however, a longer 

time period of monitoring is necessary before drawing any firmer 

conclusions on this. 

In general, it turns out that ARCESS has a very good detectability 

eastwards and northwards. The detection threshold in these directions 

is below magnitude ML 1.5 up to distances of at least 600 km. However, 

the rather complicated geological structures to the west, with events 

along and beyond the continental margin, may lead to phase identifica

tion problems for the detection algorithm at the ARCESS array. 

L.B. Kvamme 
R.A. Hansen, Univ. of Bergen 
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Fig. VII.5.1 Location of the stations in the SEISNOR regional network, 
and the ARCESS regional array. The figure also contains the major 
structural elements as given in Bungum and Selnes (1988). 
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Fig.VII.5.2 Earthquake distribution for the time period 1955 to 1987, 
reported from at least 8 recording stations (Bungum, 1988). Structural 
information as for Fig. VII.5.1. 
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Fig. VII.5.3 Recorded events from April 1987 to April 1988 reported 
at SEISNOR and ARCESS, where all offshore events are earthquakes. 
Structural information as for Figs. VII.5.1 and VII.5.2. 
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Fig.VII.5.4 Seismograms of three events recorded at ARGESS. The two 
traces.for each event are high-pass filtered (at 6 Hz) and bandpass 
filtered (.1.5 to 3 Hz), respectively. The events are located at LOFOTEN 
(LOF, 68.1°N, 16.0°E), Ringvass0y-Loppa Fault Complex (RLFC, 72.3°N, 
18 .. 7°E'), and Senja Fracture Zone (SFZ, 71. 60N, 12 .4°E) · Axes are 
seconds<ve.rsus amplitude in number of counts, with the maximum number 
indicated. 
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Fig.VII.5.5 Seismograms of three events recorded at ARCESS, where the 
first in each pair is high-pass filtered (at 6 Hz), while the second 
is bandpass filtered from 1.5 to 3 Hz. The events are located at 
Western Barents Sea (BARNT, 73.9°N, 27.1°E), Kola Peninsula (KOLA, 
67.6°N, 33.4°E), and northern Sweden (67.3°N, 20.6°E)· Axes are 
seconds versus amplitude in number of counts, with the maximum number 
indicated. 

105 



VII.6 New results from processing of data recorded at the: new 

ARCESS regional array 

The previous NORSAR Semiannual Technical Summary contained a contribu

tio.n (Mykkeltveit et al, 1987) that described the NORESS-type array 

installed in northern Norway during the fall. of 1987, and also g.ave 

some initial results from analysis of data recorded during its first 

P'hase· of operation. In the present contribution, we report on some 

additit>nal.findings resulting from analysis recorded at ARCESS, which 

is: the. name now adopted for this new array. 

Analysis: of data from the ARCESS High Frequency Seismic Element 

The first High Frequency Seismic Element (HFSE) was installed. at· NORESS 

in 1985 and has been described by Ringdal (1986a). Another. HFSE was. 

installedinARCESS at the same time as the array was deployed, and we 

have se1ected seven- events as shown in Fig. VIL 6. 1 for further 

analysis using these high frequency recordings. The raw data and 

handpass. filtered data 30-50 Hz are shown in Figs. VII. 6. 2 and .VIT. 6. 3, 

resp.ectively, for the vertical component of the HFSE. 

As· we can see ftom these figures, there b apptecU.bie eilergy to· beyond: 

500 km. distance in the 30- 50 Hz band. However, i ~. i.s, ~otew(l)rth:y that. no 

energy in thiS. band is. seen above the background.· rt6he fof event T 

(Mt • 2. 6 r at the distance of 714 t&. 

This, behavior is to some degre.e similar to what was found by Ringdal. 

(l98.6a) for NORESS, but there are also indications from these seven 

events that the propagation of high-frequency energy is not quite: as 

efficient .. around ARCESS as around NORESS. We emphasize, however, that: 

furthe·r study is needed before such a conclusion can be re•liably 

es.tab.lished. 

- -. '~ .. 

. ~ .,. . ·\ . .. 
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Propagation of Rg waves at ARCESS 

The 1 Hz surface wave of Rayleigh type, often referred to as Rg, is 

clearly observed for many events recorded at ARCESS. It is generally 

known that it takes a shallow source to generate such waves. At NORESS, 

the Rg phase is never observed for events at distances larger than 70-

90 km, irrespective of azimuth. At ARCESS, on the other hand, we have 

observed clear Rg phases for events located more than 400 km away. 

