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SUMMARY 

Samples of s h o r t  per iod seismic background n o i s e  from a r r a y s  
a t  Eskdalemuir (Scot land) ,  Yellowknife (Canada), Gauribidanur ( Ind ia )  
and Warramunga (Aus t ra l ia )  have been analysed by analogue methods f o r  
both frequency content  and amplitude. This a n a l y s i s  has been c a r r i e d  
out  f o r  the  ou tpu t s  of both a s i n g l e  seismometer and f o r  t he  sum of 
t he  outputs  of a l l  the  seismometers i n  the  array.  The power of the  
a r r ays  t o  increase  t h e  s i g n a l  t o  noise  r a t i o  has been ca l cu la t ed  and 
d e t e c t i o n  thresholds  have been est imated f o r  the  four  a r r a y s  based on 
the  a r r a y  processing technique of "delay and sum". 

INTKODUCTION 

Since January 1966 a r r ays  of s h o r t  per iod seismometers a t  
Eskdalemuir (Scotland) abbreviated t o  EKA, Yellowknife (Canada) YKA, 
Gauribidanur ( India)  GBA, and Warramunga (Aus t ra l ia )  WRA, have been 
opera t ing  continuously and the  recorded d a t a  have been s t o r e d  a t  Blacknest. 
The 1ocati.on of these  a r rays  was chosen t o  s a t i s f y  two requirements:- 

( a )  World coverage t o  g ive  information about t h e  azimuthal 
v a r i a t i o n  i n  t he  seismic s igna l .  

(h )  To have low ambient seismic s i g n a l  ("noise"), t o  enable  
the  maximum number of events  t o  be detected.  

The ob jec t  of t he  work reported he re  was t o  measure and t o  
compare the  v a r i a t i o n  of amplitudes and frequency content  of t h e  s h o r t  
per iod no i se  a s  recorded by a s i n g l e  seismometer and by t h e  t o t a l  sum a t  
each a r r ay ,  and thereby t o  measure t h e  e f f ec t iveness  of each a r r a y  i n  
improving t h e  s i g n a l  t o  no i se  r a t i o  with extremes of no i se  l e v e l .  The 
de t ec t ion  threshold of each a r r a y  could then be est imated f o r  t h e  AWRE 
s tandard  processing technique of delay, sum and octave width f i l t e r i n g .  
The no i se  was analysed using an analogue computer and t h e  f i l t e r s  
normally used f o r  event  processing. 

2. METHOD 

The da t a  from the  a r r ays  a r e  recorded on twenty four  channel 
FM analogue magnetic tape. The outputs  from the  s i n g l e  seismometers of 
the  a r r ay  a r e  recorded on sepa ra t e  tape channels along with a coded time 
channel. The output  of a s i n g l e  seismometer is a l s o  recorded on a 
"hel icorder"  hot  s t y l u s  paper record. 

The he l i co rde r  records f o r  1966 f o r  one a r r a y  were examined 
and from these ,  four  samples of background noise  of t h i r t y  minutes 
du ra t ion  were chosen. Of these,  two samples were chosefi t o  represent  
t he  n o i s i e s t  per iods  during the  year  and two samples were s e l e c t e d  t o  
represent  the  q u i e t e s t  periods. 



Tlie magnetic tape  f o r  one sample was then played back, t h e  
analogue s i g n a l s  from the  i nd iv idua l  seismometers were examined and a 
channel s e l e c t e d  which was judged t o  give an ou tput  t y p i c a l  of t he  whole 
a r r ay ,  The s i g n a l  from the  s e l e c t e d  channel was f i l t e r e d  wi th  bandpass 
f i l t e r s  having an a t t e n u a t i o n  r a t e  of twentyfour dec ibe l s  pe r  octave 
o u t s i d e  a pre-selected one octave pass-band, and then squared and 
i n t e g r a t e d  over t he  t h i r t y  minutes du ra t i on  of the sample. To c a l i b r a t e  
t h i s  i n t e g r a l  t he  i n t e g r a t i o n  r a t e  was compared with the  r a t e  produced 
by an e x t e r n a l  s i n e  wave o s c i l l a t o r  set t o  t h e  frequency equa l  t o  the  
geometric mean of tlie f i l t e r  pass  band. This opera t ion  was s imultaneously 
performed f o r  the four  pass bands, I? - $, 4 - 1, 1 - 2 and 2 - 4 112. By 
means of t he  a r r a y  seismometer and ampl i f i e r  system c a l i b r a t i o n s ,  t h e  
amplitude of the  equiva len t  frequency component w i th in  each band could 
tlieu be r e f e r r e d  t o  the ground v e l o c i t i e s  de tec ted  by tlie seismometer. 
Tlie i n d i v i d u a l  s i g n a l s  from a l l  the  seismometers i n  ope ra t i on  a t  t h e  
time were then summed wi th  no de lay  and t h i s  combined s i g n a l  f o r  the  
same t h i r t y  minute sample was c a l i b r a t e d  and measured a s  before .  

