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SUMMARY

A detailed mapping of NORSAR P-wave amplitude
anomalies as a function of *“he array's

beam locations has been perfo-med. For several
regions there is as much as 20 dB amplitude
variations across the array. There is, however,
usually less than 0.3 dB to gain in signal-to-
noise ratio by excluding one or more of the
NORSAR subarrays. Moreover, one will have to

use very small regions, i.e., one set of weights
for each of the Detection Processor beams. This
because the amplitude pattern, although stable
for events coming in on the same beam, may change
very drastically from one beam location to the
nearest one. Although some of the subarrays have
small amplitudes for most of the seismic regions
covered kv NORSAR, they all have regions where they
have the largest amplitude. Therefore, in
average there will always be some loss by ex-
cluding any of the subarrays consistently.

INTRODUCTION

The large scatter in short period P-wave amplitude
observations has puzzled seismologists for a long time,

as this phenomenon is not satisfactorily explained in

terms of ray theory and homogeneous spherically layered
earth models. A viable alternative here is to use the
Cherriov {1960) theory for acoustical weve propagation

in random media as shown by Aki (1973) and Capon (1974).

. demonstration of the usefulness of the Chernov theory

has been given by Berteussen et al (1974) who in this

way was able to explain around 60% of the variance inP time

and amplitude anomalies observed across the NORSAR array.

A proper understanding of the physical mechanism under-
lying the observed P wave amplitude variations is a
prerequisite for taking advantage of this kind of in-

formation in seismological data analysis. For example,




according to random medium theory, the amplitudes are

expected to have a lognormal distribution. This is in
fact observed across NORSAR (Ringdal et al, 1972). The
statistical amplitude model has been used by Husebye

et al (1974) in an investigation of possible bias

effects in NORSAR-reported my magnitudes. Christoffersson
and Husebye (1974) have demonstrated that improved beam-
forming gain in SNR is possible using a least squares
amplitude weighting scheme while Fyen et al (1974) have
found that the most decisive piece of information for
statistical signal-noise classification :ig the skew-

ness in the amplitude distribution.

The above studies show that not only the background
noise is important for the design of data processing
algorithms, but also the amplitude pattern across the
array. Although the P-wave amplitudes across NORSAR
could be approximated by a lognormal distribution,

a distinct, stationary pattern exists for each seismic
region. The purpose of this report is a detailed map-
ping of NORSAR P wave amplitude anomalies as a function
of array beam locations. The impact of this information
on the array's event detectability will also be discussed
in detail.

ARRAY BEAMFORMING THEORY

The operational principles of seismic arrays are based

on the assumption that the P signals are identical

across the array while the noise is Gaussian and approxi-
mately uncorrelated from one sensor to another. For a
signal model of the above kind, the optimum estimate of
an incoming siqnal, as sampled by the sensors in the
array, is simple delay-and-sum processing or beamforming.
The expected gain in SNR is proportional to VN where N




E is number of sensors in the array. In practice, the
above, rigid assumptions on noise and signal properties
are only approximately valid resulting in an SNR beam-
forming gain a few dB less than that corresponding to
vN. More sophisticated array data processing schemes
may give better results, e.g., a rclative SNR improvement
of the order of 2-3 dB was obtained both for NORSAR and
LASA arrays as demonstrated by Christoffersson and Husebye
(1974) using a least squares signal estimation technique.
(Az a jz-cral intrecducticn to the Wiener thecry commonly
used in multichannel seismic data processing, we refer
to Kailath, 1974.)

An important task of the NORSAR array (for description
see Bungum et al, 1971, and Bungum and Husebye, 1974)
is seismic surveillance, that is, a real-time signal
processing system for detection of seismic events. 1In
this respect, the simple beamforming technique is pre-
ferred due to its computational simplicity which is a
requirement for real-time analysis of array data. There-
fore, in this section we will give a brief presentation
of the beamforming theory, emphasizing the gain in SNR
when the basic assumption of identical signals is not
strictly valid.

Let us assume we have N seismic sensors distributed on
the earth's surface. The output from these is sampled
at certain fixed intervals;, the i-th sample from sensor

j is denoted aj;. The power of the i-th trace is defined as

R STA
A? = == | al,
j=1 *J

where STA is number of samples. The power of the sum

of the N traces, S;B' is then given by
E 1 STA .
SAB = TR 121 (@) j*ay *e.otay,) (1)




It is assumed that proper time delays have been introduced

so the signals are in phase or cecrrectly lined up.