Fig. VII.6.4 shows the Rg phase recorded at the ARCESS high frequency 

station for an event (no. 4 in Fig. VII.6.1) located at a distance of 

349 km. For event no. 3 in Fig. VII.6.1, no Rg waves are observed, even 

though this is a mining explosion at shorter distance than event no. 4. 

This shows that the occurrence of Rg is dependent on azimuth. In view 

of the potential of using Rg in discriminating between shallow and deep 

sources, this phase will be the subject of further study in our future 

work. 

ARCESS regional P-wave detection capability 

An initial assessment of the detection capabilities of ARCESS has been 

made using the method described by Ringdal (1986b). Adopting the 

Helsinki seismic bulletin as a reference, we have associated P-phases 

detected by the on-line procedure with the reported reference events. 

The time interval processed is essentially January - March 1988, with 

some events during 1987 also included. The results for a source region 

comprising mainly the mining areas of western Russia and Finland 

surrounding the Bothnian Bay are shown in Fig. VII.6.5. This figure 

gives a histogram of the number of reference events at each magnitude, 

with the events detected by ARCESS marked specially. The figure further 

contains a detection probability curve with associated confidence 

limits, estimated by the maximum likelihood method of Ringdal (1975). 
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We note that the 90 per cent P-wave detect.ion capability in the region 

studied (distance range 800-1200 km) is close to ML= 2.5. This can be 

c0mpared to. the N.ORESS threshold of ML = 2. 7 f.ound ·by Ringdal (1986b) 

for a s;L:milar distance range (700-1400 km). It must be ·no·ted hex:.e that 

the ·:re·.fereace events were on '.the av:erage at a sl:i.ghtly greater di:stance 

in the case of NORESS, and this may to ·some e.xtent ac:co1.;1;nt for the 

difference. Neve·rtheless, we conclude that the new array a,ppea;r,s to 

'have a reigional detecti0n capability that at least matches that .of 

NORESS . 

. !B,egional lo.cat.ion capability 

The .capability of ARCESS to loca.te ,s.eismic events at r.egional ·distances 

has been evaluated and compared to that of NORES'S. In additfon, .w:e hav:e 

inves.tigated the .joint location .cap.abilities .of the ·two arr:aiys. The 

data b:ase for this study has compris·ed a set of seven regi.onal .,events 

in October/November 1987, for which we have accurate .independent 

locati.on estimates computed at the University. of Helsinki, on the basis 

of the Fenr.lO'scandian network of data. 

For the ,purpose of estimating ev.ent location, we have used the program 

TTAZLOC <ileveloped ·by ·Bratt .and ,Bache ('.19:88) .. Thils .p~<;>gram ta~es into 

account. arriv:.al :times, ·back azimuth ·1estimates and. associa::ted unc.ertain

tie:s, . ·and im.corporates these .dat.a into a ge:ner:alized"'inver:s•e locat:i,on 

· e:stimation .scheme. 'TTAZLOC can be .applied both to single-array .and 

multiple-array situations, asswning that a sufficient number of phase 

detections is av:ailable. 

Table VII.6.1 lists the ·events in ·the data base, together with the main 

·'l:',esults from the data processing. ·For each ev:ent both the network 

loc.ati.on and the joint two-array location has been listed, as well as 

the diffe·r.ence (in km) between the t:wo estimates. For comp.aris.on 

l"·. 
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purposes, the differences are also given between network location and 

locations computed on the basis of each individual array. 

We note that the joint two-array location procedure produces excellent 

results, which on the average differ from the network estimates by only 

34 km. In contrast, the error in the single-array results are typically 

more than 100 km. It must be emphasized that six of these events are of 

very low magnitude (ML 2.1 to 2.5), and all are at an appreciable 

distance from both arrays (see Fig. VII.6.6). It is known from earlier 

NORESS studies that distant regional events are much more difficult to 

locate accurately than close-in events. 

It is noteworthy that the above results have been obtained using 

arrival times and azimuths estimated automatically using the on-line 

RONAPP proc~ssing system. There is clearly a potential of improvement 

in using interactive analysis to extract more precise phase arrival 

times. Also by taking into account regional wave propagation effects, 

e.g., in a joint epicentral determination scheme, using nearby 

reference events, it is likely that increased accuracy can be obtained. 

On this background, the results are quite encouraging. 

Conclusions 

The initial results from analyzing data from ARCESS show that it fully 

matches the capabilities of NORESS in terms of regional detection, 

location and phase identification capabilities. Some significant 

differences in phase characteristics have been observed between the two 

arrays, in particular regarding high frequency (>30 Hz) signal 

propagation and propagation characteristics of the Rg phase. This 

confirms that optimum multi-array processing will need to take into 

account regionally based corrections tailored specially to each array. 