A sample of two minutes du ra t i on  was s e l e c t e d  as an average 
w i th in  t he  t h i r t y  minutes and the  s i g n a l s  f o r  t h e  t y p i c a l  s i n g l e  channel 
and t h e  t o t a l  sum channel were re-recorded onto a tape loop. For eacli of 
t he se  samples an amplitude spectrum was computed us ing  analogue methods. 
Although the  amplitudes of t h e  r e s u l t s  of t h e  frequency a n a l y s i s  could 
n o t  be c a l i b r a t e d  t o  give abso lu t e  ground motion, they were c a l i b r a t e d  
t o  g ive  r e s u l t s  whose r e l a t i v e  amplitudes a r e  co r r ec t .  The process  was 
repeated f o r  t h e  remaining t h i r t y  minute samples and f o r  each a r r ay .  

The s i x t e e n  n o i s e  samples s e l ec t ed  a r e  l i s t e d  i n  t a b l e  1. 

3. RESULTS 

A l l  r e s u l t s ,  inc lud ing  t h e  amplitude s p e c t r a  and t h e  equiva len t  
half-hour i n t e g r a t i o n  v e l o c i t i e s ,  a r e  f o r  t h e  se i smic  n o i s e  a s  recorded 
on the  magnetic tape,  t h a t  is,  se i smic  n o i s e  modified by the  response of 
t h e  seismometer and recording system. Tliis response is shown a s  f i g u r e  1 
and can be used t o  c o r r e c t  t h e  va lues  t o  abso lu t e  n o i s e  v e l o c i t y  l e v e l s  
i f  required.  

The u n i t s  of many of t he  fol lowing f i g u r e s  a r e  "zero t o  peak 
pV". These microvol ts  a r e  t he  recorded output  from t h e  seismometer and 
a r e  r e l a t e d  t o  the recorded ground v e l o c i t y  by the o p e r a t i o n a l  s e n s i t i v i t y  
of t h e  seismometer of 3.4 V/cm/s. These pV u n i t s  have been r e t a i n e d  t o  
avoid confusion between ground v e l o c i t y  (= Aw) and t h e  parameter used f o r  
magnitude c a l c u l a t i o n  (A/T) . 

The number of seismometers used i n  t h e  sums f o r  EKA, IJRA and 
Y U  was t h i r t e e n  t o  s ix t een ;  s i x t e e n  being t h e  g r e a t e s t  number of 
seismometers f u l l y  ope ra t i ng  during t h e  per iods  s e l ec t ed .  (Ful ly  ope ra t i ng  
means t h a t  t he  seismometer was ope ra t i ng  and t h a t  good system c a l i b r a t i o n s  
were ava i l ab l e .  ) For GDA t h e  t o t a l  number of f u l l y  ope ra t i ng  seisniome ters 
i n  t h e  a r r ay  a t  the  t i m e  of the  a n a l y s i s  was ten. 

The amplitude s p e c t r a  f o r  t he  n o i s i e s t  and q u i e t e s t  two minute 
samples from a s i n g l e  seismometer during t h e  year  f o r  t h e  f o u r  a r r a y s  are 
i l l u s t r a t e d  i n  f i gu re s  2 and 3. The corresponding s p e c t r a  f o r  t h e  sum of 
the  a r r ays  a r e  sliown a s  f i g u r e s  4 an Vpl 5* 



The equivalent  s i n g l e  frequency ground v e l o c i t y  f o r  each octave 
i s  p lo t t ed  aga ins t  the geometric mean frequency f o r  the bandwidth f o r  t h e  
four  ha l f  hour samples i n  f i g u r e  6. The corresponding r e s u l t s  f o r  the  sum 
of each a r r ay  have been divided by the  number of seismometers used i n  t h e  
sum t o  give an equivalent  s i n g l e  seismometer and a r e  p l o t t e d  i n  f i g u r e  7. 