Per-
forming the squaring operatior in ec. (1) one
gets
. 1 STA ,
SAB = FTA i§1 (@137 *apytay; te.bajiagi v (2)
a 2
3217213 T 833 te..tayay, 4
- 2
qni%1i * oAy teeetayy)
Performing the summation one gets
2 2
= +
Sap = ALY A a, 4 ik AA0 L+
2
BoP1fy * Ay LR AR, 4 (3)
: 2
AP 1PN1tAgAg0yn + et AD)
where Ai denotes the power of trace i, and pij is the
normalized correlation coefficient between sensor i and j.

Eq. (3) may be written in matrix form

11012,-00’01N Al
A

p ll,...,p
21 2N 2 (4)

— 1 1

2 = »
SAB o {Al,AZ’..."N}

= A R, A’




where A is a row vector consisting of the elements Ai’
i=1,N and RS is the signal correlation matrix. A' is the
transpose of A. 1If noise is present, the same formula
still applies. For example, letting B he a row vectcr
consisting of N elements where Bi represents noise power
for instrument i, and letting RN be the noise correlation
matrix, we find that the signal-to-noise ratio, SNR, on

the summed trace may be calculated from the ratio

. A'RS'A'
SNR® = FEN—.—B—, (5)
If all elements in A are equal to v a? and 0yq Bs for
i # j in the matrix RS' ea. (3) gives
2. [ I=h 1y Nt = =21 —ANE
Spp = @’ (N+(N-1) 'N'p) a® 'N(1+(N-1)p ) (6)

If the same assumptions are valid also for noise we get
the familiar expression

A N” (1# (N-1)p )

2 =
SNRAB

EZ'N'(1+(N-1)DN) (7)

Fer o =1 and p =0 this again reduces to SNR;B =
that is, the gain in SNR increases with /N.

sulml
N N
2z

Example 1l: Let us assume we are summing two traces whose
signal power is given by Al and A2 respectively. Py is
assumed equal to 1 for the signals and 0 for the noise,
and the noise level is supposed equal to n? on both

traces. The signal-to-noise ratio of the summed trace is
then found from

2
SNRZ, = ————(A1+A2)
" 2n?




while the corresponding value for trace 1 is Ai/ﬁz. In

order to ha ‘e a gain in SNR by summing the two traces,
one must have

2 2
(A1+A2) A

28° n

s A2>(/§-1)-Al~o.41-Al. That is, if the amplitude of
the second trace is less than 0.41 (7.7 dB) times the
amplitude of trace one, adding the two traces dczs =ct
give a gain in signal-to-noise retio, ever though they
have exactly the same signal shape. 1If plz=0.7, which is
a reasonable value for P-signals recorded at NORSAR, the
criterion is A2>O.52'Al in order to have a gain in signal-
to noise ratio by summing the two traces.

Example 2: Let us assume we have already summed 21 traces,
all with the same amplitude, R, and shape. The noise
level is as before assumed equal on all traces and com-

pletely uncorrelated from one trace to another. The

: . . 2 _ A%+21:21
signal-to-noise ratio would then be SNR = ——_— .
21 n%.21

Adding to this a trace no. 22 of the same shape but with
amplitude A22 gives:

(B+21+B..)2
RN 22
SNRZ, =

n?.22

Requiring SNR22 dreater than SNR21 gives:

Ayy > (V22°21-21)"A =~ 0.49°R




That is, in ord>r .o have a gain in signal-to-noise ratio,
A22 must have an amplitude which is not less than 0.49
(6.12 dB) times the amplitude of the other traces.

Examgle 3: Let us assume that in the above case A22 is

21 :
21/ 33 ° that 1is,

the result would be a loss of 0.2 dB in signal-~to-noise

equal to zero. This gives SNR22 = SNR

ratio.

Example 4: Let A,, in ex. 2 be equal to A, but exactly
180° out of phase; this gives SNR;2 = (ﬁ;?éaA) . That is,

+he result would be a loss of 0.6 dB in signal-to-noise

ratio.