The joint analysis of data from NORESS and ARCESS has been shown to 

give significantly more precise event location estimates for weak 
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seismic events than each individual array, and a network of such arrays 

would be expected to provide further improvements. 

As the ARCESS array is still in an initial phase of operation, the 

results presented in this study are based on a limited time interval of 

recordings. Comprehensive assessments of ARCESS capabilities as well as 

the joint detection, location and identification potential of the 

NORESS/ARCESS system will require a much more extensive data base, and 

will be the subject of further study. 
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Event 
No. 

1 
2 
3 
4 
5 
6 
7 

Origin date, time Mag. Network NORESS/ARCESS Location "error" Single array location 
ML Location (1) Joint Location (2) (2) - (1) "error" 

Lat. Lon. Lat. Lon. (km) NORE SS 

10/31/87 10.09.08 4.2 61.11 4.51 60.84 5.35 54 33 
11/02/87 13.28.00 2.5 61.40 31.60 61. 74 31.18 43 277 
11/03/87 22.35.12 2.3 68.37 15.21 68.02 16.56 67 269 
11/06/87 08.25.21 2.1 66.51 14.87 66.45 14.93 8 15 
11/10/87 11.06.58 2.2 59.63 22.36 59.60 22.13 13 93 
11/10/87 12.29.01 2.3 61.50 30.40 61.58 29.80 33 21 
11/13/87 12.15.20 2.3 59.30 27.60 59.35 27.84 15 86 

Averages 34 113 

Table VII.6.1 Comparison of epicentral location estimates from NORESS/ARCESS and the 
Fertnoscandian network (reference to Helsinki bulletin) for a set of seven events. The 
location accuracy of each individual array is also given. Events 1, 3 and 4 are 
earthquakes; events 2, 6 and 7 are mining explosions and event 5 is a presumed 
underwater explosion. 

(km) 
ARCE SS 

191 
154 
125 

27 
148 

84 
92 
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Fig. VII.6.1 The seven events for which ARCESS high frequency data are 
plotted. The locations of the NORESS and ARCESS arrays are also shown. 

112 



Event no. Raw data Distance (km) Magnitude 

3.1 

3.4 

2.3 

2.5 

2.9 

2.5 

2.6 

SECOOOS 

Fig. VII.6.2 Raw data for the HFSE vertical component for the seven 
events of Fig. VII.6.1. 
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Event no. 30-50 Hz Distance (k 111) Magnitude 

23930 

HFZ 208 

19 1'i5 

2 HFZ 304 

3561 

3 HFZ 339 

10653 

4 HFZ 349 

3836 

5 HFZ 415 

2530 

6 HFZ 58'4 

131 

7 HFZ 714 

SECONOS 

Fig, V:LL6 ,,3,. Bandpass filtered data 30-50 Hz for the HFSE vertical 
component for the seven events of Fig. VII.6.1. 
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Event no. 4 (349 km) , various filter bands 

62825 

HFZ 

31118 

HFZ 

33681 

HFZ 

9623 

HFZ 

5305 

HFZ 

1934 

HFZ 

SECONDS 
1981-350/11:49:30.000 

Fig. VII.6.4 The Rg phase for event no. 4 in Fig. VII.6.1 is clearly 
seen in the three bottom traces. 
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ARCESS P-PHASE DETECTION 
REFERENCE HELSINKI BULLETIN JAN-MAR 88 

LENINGRAD REC/ON , DISTANCE 800-1200 KM 
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Fig. VII.6.5 P-phase detection statistics,for ARCESS for regional 
events in the distance range 800-1200 km, using the Helsinki bulletin 
as a reference. The upper part of the figure shows the distribution of 
events by magnitude with detected events corresponding to the hatched 
columns. The bottomp.art of the figure shows the estimated detection 
probability curve as a function of magnitude, with the observed 
detection percentages marked as asterisks. The stippled curves mark the 
90 per cent confidence limits. 
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• NORESS/ ARCESS joint location 

Q Network location 

Fig. VII.6.6 Joint two-array location results for the events listed in 
Table Vll.6.1. The open circles are centered at the epicenter locations 
computed at the University of Helsinki on the basis of Fennoscandian 
network data, wheras the filled circles are centered at the locations 
computed from the TTAZLOC program using data from the two arrays 
(marked on the figure). Note the excellent correspondence of the 
respective location estimates. 
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VII.7 Analysis of Grafenberg Lg recordings of Semipalatinsk 

explosions 

In theprevious NORSAR Semiannual Technical Summary, it was demon~ 

strated that Lg measurements from NORSAR recordings can provide very 

stable magnitude estimates: for large underground nuclear explosions at 

the Semipalatinsk test site (Ringdal and Hokland, 1987). 