To compare t h e  s p e c t r a  ( i n  a r b i t r a r y  u n i t s )  and the  equiva lent  
s i n g l e  frequency v e l o c i t i e s ,  the  spec t r a  were f i r s t  r ep lo t t ed  with a 
l i n e a r  o rd ina te  f o r  amplitude and a logari thmic absc i s sa  f o r  frequency. 
Tliese graphs were divided i n t o  the  four  consecutive bandwidths and f o r  
each of these  a mean amplitude was obtained. This mean amplitude was 
p lo t t ed  aga ins t  i ts  corresponding s i n g l e  frequency v e l o c i t y  as shown as 
f i g u r e  8. For the sum r e s u l t s ,  a l l  values were divided by t h e  number of 
seismometers used t o  convert them to  equivalent  s i n g l e  channels. 

From the r e s u l t s  of the ha l f  hour i n t e g r a t i o n  w e  have the  n o i s e  
i n  a p a r t i c u l a r  octave bandwidth equiva lent  t o  a s inuso ida l  ground motion 
of zero to  peak v e l o c i t y  V f o r  a s i n g l e  seismometer and V, f o r  t he  
corresponding sum of n seismometers. Suppose we have a seismic event  
s i g n a l  b, then on the  delay and sum t r ace  t h i s  w i l l  become a s i g n a l  nb. 
Tlie s i g n a l  t o  no i se  r a t i o  was b/V f o r  t h e  s i n g l e  and is now nb/Vn f o r  t h e  
sum. The improvement i n  s igna l  to  no i se  r a t i o  i n  using t h e  sum is 

i e ,  t he  improvement i n  s i g n a l  t o  nofse r a t i o  can be expressed as the  power 
of t he  number of seismometers used i n  the  sum. For random no i se  t h e  va lue  
of y would be expected t o  be 0.5. The r e s u l t s  obtained f o r  a l l  samples a r e  
shown as  f i g u r e  9. 

For each a r r a y  and a p a r t i c u l a r  f i l t e r  bandwidth, we can c a l c u l a t e  
a threshold  of magnitude above which an event a t  d i s t a n c e  A' w i l l  be detected.  
We a r e  concerned with the  recordings from explosions a t  t e l e se i smic  d i s t ances  
(30' - 90') and the  band 1 - 2 Hz. We have made the  s t i p u l a t i o n  t h a t  t h e  event  
s i z e  of the  Cn t r a c e  must be four  times t h a t  of t h e  background noise.  ( I n  
t h i s  case  the  r a t i o  is roughly equiva lent  t o  a uni ty  s i g n a l  t o  n o i s e  r a t i o  
from a s i n g l e  seisrnometer assuming n0e5 improvement f o r  t h e  array.) The 
uni f ied  magnitude mt, of a su r face  event is ca lcula ted  from t h e  s i g n a l  from 
a s i n g l e  seismometer by the expression 

m,, = log A/T + B(A) ,  

where A is the  zero  t o  peak ground motion amplitude i n  mil l imicrons,  
T is t h e  s i g n a l  period i n  seconds, 
B (A) is Gutenberg's d i s t ance  normalising f a c t o r ,  

= ground ve loc i ty  
2a . 

I f  we reduce the  t o t a l  sum no i se  t o  tha t  of a s i n g l e  seismometer by 
d iv id ing  by n, then our threshold event w i l l  have a v e l o c i t y  of 4(Vn/n). 
Tlireshold magnitude = log [ (A/T),/n] + log 4 + B(A ) .   his' threshold 
magnitude f o r  the  four  a r rays  is shown as f i g u r e  10. 