DATA ANALYSIS

The data used have been established by measuring subarray
and array beam amplitudes on P-waves recorded at NORSAR
during 1972 and 1973. All events which were not clipped
and had a signal-to-noise ratio (SNR) above 6.5 have
been used. Before calculating the amplitudes the

traces were filtered with a 1.2-3.2 Hz bandpass (3rd
order Butterworth) filter. Totally this gave 964 events.
The coumputerized method of calculating amplitudes is
described in Husebye et al (1974). The data have been
grouped according to which of the NORSAR Detection 2
Processor (DP) beam locations (Appendix 1) the events
were closest to. As was observed by Husebye et al

(1974) the amplitude pattern is approximately

stationary from one event to the other as long as the
events are close enough in slowness and azimuth. This

is demonstrated in Table 1, which lists the amplitude
loss in dB relative to the best subariay for a set &L

events detected on DP beam location 188.
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The Kendal coefficient of concordance (Siegel, 1956) has
been computed for this data set. Subarray 22 was excluded
from analysis, ana also those events where any of the
other subarrays were out of operation. This coefficient

is equal to 1.0 if the amplitude ranking pattern is re-
produced from one event to another, but would be zero if the
pattern is completely random. The value obtained was 0.83.
The chance of randomly getting such a large value is less
than 0.001. This coefficient has also been calculated for
the 5 beams wiiere most data is available (Beam nos. 36,

63, 115, 288 and 289). The average value is 0.8 + 0.1,

and for any of the 5 beams the chance of randomly getting

a value as extreme as that obtained is less than 0.001.

In Table 2 are listed the average of observed amplitude
values, measured in dB down from the best sukarray's value,
for the different subarrays for selected DP beams., (The
whole table is listed in Appendix 2.) The last column in
Appendix 2 gives the amplitude values of the full array
beam relative to the best subarray. In Table 3 the data
have been averaged over larger regions, which are defined

in Table 4 and depicted in Fig. 1. These correspond closely
to those used by Bungum and Husebye, 1974.
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T