In this paper, initial results are presented from a study of Grafenberg 

Lg recordings, using the same estimation method as for NORSAR. At this 

stage, the main purpose has been to determine the degree of consistency 

that can be obtained between Lg measurements from two arrays, with a 

further aim being to extend the study to a network of stations and 

obtain additional improved stabili.ty through network averaging. 

The GrAfenberg array (GRF) is located in southern Germany as shown on 

Fig. VII.7.1, where the propagation paths from Semipalatinsk to NORSAR 

and GRF are also indicated. The unique feature of the Grafenberg array 

is that all data are recorded broadband, with an instrument response 

that is flat to velocity from about 20 second perio.d to 5 Hz (Harj es 

and Seidl, 1978). Altogether, the array comprises 13 instrument sites, 

of which three are 3-component systems (Fig. VII.7.2). 

The data base used for this initial study comprised GRF recordings. of 

58Semipalatinskexplosionsbetween.1976and1987. Of the 58 events, 39 

were sufficiently large to produce Lg wave amplitudes. signifi.cantly 

exceeding the background noise level in the frequency band 0.6-3.0 Hz, 

and these are listed in Table VII.7.1. Specifically, we required that 

the RMS Lg should be at least 1.5 times the RMS of noise preceding P in 

this selection process. We also deleted from further analysis three 

events which had interfering phases in the Lg time window. 

Data analysis was carried out using the same procedure as described by 

Ringdal and Hokland (1987). Briefly, all channels were filtered using a 
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Butterworth 3rd order recursive bandpass filter (0.6 - 3.0 Hz), and RMS 

values were then computed from a 60-second noise window (starting 80 

seconds before P onset) and for a 120-second Lg window (starting 14 

minutes after P onset). A noise compensation procedure was then carried 

out (as in the paper cited above), and a constant correction was 

applied to obtain the GRF Lg magnitudes. This constant was determined 

by requiring that the average GRF Lg magnitudes should equal the 

average NORSAR Lg magnitudes for the common event set. 

The resulting magnitudes are listed in Table VII.7.1. These data are 

based only on the instruments Al, A2, A3 and A4 (vertical components), 

since our data base for the earliest events did not comprise recordings 

from all 13 channels. (We considered it important to use the same 

instruments for the entire data base, in order to avoid possible bias 

effects due to local receiver anomalies.) 

Fig. VII.7.3 gives a comparison of Lg magnitudes determined from 

Grafenberg and NORSAR data. The consistency between these estimates is 

excellent, with the standard deviation of the differences being only 

0.051 magnitude units. If we consider only well-recorded events at GRF, 

i.e., requiring at least 3 stations and signal-to-noise ratio (RMS Lg 

to RMS noise) of at least 1.75, the standard deviation is reduced even 

further, to 0.043 magnitude units (Fig. VII.7.4). 

It appears from the two figures that the GRF Lg magnitudes tend to be 

slightly higher than NORSAR Lg magnitudes for the largest events. It 

must be noted here that the estimates are less accurate for the smaller 

events, due to greater noise interference, but it is also possible that 

the differences in instrument responses at GRF and NORSAR could be a 

contributing factor. In this initial study, we have not attempted to 

compensate for this response difference, although this is certainly a 

natural next step. 
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Fig. VII.7.5 shows P-Lg (GRF) magnitude residuals on the basis of 

geographical epicenter location within the Shagan River area. The 

location estimates and maximum likelihood !SC-based magnitudes used for 

generating this figure have been obtained from Blacknest (Mar$hall. et 

al, 1985; Marshall, personal communication). We note the systematic 

difference between the northeast and southwest portion of the test 

site; in .fact this pattern is almost identical to that found using 

NORSAR Lg data (Ringdal and Hokland, 1987). The fact that this anomaly 

is confirmed using an entirely different array for Lg measurement.s is 

by itself significant, as it demonstrates that this observation is not;: 

a function of the particular propagation path from Semipalatinsk to 

NORSAR. 

Conclusions 

From this initial study, we can conclude that the Lg RMS estimati.on 

methods provide very stable, mutually consistent results when applied 

to two widely separated arrays (NORSAR and GRF). This is of clear 

significance regarding the potential. use of such Lg measurement.s for 

yield .es.timation. Further research will be directed toward expanding 

the data base and number of instruments in the Gr&fenberg study, 

including addressing the instrument response issue, and in addition 

conduct similar studies using other available station data as well as 

study Lg recordings from other test sites. 