Using the  paper he l i co rde r  recordings an i n v e s t i g a t i o n  i n t o  
t h e  v a r i a t i o n  of t h e  background noise  over  a twelve month period a t  
YKA and EKA had already been made by A.H. Fawcett. These d a t a  have been 
used t o  cons t ruc t  a cumulative d i s t r i b u t i o n  curve f o r  each of t h e  two 
ar rays .  These a r e  shown a s  f i g u r e  11 with the  corresponding va lues  from 
the h a l f  hour i n t e g r a t i o n s  superimposed as open c i r c l e s .  From these  
curves t he  50% probab i l i t y  value has been taken and a d e t e c t i o n  magnitude 
ca l cu la t ed  from it. These 50% probab i l i t y  magnitude curves a r e  shown added 
t o  f i g u r e  10. 

4. DISCUSSION OF RESULTS 

4.1 Amplitude s p e c t r a  

YKA Tlie l a r g e  no i se  amplitude peaking a t  1 Hz f o r  t h e  n o i s i e s t  - 
sample is noteworthy ( f i g u r e  2). This prominent peak is absent  on t h e  q u i e t  
day samples. 

GBA For t he  n o i s i e s t  sample l a r g e  amplitude long per iod  n o i s e  - 
is seen, peaking a t  0.2 Hz ( f i g u r e  3).   his sample was excep t iona l  a s  
t h e  t y p i c a l l y  noisy  sample ( a l so  p l o t t e d  on f i g u r e s  3 and 5) gives a 
spectrum s i m i l a r  t o  t he  q u i e t e s t  period. 

EKA For the  q u i e t e s t  per iod t h e  s i n g l e  channel g ives  a very - 
f l a t  spectrum. This is possibly because the  low n o i s e  ampli tude is a t  t h e  
lower end of t h e  dynamic range of t h e  recording system and the  se i smic  
no i se  is nea r  t h e  l e v e l  of random system noise.  

WRA This a r r a y  gives s p e c t r a  t h a t  are c o n s i s t e n t  i n  both  shape - 
and amplitude. 

4.2 Comparison of s p e c t r a  with s i n g l e  frequency equ iva l en t  v e l o c i t i e s  

This comparison ( f i g u r e  8) g ives  a r e s u l t  of 25 u n i t s  on t h e  
s p e c t r a  equiva len t  t o  one zero t o  peak microvolt .  The s tandard  dev ia t ion  
of the  l i n e  is approximately 20%. The e r r o r s  a r e  most probably due t o  t h e  
assumption t h a t  t h e  two minute sample is t y p i c a l  of t he  h a l f  hour pe r iod  
f o r  a l l  f ou r  bandwidths. 

4.3 Improvement i n  s i g n a l  t o  no i se  r a t i o  

These r e s u l t s  ( f i g u r e  9)  should be t r e a t e d  with cau t ion  as g r e a t  
r e l i a n c e  is placed on the  " typica l"  s i n g l e  seismometer of t h e  whole a r r ay .  
Also, the  amplitude va lue  f o r  the  whole a r r a y  was obtained by summing 
without  delays.  Normally t h e  s i n g l e  channels would be  delayed be fo re  
summation t o  make t h e  event  s i g n a l s  co inc ident  i n  time. The d i r e c t  summation 
method is  only s t r i c t l y  t r u e  i f  t he  no i se  is random o r  t h e  event  is a t  
d i s t ance  A = 180'. However, some general  t rends  a r e  es tab l i shed: -  

(1) Grea tes t  improvement is observed a t  1 Hz. 

(2) Average improvement i n  frequency bands of i n t e r e s t  ( 4  - 1 
and 1 - 2 Hz) is genera l ly  s l i g h t l y  less than G. 



(3) A t  GBA, WKA and YKA t h e r e  is gene ra l l y  most improvement on 
noisy  days, with the  l e a s t  improvement of a l l  f o r  t he  
q u i e t e s t  s i te  (YKA) a t  i ts qu ie t e s t .  The improvement a t  EKA 
is independent of the  amplitude of t h e  n o i s e  and has a  t r end  
f o r  be s t  improvement a t  h igher  f requencies .  