- 10 -

Beam SUBARRAY NUMBER Array
ek 1.2 38 4 |5 6§ 7 8 9 1lolad 2 13 1:4r15 k6 17 L8y e 20 21 22 Bean
© g8 9 S5LLO 18F e 3 gt 5 Nl 9 (210 @ 19F 5 gl glel 1Bl 18l (8 8
9 20 ® 3 9V 8 U 5 4 8l 6 8 M 5 T6l 700N a2 5 5] 14 7/
1530 1 w5 gl e gl @ 5 G A6 gy 5 g2k ale) Tl 7 B L S 9 i 8
12 Q' 5 6012010 6 2 16 8 7 8 4 0 12 8 5 6 42 i 4 8¢ 1 7/
145 I (5 LU (S T s (S (1 7 Y U 72 T S 7 (00 (0) S S 2| i
16 i LI (I 1 B D L 1 L (O] (5 I R | e e 5 T R oy L O [ 7/ ) 8
17 008 81710 7 6 8 8 & 7 4 2 9 3 .2 B8 B L2 8 6 8
20 6 6 @ 9enll 1L 4 4 5 2 5 4 818 5 % B 8 6 4 4 9
2 13 14 6 910 14 5 9 6 6 O 2 O 8 B 4 7 6 3 3 6 6 77
218N NI E3) SR DIRINIEE  @iniel &7 8l @ 31 Oiae B8l 5, 7 I8r 3 S51119) 5 8
2147 s 4l TSI 2 l2 3 IS 491 1 gl gk O 20 bl -8 50 6 6] 2 4l B 7 8
25 (FERIESER R R0 L iU LS CE L2280 VAT ) Uy S S 7) S | DR < SR 31 () ) e L ) S Y (25 S [ 9
260 L s 2 4. 6 18 14 15 5 'S5 5 5 0. "9l le Bl 12 015 21 6l 16 9
27 9 Ay 3 8 7 BUL2 8. 1 A 3 gt MO INL e s g 92 3 3. 6 8
29 5L 8 0F 2000 NoI 9 A5 5 7 3 1B 610 10 8k 18 S Gl S 9 9
308 USRS 4 ler B3 4SS 3 5 6 6 1 1NE 198 18 NE N8 N8y 3k 6 7 10
32 GHAis, 40 S, @) 2 6 31 8] 354l O 8r 7 6 18 N3 1N, 4y S 8
318 B L0 3 6 4 8 14 14 3 3 4 20 1 1@ 8 18 6 L3 13 4 4 15 9
34 61 0 2 9 91319 3 0 3 5 41014 9 B 1417 9 6 9 9
315 (290 S L TR (00 LS S ) S | S ) L) (SR [ (SR CC 1 [ A [ HE (< M 1 7
36 5S 9 0 31212 B14 3 6 4 B 9 13 14 13 2 10 16 13 7 11 9
By 5% 98 4@, L1 KO 1O LBRABE 4l 51 gl G 7Elgre)i6) $12/ S HEL 19) G W3 f6) 0 8
42 7507 A 5 BIE B E e 85 20 5 6 lel (9Iae 2 S WERE 928 - IBRR) 9
43 7 7 -1 6012 g o) 20 4l 4y 5 5P 90 L 6 12 10 7 9 8
48 3 4 8 4 9 6 7 3 4 6 21110 6 8 9 8 0 9 6 10 8 8
50 Sl e, 8 92 5 Al 3 @ 5 © 2 1 9N0 S 7 [ANS 152T 152 192 8
52 i013 1 6 914 913 8 9 5 5 010 11 11 11 9 14 15 16 17 11
53 8 "8 O 8 11 U3 ey 12 FOLON 75 2 120 15 1520 60 131 13 158 157 15
5 [p4 10 9 0 11 18 16 10 15 6 16 16 8 10 11 15 19 13 15 14 18 12
56 GE W70 BE Sk S 6h . 700008 7L EEREENgES ML i3 Eel @R NG 7R SR SaRui2) S IBE 8 9
58 910 0 81014 814 910 8 4 213 16 14 13 7 14 14 17 18 11
60 8 6 "9 @ 5, S22 2 410 20 6 2 1 3 .8 6 10 14t 8 oM 9
62 8 7 8 012 16 12 12 9 5 8! 5 100 B @ Al (BF 9F d5¢ 0I5 17 10
63 8 4 0 7082 15 712 7 8 7 6 4 18 17 14 14 5 135 12 16 015 il
64 7 4 0 81215 & 8 3 6 3 5 3 14 16 ¥4 11 3 120 9 L6 ) 9
65 8 1 2 10 9 14 B8 3 @ 2 1 7 2 I3 12 4 o 2 8 2 8 4 8
70 8 4 2 9 qerad3 7 4@ W ) 4 4 302 12 9 19I5 gn 7k )2 8
71 8 4 3101 14 B8 5 0 4 4 5 312 12 12 10 5 10 6 13 11 9
73 6 6 6 0 8 9 7 4 610 7 12 6 6 3 1 2 8 8 6 8 8
74 8 8 7 010 8 7 B 8 B 6 8 9 B10 7 6 4 7 8 6 10
75 9 6 611 11 14 8 7 0 4 9 6 214 12 12 9 7 10 7 15 12 9
76 g 6 7 1L 11 15 8 @6 1 5 9 6 1 15 12 13 10 9 Lo 8 16 14 9
77 s g 20 03 7 L20LS 9 45 el 7 7 0 182 5 A5 92 ke 9 14 12
78 9 7 712 10113 9 6 O 3 9 5 3 I4 12 120 1022 I 10r 13| 14 10
79 6 12 10 15 16 16 12 9 O 5 14 6 2 18 15 17 13 14 12 9 15 18 12
80 2 8 913 1015 100 7 O 4 10 7 3 NS 137 N30 E20 03 220 11 L3 K5 11

TABLE 2

Average subarray and array beam (AB) amplitudes (in dB down)
pest
different beam locations are listed in Appendix 1.
taken from Appendix 2.

subarray for selected NORSAR Detection Processor (DP)
The data

relative to the
The

beams.

presented is
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Region Area cof Coverage Gutgnberg A &
& Richter Engdahl

i Aleutians-Alaska i, 1-17
2 Western North America 2-4 18-52
3 Central America 5=-7 53=71,
4 Mid-Atlantic Ridge 32 403-414
5 Mediterranean-Middle East 30-31 357-401
6 Iran-Western Russia 29 335-356
7 Central Asia 28 326-334
47-48 709-720

