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ABSTRACT 

A preliminary evaluation of NORSAR, using short-period 

data from one noise sample and two teleseismic events, was 

performed to determine:  1) the minimum inter-sensor spacing 

required to produce optimum rms noise reduction by summing, 

and 2) the amount of signal loss, rms noise reduction and 

signal-to-noise gain produced by beamforming the array. 

Results show that the minimum inter-sensor spacing re- 

quired to achieve rms noise reduction equivalent to N after 

prefiltering and summing is approximately three kilometers. 

The evaluation also shows that prefiltering the data, 

using the Fc filter (0.7 - 5.0 cps), and beamforming the 

array by time-shifting, using only computed travel-time dif- 

ferences, produces a signal loss of less than one db on the 

beamed output, a rms noise reduction equivalent to N , and a 

signal-to-noise ratio improvement which is attenuated only 

one db relative to N . 

Analysis of the noise power spectra performed on 100 

second noise samples also confirms that, when the minimum 

intersensor spacing is greater than three kilometers, the 

noise attenuation at 1 cps produced by summing the array is 

equivalent to a factor of N . 
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INTRODUCTION AND PURPOSE 

The purpose of this report is to present a preliminary 

evaluation of the Norwegian Seismic Array (NORSAR). We are 

interested, specifically, in determining:  1) the minimum 

inter-sensor spacing required to produce optimum rms noise 

reduction by summing the array, and  2) the amount of signal 

loss, rms noise reduction, and signal-to-noise gain produced 

by beamforming the array.  The basic procedures include re- 

formating the original data, prefiltering, computing power 

spectra, time-shifting, and summing. 

The original data are short-period seismograms recorded 

at NORSAR.  They include one signal-free noise sample recorded 

on 29 December 1967, one teleseismic event recorded on 

4 February 196 8, and a second teleseisiiiic event recorded on 

11 February 1968. 

The configuration of the NORSAR subarrays which recorded 

the data used in this study is shown in Figure 1.  The digital 

programs which are used in this evaluation are described in 
SDL Report No. 216 (Clark, 1968). 

-1- 



PROCEDURE 

Each seismogram used in this study was recorded at the 

site on Astrodata tape.  The digital seismograms were recorded 

on 7-track magnetic tape in multiplex form at the rate of 800 

bpi with odd parity.  Sine wave calibrations (1 cps) were per- 

formed on each data channel. 

Selected portions of the multiplexed data were demulti- 

plexed and converted to SDL library tape format.  For the 

noise sample the selected portion of data consists of three 

minutes of signal-free noise.  For each of the two teleseismic 

events the selected data consist of two minutes of noise and 

one minute of signal.  The sine wave calibration data were also 

demultiplexed and converted to SDL library format.  For the 

noise sample, the calibration data were taken from 28 December 

1967; for the two teleseismic events, the calibration data were 

taken from 11 February 1968. 

The converted data were detrended to remove the mean, 

demagnified (using the corresponding calibration data described 

above) to convert digital counts to equivalent earth motion in 

millimicrons at 1 cps, and prefiltered to the band 0.7 - 5.0 cps, 

i.e., the Fc filter. 

For the noise sample, the amount of rms noise amplitude re- 

duction produced by summing various combinations of the NORSAR 

subarrays was computed.  Each subarray combination was selected 

to give a particular average inter-sensor spacing.  The com- 

binations used and the corresponding inter-sensor spacings are 

given in Table 1.  The rms noise amplitude is defined as the 

root-mean-square value obtained in a 100-second window.  The 

rms noise amplitude reduction, in decibels, was computed from 

the following formula: 

,.   on T    r value on unphased sum       ^ db = 20 ice  L  T *TB—i r—r T— J 0   mean value of input channels 
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The noise power spectra were computed using a digital 

program based on the Blackman and Tukey method.  The spectral 

analysis was performed on the same 100 seconds of the noise 

sample from the individual subarrays and from thr unphased 

sums of the five subarray combinations described above.  The 

plot of the noise power spectra from each unphased sum was 

then compared with the plot of the average of the spectra from 

the individual subarrays included in that particular sum. 

Beams were formed by time-shifting the subarray data to 

align P-arrivals by applying travel-time differences computed 

on the basis of the station-to-epicenter distance.  For the 

11 February lQf.8 event, the subarray data were also time- 

shifted on the basis of aligning the P-arrivals by visual in- 

spection of plots of the prefiltered traces.  No attempt was 

made to fit by any other method. 