F. Ringdal 
J. Fyen 
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ORIGIN 
DATE 

ORIGIN 
TIME 

04/07/76-186:02.56.57.60 
28/08/76-241:02.56.57.50 
23/11/76-328:05.02.57.2B 
07/12/76-342:04.56.57.38 
29/05/77-149:02.56.57.80 
11/06/78-162:02.56.57.70 
29/08/78-241:02.37.06.50 
04/11/78-30B:05.05.57.50 
29/11/78-333:04.32.58.00 
23/06/79-174:02.56.57.60 
07/07/79-18B:03.46.57.40 
04/08/79-216:03.56.57.60 
18/08/79-230:02.51.57.30 
28/10/79-301:03.16.56.90 
02/12/79-336:04.36.57.50 
23/12/79-357:04.56.57.60 
29/06/80-181:02.32.57.70 
12/10/80-286:03.34.14.10 
14/12/80-349:03.47.06.60 
27/12/80-362:04.09.08.20 
22/04/81-112:01.17.11.40 
13/09/81-256:02.17.18.25 
18/10/81-291:03.57.02.64 
27/12/81-361:03.43.14.10 
05/12/82-339:03.37.12.60 
26/12/82-360:03.35.14.10 
07/03/84-067:02.39.06.40 
29/03/84-089:05.19.08.20 
2£/05/84-147:03.13.12.40 
02/12/84-337:03.19.06.30 
03/04/87-093:01.17.-08.00 
17/04/87-107 :Ol. 03. 04. 0.0 
06/05/87-126:04.02.05.50 
20/06/87-171:00.53.04.00 
17/07/87-198:01.17.07.00 
02/08/87-214:00.58.08.00 
15/ll/87-319l03.31.08.00 
13/12/87-347:03.21.08.00 
27/12/87-361:03.05.08.00 

GRF LG NCH 
RMS 

5.781 04/04 
5.673 03/04 
5.811 03/03 
5.721 03/03 
5.592 03/03 
5.748 02/06 
6.005 03/07 
5.640 03/06 
5.894 01/06 
6.101 03/06 
5.926 04/10 
6.093 04/12 
6.144 04/10 
6.062*00/10 
5.955 04/12 
6.058 04/09 
5.699 03/13 
5.954 04/13 
5.946 02/13 
5.866 03/13 
5.967 03/13 
6.081 04/09 
5.945 04/09 
6.114 03/11 
5.995 04/13 
5.603 04/13 
5.556 04/13 
5.948 04/13 
6.109 04/13 
5.842 04/13 
6.129 04/13 
5.912 04/13 
5.883 04/13 
5.947 03/13 
5.686 04/13 
5.835 04/13 
6.006 04/13 
6.066 04/13 
6.044 04/13 

Table VII.7.1 List of events used in this study, with estimated Lg 
magnitudes from Grll.fenberg recordings as described in the text. The 
number of A-ring GRF channels used for these measurements are also 
given, together with the total number of GRF channels available in the 
data base. For the event marked with an asterisk, the estimate is based 
on GRF B-ring data. 
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Fig. VII.7.1 Location of the NORSAR and Gr&fenberg arrays in relation 
to the Semipalatinsk test site. 
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Fig. VII.7.2 Geometry of the Gr.!ifenberg array. 
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MAGNITUDE COMPARISON 
Shagan River events 

SLOPE= 1.00 INTERC= 0.00 STD= 0.051 
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Fig. VII.7.3 Plot of Gr~fenberg versus NORSAR Lg magnitudes for 
Semipalatinsk explosions. The slope has been restricted to 1.00, and 
the dotted lines correspond to plus/minus two standard deviations. 
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Fig. VU.7.4 Same as Fig. VII.7.3, but including only events with GRF 
Lg measurements based on at least three channels, and having signal-to
noise ratio exceeding 1.75 (see text for details). Note that the 
scatter is considerably reduced compared to Fig. VII.7.3. 
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Fig. VII.7.5 Plot of magnitude residuals (ISC max. likelihood mb 
minus Gr4fenberg Lg RMS magnitudes) as a function of event location for 
events in the data base. Plusses and circles correspond to residuals 
greater or less than the average, respectively, with symbol size 
proportional to the deviation. Lpcation estimates are those of Marshall 
et al (1985) where available, otherwise NEIS estimates have been used. 
Note the systematic variation within the Shagan River area. 
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