8 Southern-Eastern Asia 26-27 302-325
9 Ryukuo-Philippines 20-22 231-260
10 Japan-Kamchatka 19 217-230
11 New Guinea-liebrides 14-16 183-189
12 Fiji-Kermadec 12-13 169-182
13 South America 8 102-142

14 Distance range 30°-180°

TABLE 4

Regionalization used in this study.
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RESULTS

As shown in the previous section, also the array beam
amplitude has been calculated and compared with the

best subarray. Using eqg. (4) it is possible to

calculate the average signal correlation (BS) between

the different s.l.arrays, when one assumes that the array
beam loss is caused solely by lack of correlation. With
the Bs value known and with the additional assumptions

that the noise is uncorrelated from one subarray to another
(5n=0) and that the noise level is equal on all subarrays,
it is possible, by using eq. (5), to calculate expected

SNR loss on the array beam for the case that one or more
subarrays are excluded from the beamforming. The procedure
has been to calculate the expected SNR for each DP beam
when only the subarray with the smallest amplitude is
excluded, then the second smallest one is excluded,

and so on until cnly “he subarray with the highest ampli-
tude is left.

In Fig. 2 the expected performance for beam no. 91
(South of Honshu! is shown as a function of number of
subarrays, where the subarrays have been ranked accord-
ing to their amplitudes. For this beam, using only the
best subarray (no. 13), one would have a loss of 4.6 dB
relative to the current array beam. Using the 15 best
subarrays would give a gain of 0.15 dB. For this

beam it is seen from #ppendix 2 that the difference in
amplitude between the best subarray (no. 13) and the
poorest (no. 22) is as much as 18 dB. Another example.
for beam 175 the difference in amplitude between the best
(no. 1) and the poorest (no. 17) is only 10 4B, Fiq. 3

sh~';s *hat there is nc gain by excluding any of the

sutarrays in this case.
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Fig.

2

WNR GAN RELATIVE CURRENT ARRAY BEAM - &~

Expected signal-to-noise ratio as a function of number

of subarrays for DP beam 91, pointing towards 29N, 139E
(South of Honshu, Japan). The subarrays have been ranked
according to their amplitude. The first point on the
horizontal axis corresponds to subarray no. 13, which has
the highest amplitude in this case. The bottom line shows
the theoretical N per formance for the case of identical
signals. The relative gain here using all 22 subarrays

is 1.2 dB, which implies that the observed array beam
signal suffers an average loss of 1.2 dB. The upperxr

line gives the SNR improvement for the case of identical
subarray signal shapes, but with the amplitude distribu-~
tion listed for beam no. 91 in Appendix 2. The figure
shows that the subarray no. 13 is in average 4.6 dB below
the array beam. A beam based on the 5 best subarrays would
have the same SNR as the current array beam. The broken
line gives the gain in SNR when the signal correlation

is in average 0.75. For this beam the maximum amplitude
difference between two subarrays is 18 dB (Appendix 2).
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Fig. 3 Same as Fig. 2 for DP beam no. 175 pointing towards

7N, 73 W (Northern Colombia). Subarray no. 1, which
is best, is 5.9 dB below the array beam, The maximum
difference in amplitude between two subarrays is 10 dB.
The broken line shows that nothing would be gained by
excluding any of the poorest Juuvarrays. The amplitude
loss of the currently used array beam is 2.1 ds.

In Table 5 is listed the number of the very hest subarray
for some of the DP beams where data was available, and

the numbers of those subarrays that should be excluded

in order to ensure maximum SNR on this beam. (The entire
Table is listed in Appendix 3.) The gain in SNR by
excluding these is also listed. For some of the beams
(like no. 175) a negative gain value is listed; this
means that for these subarrays one would encounter a

loss in SNR by excluding any subarrays.
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igﬁ‘“ :&s}*r POOREST SUBARRAYS E%&?{ e
6 13 5 19 De2C
9 | n3 19 14 5 De D5