Threshold magnitudes 

The comment i n  t he  previous paragraph on t h e  v a l i d i t y  of d i r e c t  
summation is a l s o  p e r t i n e n t  here.  The lower curve ( f i g u r e  10 )  r ep re sen t s  
the q u i e t e s t  ope ra t i ng  condi t ion  of t h e  a r r a y ,  below which no event  w i l l  
be detected.  The upper curve r ep re sen t s  t h e  n o i s i e s t  ope ra t i ng  cond i t i on  
above which a l l  events  w i l l  be de tec ted .  The d i s t a n c e  between t h e  two 
curves is the  range of event magnitude over which d e t e c t i o n  is dependent 
on n o i s e  l e v e l s  a t  the  t i m e .  Magnitudes a r e ,  of course,  t hose  a s  recorded 
a t  the  a r r a y  and cannot take  i n t o  account azimuthal o r  r eg iona l  e f f e c t s  
( s t a t i o n  c o r r e c t i o n s )  when r e l a t e d  t o ,  say ,  USCGS magnitudes. 

Now t h a t  twenty seismometers a r e  i n  ope ra t i on  a t  GBA, i t  is 
expected t h a t  t h e  two curves a r e  lowered by mb % 0.10 t o  0.15 and t h a t  
they draw c l o s e r  together .  The d e t e c t i o n  th resholds  of GBA w i l l  then  be  
very s i m i l a r  t o  WRA. 

A t  i ts  q u i e t e s t  YKA has s i g n i f i c a n t l y  t h e  lowest  t h r e sho ld  (mb) 
of d e t e c t i o n  bu t  a t  its worst i t s  n o i s e  amplitudes are only exceeded by 
EI;A a t  i t s  n o i s i e s t .  EKA a t  i t s  b e s t  is a s  q u i e t  as GBA and WRA. 

Table 2 summaries the  d e t e c t i o n  th resholds  of each a r r ay  f o r  
a  d i s t a n c e  ( A )  of GO0. 



TABLE 1 

S e l e c t e d  Noise Samples 

TABLE 2 

I l e tec t ion  Thresholds  (mh) of UI(AEA Arrays  f o r  
Events a t  A 3 60' 

, 

Noisy 

Quie t  

Y M  

1 6 O c t .  65 
0000-0030 

l 4  Oct. 65 
0000-00 30 

25 !larch 66 
0000-00 30 

7 May 66 
0000-00 30 

LXA 

11T4arch 66 
1600- 16 30 

12 A p r i l  66 
0200-02 30 

1 5  June 66 
0800-0830 

31 May 66 
0800-0830 

Q u i e t e s t  

50% P r o b a b i l i t y  

N o i s i e s t  

GB A 

9 Uec. 65 
0500-0530 

10 June 66 
0900-09 30 

29 Aug. 66 
1000-1030 

15 May 66 
1100- 1130 

WRA 

27 Flay 66 
1400-1430 

10 Sept .  66 
0300-0 330 

8 June 66 
1100-1130 

22 Oct. 66 
1330-1400 

EKA 

4.1 

4.4 

4.7 

GUA 

4.1 

- 
4.4 

YKA 

3.7 

4.0 

4.5 
E 

WRA 

4.0 

- 
4.2 
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FIGURE 3. SPECTRA OF SINGLE CHANNELS AT GBA AND W R A  







+ EKA 

I-- 
0.2 0.3 0.4 0.5 0.6 0 . 8  1.0 1.5 2.0 3.0 4 0  

FREQUENCY, Hz 

FIGURE 6. SINGLE FREQUENCY SIGNALS FOR EACH OCTAVE FOR SINGLE SEISMOMETERS 



FIGURE 7. EQUIVALENT SINGLE FREQUENCY SIGNAL FOR EACH OCTAVE FOR SUM 0 6  EACH ARRAY 
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F IGURE 8. COMPARISON OF SPECTRA AMPLITUDES WITH S I N G L E  FREQUENCY SIGNALS 
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FIGURE 9. SIGNAL TO NOISE IMPROVEMENT AT THE FOUR ARRAYS 
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FIGURE II. CUMULATIVE DISTRIBUTION CURVES FOR Y K A AND E K A 

I 

,feel 
f 
0 4t 

/ 
d r  
L 

// 
/' 

H0 

00 

---m YKA S I N G L E  SEISMO 

DATA POINTS EVERY 3 HOURS 

THROUGHOUT 1964  

EKA E 16 SEISMOS 

DATA POINTS TAKEN DAILY THROUGHOUT 

1966 FROM E 7 CHANNEL C O N V E R T E D  

TO E 1 6  USING Y = 0 - 4  

0. 

1' 

p4 

I I l I I I , .  


