























As Fig. 6 indicates, the output from the DP first enters tle
Event Process Controller (EPCON), which organizes the de-
tections into event families in a Detection File. The EPCON
then communicates with the Short Period Signal Processor
(SPSP), which calls for raw data from High Rate Tape and for
example regional corrections, from a permanent EP file in
order to provide the EPCON with more detailed information
about each event. The SPSP creates an EP Data File to pro-
duce a daily Seismic Bulletin, Event tapes, Plot tapes, a
Summary Report, a Parameter Report, and a Detection/Bulletin
report. The Output Processor also creates a Detection/
Bulletin File, which the Editing Processor uses, together
with the EOC and a 2260 Display Unit to allow the operator
to edit the results, and, if desired, request extended pro-
cessing.

The Event Processor Controller (EPCON) constitutes the main
logic and control portion of the process. Ic starts with the
merging of the DP detecticn grouvs from both the ‘eneral and
the Selected Surveillance beams, and the assignment ol a seis-
mic phase identification to each detection grour. In order

to keep the EP workload at a reasonable level, EPCON may
change the EP threshold and thus determines whether a detec-
tion group shall be processed by the SPSP or not. This cri-
terion depends on signal phase, amplitude, SNR, and the amcunt
of computer time available in the processor. The EPCON also
reviews selected results from the SPSP and modifies the initial
phase identification if regquired, and it finally undates the
Detection File for each detection group.

The Short Period Signal Processor (SPSP) is called uron by
EPCON, and contains algorithms for extraction of more de-
tailed information about the short period signal phases se-
lected for further processing. The SPSP gives as output the
wave parameters needed in the bulletin, waveform data, inter-
mediate process results, and selected review parameters.
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Included here is location in inverse velocity space, arrival
time, cdentll rhases with arrival times, and results of con-
verting from inverse velocity snace to geograrhical coordinates

The SPSP consists of three components, inverse velocity swvace
estimation, waveform parameter extraction and event charac-
terization. The location of the signal arrival in inverse
velocity space is calculated by using the detection data as
a starting point. The time alignment of the subarray beams
which yields the array beam with the maximum SNR is deter-
mined by using a cross-correlation iterative technique for
events with a sufficiently large SNR. Alternatively, the
different subarrays are weighted according to the calculated
correlation cozfficients and SNR of the subarray beams. A
linear sequential estimation algorithm is introduced for
fitting a least squares plane wave to the derived delays.
The resulting array heam and location in inverse velocity
space are then passed on for further analysis.

Some basic signal parameters are extracted from the array
beam waveform. The magnitude is determined by an algorithm
based upon the assumption that the signal npower is propor-
tional to the kinetic enerqgy of the P-waves, as the SP in-
struments are essentially velocity measurement devices. (The
kinetic energy is included in thz magnitude definition
through the inclusion of the A/T term.) Arrival time is com-
puted either by a threshold pick (emergent events) or by a
model fit (impulsive events). The dominant period is esti-
mated through a power spectral analysis, using the inverse

of the frequency at which maximum power occurs. The signal
amnhlitude is then calculated on the basis of dominant period
and magnitude. Focal depth information is sought through the
inclusion of a cepstrum analysis (see e.g. Cohen, 1970) on
the array beam, taking into account the rossibility of ob-
serving both pP, sP and PcP. This method has been developed
to a stage where it succeeds for an acceptable number of
events.



Data Analysis

An inte..’'.1 NCRSAR data recording system comprising 18 SP seis-
mometers from different subarrays became operational in Jan
1970. Data from about half a year has accumulated in this
way, and preliminary analysis results will be discussed in
this section.

The most important task has been to calculate precise time
delays (Bungum & Husebye) and about 360 good events have been
used. The measurasments are comnruterized (IBM 1967) and ner-
formed in order to establish a library of regional time delay
corrections (deviations from plane wavefronts). High accuracy
in time delay data is essential, as estimated loss in array
gain due to timing ervors is (Steinberg 1965):

Loss (in dB)=170(0/T)2

where ¢ is the standard deviation in the time delays and T
the dominant signal period. This effect has been verified
empirically using 18 strorng events from which the %ime dalays
were calculated accurately. The average sicnal nower loss

in the beamforming process was 2.0 + 0.1 dB (prrobably dus

to signal incoherency), while the corresponding value for the
delays calculated from a plane wave assumption was 5.7 + 0.5
dB. This means that the average loss due to lack of steering
delays was around 3.7 dB. On the other hand, noise suppres=-
cion came close to the theoretical vaiue for 18 uncorrelated
sensors, namely, 12.6 dB. lMeasurad time delay values vary,
in general, between + 0.5 sec across the array. Azimuth and
dT/d A calcuiations give results which sometimes daviate sig-
nificantly from thore predictad from rerncrted hvpocenter
parameters. Such anomalies should ke attributed to hetero-
genities in the site and source regions.