11 22 14 Je02
12 | 13 4 14 18 Ve 05
L3y il 212 4 J Dell
15 1 5 D01
16 7 o -el
17 1 4 19 Jeoll
2 J 7 6 J ® O 1
21 11 6 2 1 Jelé
23 13 6 1 2 4« 5 D620
24 11 1 2 &6 & 5 Jdel9
25 I 11 2 8 6 4 7T 17 vel?
26 |13 2 819 44 7 618 114 17 De3l
27 13 18 8 719 16 2 15 17 DelO
29 3 8 19 15 18 Oel8
31 {13 8 2 7T 61819 1 0e20
32 13 8 218 7 0010
33 13 22 8 7 18 19 Ve lb
34 3 8 191518 1T 2 035
35 | 13 8 19 18 215 7 0,28
36 3 19 8 15 16 20 14 6 5 Je20
37 3 8 19 15 14 20 16 Je 3l
42 3 19 C.01
43 |17 6 Qe01
48 18 12 -0602
50 3 22 0.0

52 | 13 22 21 23 6 19 Jel4
53 3 22 15 21 16 19 & velé
55 4 6 22 12 0.06
56 | 14 12 19 17 J.04
58 3 22 21 1516 8 19 20 6 17 14 Jel3
60 4 5 19 7 22 Oelé
62 4 12 22 6 21 20 13 Ce 24
63 3 15 21 b6 22 16 17 19 14 8 2¢ Oe35
64 3 15 21 6 16 14 19 5 17 22 De38
65 9 16 6 14 15 4 Je 26
70 9 21 6 15 22 14 0e07
71 9 6 21 14 15 16 D04
13 4 12 Je0l
T4 4 5 Je0

15 9 21 6 14 0.06
16 9 21 14 6 22 009
77 {13 1l 7 16 19 22 18 6 14 Jde27
78 9 ) ) Je0

19 9 22 14 16 5 1 6 4 21 151811 17 219 T De 46

TABLE 5

Trhe sutarray having the h.ghest amplitude is listed together withn
those subarrays chat snould be excluded in order to ensure maximum SNR for
the particular beam location. The right column gives the expected gain by

excluding these subarrays. For some of the beams there is a negative gain,
which means that a loss in SNP would be encountered even by excluding only

the subarray witn the very lowest amplitude. The camplete table is listed

in Appendix 3.
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It is found that for more than 90% of the DP beams, one or
more subarrays could be excluded without decreasing the SNR
of the array beam signal. For 70% of the beam locations
three or more subarrays could be excluded. Only 9% of the
beam signals would suffer a loss in SNR by excluding the
poorest subarray. As could be expected fram the previous
discussions (see Example 2, 3 and 4, pp 6 and 7), there

is seldom any significant gain in SNR by deleting some
subarrays. Only for 2% of the DP beams is it possible

to obtain an SNR gain of 0.4 dB or more, while for 18% of

the cases a gain of 0.2 dB or more is possible

Both Table 2 and Table 5 show that the amplitude pattern

may vary very drastically from one beam location to another.
For example, subarray no. 22 has in average the smallest
amplitudes but it is the very best subarray for beam locatior.
no. 11 and 13. Both beams are pointing towards southeastern
Alaska. 1In general, we found that for any subarray there
exists at least one beam location where it is the very

best but also at least one location where it is the very
poorest subarray. Fig. 4 shows the dependency of SNR

of the array beam signal if a certain number of subarrays

is permanently excluded. Because of the small subarray
amplitude variations when averaging over all beam locations,
a net loss would be observed even by excluding only the

very worst subarray. Excluding only subarray no. 22 will,
in this case, give a loss of 0.1 dB. If both subarrays

no. 22 and no. 6 are excluded, the average loss would be

0.2 dB. Excluding half of the subarrays gives a loss of

2.1 dB in average. For some particular regtons, the ex-
clusion of some subarrays would of course have a much
worse effect.
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Fig. 4 Same as Fig. 2 but the data has been averaged over
all beam locations. The array beam loss is seen to
be 1.6 dB, Subarray no. 10 is best and is 9.2 dB
below the full array beam signal. The broken line

shows that if only the 1l best subarrays were used,
the loss would be 2.1 d@B.