Signal loss, rms noise reduction, and signal-to-noise 

gain were computed for both teleseismic events.  Signal 

amplitude is defined as half the maximum peak-to-trough 

amplitude occuring within an 8-second window.  Noise amplitude 

is defined as the root-mean-square value obtained in a 100- 

second window immediately preceding the P-arrival.  The signal- 

to-noise ratio is defined as the signal amplitude divided by 

the rms noise amplitude.  Gains and losses., in decibels, were 

computed from the formula: 

,, , 20 ,    r value on the phased sum  i 
og  L mean value of the input channels 

Another parameter, called range, was also computed for 

the noise samples preceding the two teleseismic events.  The 

spectral analysis of the noise sample from each event was 

performed in the same way as that for the signal-free noise 

sample described previously.  Similarly, plots of the noise 

power spectra from the unphased sums for the entire array 

were compared with plots of the average of the spectra from 

all the subarrays. 
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RESULTS 

Table 1 shows the final results of the analysis of the 

noise sample from 20 December 1967.  The channel identifiers 

of the subarrays used to form the unphased sums are listed 

together with the average inter-sensor spacing corresponding 

to the particular sum.  The table also shows the rms noise 

amplitude reduction produced by the unphased sum and the 

corresponding N criterion. 

The results of the analysis of the noise sample are 

summarized in Figure 2.  Here, the rms noise reduction pro- 

duced by summing the various combinations of subarrays is 

shown as a function of the corresponding average inter-sensor 

spacing and compared with the corresponding N  (shown by the 

dashed lines). 

These results, as presented in Figure 2, show that to 

obtain optimum rms noise reduction, relative to N , by summing 

the array the minimum inter-sensor spacing must be approx- 

imately three kilometers. 

Figures 3 through 7 show the results of the analysis of 

the noise power spectra for the various combinations of sub- 

arrays used to form the unphased sums.  In each figure, the 

power spectra of the unphased sum of the noise sample was 

compared with the average of the spectra from all of the sub- 

arrays used to form that sum.  As these figures show, the 

spectral shape is essentially the same for both the unphased 

sum and the average of the individual spectra.  The figures 

also show that, with the exception of the example where the 

average inter■sensor spacing is only 2.5 km, the unphased 
sum attenuates the noise at 1 cps, for example, by a factor 

comparable to N . 

As noted earlier, the spectral analysis was performed in 

all cases on data prefiltered to the band 0.7 - 5.0 cps.  The 

Fc filter was used because, as shown in a previous study (Clark, 

1968), it reduces the noise to a minimum while preserving 

-4- 
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the first motion and shape.  The Fc filter has the disadvantage 

of attenuating signal amplitude slightly more than the SDL 

filter (0.4-3.0 ops). 

Table 2 summarizes the results of the amplitude analysis 

o^ the two teleseismic events under three main headings: 

Signal, Noise, and S/N.  The amount of signal loss, rms noise 

reduction, and signal-to-noise gain produced by beamforming 

the array using all 12 elements which were operational at the 

time the events were recorded is shown under the corresponding 

heading.  The source parameters for the two events, which are 

taken from P.D.E. cards published by the U.S.C. and G.S., are 

given in Table 3. 

As shown in Table 2, the signal loss produced by beamforming 

the array is less than one db for both events.  The rms noise 

reduction achieved by forming the beams is equal to the N 

criterion for both events.  The signal-to-noise gain from the 

beamsteered array is attenuated one db relative to N* for the 

two events. 

Figures 8 and 9 show the results of the analysis of the 

noise power spectra for the two teleseismic events.  As 

expected, the spectra of the unphased sum is somewhat different 

in shape than the average of the input spectra.  The figures 

also show that, for both events, the noise power at 1 cps is 

attenuated by a factor equivalent to N . 

-b- 
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CONCLUSIONS 

This preliminary evaluation of NORSAR short-period data 

includes an analysis of one signal-free noise sample and the 

records from two teleseismic events.  The following conclu- 

sions are based on the results of this study: 

1. The minimum inter-sensor required to produce an 

optimum rms noise reduction, relative to N , by prefiltenng 

and summing the array outputs is approximately three kilometers. 

2. A signal loss of less than one db is produced in 

beamforming the array by time-shifting the subarray data using 

only computed travel-time differences.  Part of this signal loss 

results from using the Fc filter.  The remainder of the signal 

loss is attributed to small misalignment of the P wave and to 

differences in wave form across the array. 

3. In all cases where the average inter-sensor spacing 

is greater than three kilometers, the rms noise reduction is 

equivalent to the N5 criterion.  This same noise reduction 

factor is shown by the power spectra at 1 cps. 

4. A 3-to-l ratio of Range-to-RMS is obtained in all 

cases for a 100 second noise sample. 

5. The signal-to-noise ratio produced by the beamforn.ed 

array is attenuated one db relative to N . 

-6- 



RECOMMENDATIONS 

Addirional studies which are suggested by the results of 

this preliminary evaluation of NORSAR include: 

" 1. A study to cc.apile observed travel-time anomalies which 

can be used in conjunction with cross-correlations to reduce the 

signal loss in Deamforming the array. 

2. The design and evaluation of a band-pass filter which 

will retain the noise reduction characteristics of the Fc filter 

while reducing the signal loss of the present filter. 

3. An evaluation of the detection and identification 

capabilities of NORSAR as compared to other arrays. 

7- 
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