Concerning signal similarity across the array, our results
obtained so far indicate that this is to some extei.t depen-
dent on the geology in the siting area (see Fig. 1l). For
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example; signal coherency, measurcd throvgh a 6 sec time
winrdcow, is inwuependent of station separation, and is dis-
tributed in an interval of 0.2 to 0.2 for signal frequencies
above 2 Hz. However, within individual subarrays (data avail-
able limited to 0lA and 01C) the geological structure is uni-
form enough to allow for signal coherency values around 0.7-
0.95 in the whole frequency band. Therefore, signal nower
lose during beamforming on the subarray level is expected to
be small, »nrovided the time delays are sufficiently accurate.

Signal amplitude and maximum cross-correlation coefficients
(sensor-beam combinations) vary considerably, but in general
the highest values are found for sensors in the northeastern
quadrant of the array. The worst case subarrays seem to be
those situated in the 0Oslo graben (Fig. 1).

Power spectra calculated from P signals recorded at NORSAR

are characterized by significant energy content for frequencies
up to 4 Hz. Thus, in principle, NORSAR signals give more
information about source marameters than corresponding, recla-
tively low frequency LASA observations. However, on the beam
level the Aifference between the two arrays is lesser as a
significant part of the high frequency energy is lost cdue to
small errors in the steering delays and signal incoherency.

It should be ncted that for many events the calculated region-
2l corrections depend on signal frequency, i.e., tyme of
bandpass filter used. Observed snectral minima for the in-
dividual subarrays are to some extent independent of source
regions, and henceforth should be interrreted in terms of

site structures. So far, satisfactory models for explaining
this phenomenon have not been found.

A major objective of analysis on interim NORSAR recnrded
signals was optimal filter setting for the Detection Processor.
The chosen procecdures include snectral analvsis (Fig. 7 and 8)
and calculations of the SNR paramcter throuch a large nuuber
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of bandnass filters, where bandwidth and center frequency
ara perturhed in steps of 0.4 EBz. Tyrical results for the
time domain analysis are displayed in TFig. 9. For a given
bandwidth the SNR decr=ases both towards coherent noise (low
frequency), and incoherent signal mnulses (high frequency).

The most important single parameter is the lower cutoff point
of the filter used. The final filter setting is a comrromise
between the above considerations, although this choice cannot
be regarded as critical because of the large SNR peak area.



= 17 =

References

Bungum, H. & Husebye, E.S., 1971. Errors in Time Delay
Measurements, MNORSAR Technical Report.

Cohen, T.J., 1970. Source Depth Determination using Spectral
Pseudo-Autocorrelation and Cepstral Analysis, Geophys.
J.R. Astr. SOC-, ﬂ' rp 223-231.

Holtedahl, O. (Ed.), 1960. Geology of Norway, Norges
Geologiske Undersgkelse, No 208, Oslo.

IBM, 1967. Experimental Signal Processing System, Third
Quarterly Technical Report, ESD-TR-68-149, Gaithersburg,
Maryland, USA.

Sellevecll, M.A. & Pomeroy, P., 1968. A Travel Time Study
for Fennoscandia, Arbok, University of Bergen.

Steinberg, B., 1965. Large Aperture Teleseimic Array Theory,
ARPA Report of First LASA Systems Evaluation Conference.



- 13 -

Figure Captions
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NORSAR array configuration. The geological struc-
tures in the siting area are briefly outlined.

Short reriod system response.
Long period scismometer response.

Hardware configuration of the NORSAR Data Processin
Center (NDPC).

NORSAR Detection Processor. Task numbers are
encircled.

Beam, STA, LTA and STA/LTA for earthquake from
Tsinghai, China, 27 Feb 1970. Filtered 1.0-3.0 Hz.
STA integration time is 1.8 sec, and LTA computa-
tion rate 1s 5/9 Ez. The short line above the
STA/LTZ curve indicates detection state, and the
line crossing the curve is the threshold. -

NORSAR Event Processor.

Unfiltered beam based on 18 subarray center seis-
mometers for an earthquake at Honshu (29 Jan 1970,
06.03.22).

Signal to noise ratio for the signal in Fig. 7. Th
noise power is averaged over 4 blocks of 25.6 sec o
data, and the signal power is estimated using a
tapered 6 sec signal interval. In the latter caseg,
zeroes are addad to increase frequency resolution.
The spectra are finally hammed.

Signal tc noise ratio for the signal in Fig, 7.
The measurements are performed in the time domain,
using a 30 sec noise interval and a 3 sec signal
interval. The SNR parameter is computed through a
large number of third order Butterworth bandpass
filters, constituting the 'filter smace'. The
contour interval is 2 4B.
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