SUBARRAY PRIORITY

If one or more of the subarrays at NORSAR were to be
deleted, a priority scheme would be required in order to
determine which subarrays should be suspended from opera-
tion and in which order. As demonstrated above, excluding
any of the poorest subarrays would always give some loss
in ENR cn the array beam signal. In Table 6 is shown

the loss for cer*ain regions if the five poorest subarrays

were excluded. Excluding only subarray no. 22 would give
a loss considerably lower than the 0.2 dB expected from
the VN performance. However, for regions 1 and 3 the
loss values are slightly above the theoretical values,
because subarray no. 22 tends to have relatively high
amplitudes for these regions. This is obvious from Table

7 where the subarray amplitude ranks are listed.
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For regions 7, 8, 9 and 10 the loss values would be sub-
stantially lower than the YN values. Excluding also
subarray no. 6 will give losses higher than the theoretical
for regions 3, 11, 12 and 13, while regions 8, 9, 10 would
suffer only small SNR losses. Excluding the five poorest
will give higher than theoretical loss values for regions
11 and 12, while region 10 would suffer enly 0.15 dB loss.

Finally, Table 8 lists the subarrays which have the very
highest and lowest amplitudes respectively for the 14 regions
considered here. Also included is the loss encountered by

excluding from one to five of the subarrays in the
given regions,

DISCUSSION

By measuring the subarray and array beam amplitudes of a
large number of events, a set of relative amplitude values
has been established for most of the NORSAR Detection
Processor beams. These are listed in Appendix 2. As a
second result, these amplitudes have been used to establish
which subarray should be masked for the different beams,

and the possible gzin in SNR by such masking. (For details,
see Appendix 3.) Also for larger regions similar results
have been obtained, e.g., see Tables 6, 7 and 8. 1In order

to get these results some assumptions have been made which
ought to be checked.

The first assumption was that the relative subarray amplij-
tudes depend only on beam location; i.e., independent of
event magnituce. Second, the original signal correlation
matrix in eq. (4) is replaced by a matrix where all off-
diagonal elements are identical. Finally, it has been
assumed that the noise level is constant across the array,
and that the noise 1s uncorrelated from one subarray to
the other. This latest assumption is reasonable in view
of previous NORSAR array studies, see f. ex. Felix et al
(1972) and Harley (1972).
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In the second case all the off-diagonal elements in the

matrix RS in eq. (4) were assumed equal to the average signal

correlation value. This is surely an oversimplification as
demonstrated in Figs. 5 and 6. The procedure here was
first to measure SNR for the best subarray signal (as
determined from Appendix 2), then to add the second best
subarray and measure SNR again. The process was repeated
until all 22 subarrays were included and thus correspond-
ing to the full array beam. Figs. 5 and 6 show the re-
sults obtained for beam locations 36 and 63 using 10 dif-
ferent events in each case. All events are from 1974,
i.e., none of them have been used in the previous data
collection. The SNR variation is large when less than

10 subarrays are used in the beamforming process, but
levels ofy rapidly as more subarrays are included. For
example, the observed SHR variation was always less than
0.5 dB when the array beam is based on minimum 15 sub-
arrays. The corresponding value for the case of 18
subarrays was 0.3 dB. These results have been interpreted
as follows. The signal correlation matrix (eq. (4)) does
not consist of only equal elements in the off-diagonal
locations, thus the SNR of the summed traces is not a
function of relative amplitude alone but also of the
correlation between subarrays. When many instruments
are used, say 15 or more, the effect of the scatter in
the correlation values becomes less important, and for
this case the assuinption that all off-diagonal elements
are equal is acceptable. When all 22 subarrays are used
the two different matrices have the same effect. We
conclude, however, that in order to predict the gain

in SNR during beamforming, the number of sensors should
be at leas: 15,

’




— WO OF SUBARRAYS —=~

R GAIN RELATIVE CURRENT ARRAY BEAM

Fig. 5

Expected and obtained performance as a function of number
of subarrays for DP beam no. 36. This beam is pointed
towards 52N, l60E (off east coast of Kamchatka). The
subarrays have been ranked according to their amplitude
as listed in Appendix 2. The first one is the one with
the highest amplitude, in this case no, 3. The thick
line shows the expected performance from the obs:rved
amplitude pattern, and corresponds to the dotted line on

Figs. 2,3, and 4. The thin lines give the observed values
for 10 different events.
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Fig. 6

Same as Fig. 5 for DP beam 63. This beam is pointed
towards 43N, 147E (Kurile Islands).




Ry ———
i e e e e e

= 8§ =

The first assumption was that the relative subarray ampli-
tudes for a particular beam location were independent of
event magnitude. This is not necessarily true due to the
joint effect of the spectrum scaling law (Aki, 1967) and
a frequency dependent crust and upper mantle transfer

| function. For example, Husebye et al (1974) found that

' the body wave magnitude correction for conventional seis-

; mograph station could vary with event magnitude. To test
whether such effects are significant in the amplitude
variation across NORSAR, we designed the following experi-
ment. Events corresponding to the most active beam loca-
tions (no. 36, 63, 115, 288 and 289) were separated in two
equally large populations according to the magnitude. The
HO hypothesis was that the relative amplitudes for tizze
groups were identical. Using both the sign test and the
Wilcoxon matched-pairs sign-rank test (Siegel, 1956), the
results were that this hypothesis had to be rejected at
the 0.05 level for all samples considered, thus support-
ing the hypothesis that the relative amplitudes may change
as a function of magnitude. The data indicated that the
large events had more extreme amplitude differences than
the small events. However, by excluding the 3-5 weakest
subarrays, we could no longer reject the HO hypothesis.
The latter result seemingly contradicts the first one, but
the proper explanation is as follows. For the groups of
small magnitude events, the amplitudes of the weakest
subarray signals are less than those of interfering noise

wavelets, so the observational data for these particular

subarrays becomes too erroneous. Thus, when removing the
most unreliable observations, the HO hypothesis is to Le
accepted. Notice that the original signal records were
bandpass filtered, 1.2-3.2 Hz, prior to the amplitude
measurements. From the above results we conclude that

the relative subarray amplitudes do not vary significantly
with event magnitude for our type of data.
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So far we have discussed the gain in SNR on the array
beam level with respect to a 1.0-0.0 (one-zero) subarray
weighting scheme. The reason for this is, of course, that
the beamforming algorithm in the NO/RSAR an-line Detection
Processor is limited to 1.0 or 0.0 weights. This implies
a physical model where the subarray signals and noise
levels are identical and the noise is uncorrelated be-
tween subarrays. The above assumptions are clearly

not valid, so more flexible signal models would improve
the gain in SNR of the array beam. This problem has
recently been discussed by Christoffersson and Husebye
(1974) who also described different weighting procedures
which all are optimal under certain conditions. For
example, using a model based on identical signals except
for an unknown amplitude scaling factor, they obtain a
relative gain in SNR of ca. 2.5 dB for events located
in Japan and Central Asia. In order to illustrate
this weighting technique, we consider a case with

two subarrays having signal amplitudes Al = 1 and A2

d:
Straight summation of the two traces gives an SNR value
of:

Assigning weights of 0.45 and 0.89 to the traces gives:

(o.4s-1+o.89-2)2]% .

0.45%2+0.892

T

That is, there is a relative gain in SNR of 0.46 dB by
introducing individuval subarray weights. These weights
have the same general characteristics as the previously
discussed 1.0-0.0 weights, which means that the gain is
larger the more extreme the amplitude variations are.

The procedure for calculating such signal amplitude weights

is too complicated for on-line data processing, but instead
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we may introduce prefixed subarray amplitude weights.
This alternative is not optimum but still a relative
gain in SNR is obtained as demonstrated in Table 9,
where the weights and the gain values for the large
regions (Table 4) are given. For the single beam
locations an average gain of 0.72 dB is expected. For
several of the areas with large amplitude values this
gain is between 1.3 and 1.8 dB. As mentioned above,
calculating individual amplitude weights for each event
may give significantly better results, and this more
sophisticated version of array beam forming is now an
option in the NORSAR off-line Event Processor.

Finally, we want to forward some remarks on a mostly
ignored problem when discussing the performance of an
array, namely, that of signal-noise classification.

The point here is that an array's ability to detect

weak signals is almost exclusively tied to the relative
gain in SNR on the array beam level, thus implying that
this parameter is used as a diagnostic tool for signal-
noise classification for wavelets triggering the array's
detector. However, this decision rests with an analyst
although the SNR-parameter is widely used for selecticn
of wavelet detections for more refined analysis in the
Event Processor (for details here, see Bungum et al, 1971,
and Bungum and Husebye, 1974). 1In short, the analyst

is reluctant to classify a detection <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>