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SUMMARY 

Shor t  period P wave  ampl i tude  d a t a  f rom se lec tqd  a r r a y s  and f rom 
many s t a t ions  cont r ibut ing  d a t a  t o  t h e  ISC a r e  analysed in t e r m s  of t h e  
Gutenburg-Richter  magni tude  f requency relat ion Log N(m) = a - bm. T h e  d a t a  
conf i rm t h e  validity of t h e  relat ion f o r  global se ismic i ty  in t h e  magni tude  range  
4.0 S m .c( 6.5. Over  40 de terminat ions  of b, e a c h  based on over  1000 ampl i tude  b measu remen t s  indica te  a mean  global va lue  of 0.98 + 0.02 a n d  using t h e  observed 
numbers of modera t e  5.75 < m < 6.05 ea r thquakes  t o  d e t e r m i n e  a, global b seismici ty is  represented  by t h e  cumula t ive  relation:- 

This relat ionship indica tes  t h a t  for  magni tude  m 2 4.0 t h e  m e a n  annual  coun t  i s  b approximate ly  7900. This resul t  is  in good ag reemen t  with t h e  a v e r a g e  (7600) of 
18  single s t a t ion  e s t i m a t e s  of global  seismici ty.  

1. INTRODUCTION 

A knowledge of t h e  number of ea r thquakes  occurr ing  both  regionally 
and  globally is a n  impor t an t  considerat ion in t h e  assessment  of t h e  resources  
required t o  monitor  a Comprehens ive  T e s t  Ban T r e a t y  Using seismological  
methods. Of par t icu lar  impor t ance  i s  t h e  number of ea r thquakes  with magni tude  
(mb) of 4.0 and g rea t e r .  This magni tude  i s  near  t h e  de t ec t ion  threshold of t h e  
most  sens i t ive  se ismic  s t a t ions  ope ra t ed  t o  d a t e  and corresponds t o  explosions in 
g r a n i t e  with yields of 1 t o  4 ktons. 

An obvious way t o  e s t i m a t e  t h e  number of ea r thquakes  as a funct ion  
of magni tude  i s  t o  coun t  those  with magni tude  and  loca t ion  de t e rmined  by t h e  
In terna t ional  Seismological  C e n t r e  (ISC), perhaps t h e  most  c o m p l e t e  d a t a  sou rce  
available. F igu re  1 shows t h e  global de terminat ions  of t h e  ISC fo r  t h e  period 
1964 t o  1980 inclusive,plotted as a magnitude-frequency p lo t  with in terva ls  of 
0.1 m units. In t h e  magni tude  range  5.3 < m b <  6.2 t h e  d a t a  appea r  t o  follow a b l inear  magni tude  f requency law:- 

Logl = a-bm ... ( 1 )  

where  he re  

with N equa l  t o  t h e  number of e v e n t s  with magnitude m b  It: 0.05. 



Figure  1 a l so  shows a similar  p lo t  for  ear thquakes  within t h e  "Soviet Bloc" ( for  
defini t ion see appendix A). H e r e  t h e  l inear  portion cove r s  t h e  r ange  
5.0 ( m ,< 6.2 and has  t h e  form:- b 

Log N = 7.54-1.23 m,, ... ( 3 )  

'The "roll off"  in numbers at low magnitudes is well known and resul t s  
f rom t h e  f i n i t e  de t ec t ion  threshold fo r  t h e  world network submit t ing  d a t a  t o  t h e  
ISC. Es t imat ion  of  t h e  numbers of ea r thquakes  below mb 5.0 t h e r e f o r e  involves 
ex t rapola t ion  of t h e  l inear  relat ion (l).  F o r  t h e  in terva l  re la t ions  (2) and  (3) t h e  
corresponding cumula t ive  f o r m s  are:- 

Log Nc = 10.29 - 1.44 m,, ... ( 4 )  

Log Nc = 8.08 - 1.23 m,, ... ( 5 )  

where  N i s  t h e  annual  cumula t ive  number with m a g n i t u d e -  mb. If w e  
ex t r apo la t e  t hese  cu rves  down t o  m b  = 3.95 (corresponding t o  mb = 4.0 as 
normally rounded) relat ions (4) and  (5) give 40 000 and 1700 ea r thquakes  annually 
fo r  t h e  world and Sovie t  Bloc respectively. 

S y s t e m a t i c  bias in t h e  magnitudes obtained by s imple  ne twork  
averaging as used by t h e  ISC a r e  now known t o  ex i s t  (eg, Ringdal  (1,2), 
von Seggern  and Blandford (3), von Seggern  and Rivers  (4)). This  bias  resu l t s  f rom 
t h e  t runcat ion  of t h e  ampl i tude  readings used t o  c o m p u t e  t h e  mean  (network) 
magni tude  arising f rom non-detections at low magnitudes o r  s a t u r a t e d  o r  cl ipped 
readings removed for  high magnitudes. T h e  overal l  resu l t  of th is  is a + v e  bias at 
low magnitudes and  a -ve bias at high magnitudes (m > 6.0) eg ,  von Seggern  and  b Rivers  (4). Unreal is t ical ly high ac t iv i ty  in t e r m s  of t h e  numbers  of low magni tude  
ea r thquakes  a r e  thus  obtained by downward ext rapola t ion  of equat ions  (2-5). 

Two d i f f e ren t  approaches  c a n  b e  used t o  solve t h e  problem of 
network bias in t h e  con tex t  of global se ismic i ty  est imation.  A d i r e c t  solut ion i s  
t o  r ecompute  t h e  ISC magnitudes using a technique  which al lows fo r  t h e  
t runcat ion  of da t a ,  as described by Ringdal  (l). An a l t e r n a t i v e  solution which 
c i r cumven t s  t h e  problem of ne twork  bias is t o  use ampl i tude  d a t a  f r o m  individual 
s t a t i ons  t o  g ive  "unbiased" e s t i m a t e s  of a and b in equat ion  (1). T h e  remainder  of 
this  repor t  concerns  t h e  l a t t e r  but  hopefully will complemen t  t h e  conclusions 
obta ined  f rom a recomputa t ion  of ISC magnitudes when they  become  available. 

2. SEISMICITY ESTIMATION USING SINGLE STATION DATA 

2.1 Gene ra l  considerat ions 

Magnitudes de termined by a single s t a t ion  c a n  b e  used t o  cons t ruc t  
magni tude  f requency distr ibut ions and hence  e s t i m a t e  a and b. S ince  t h e  
magnitudes will not  b e  influenced by network averaging,  t h e  b value, c lear ly  
impor t an t  if ex t rapola t ion  is required, i s  unbiased (von Seggern  and Blandford (3)). 
T h e  "act ivi tyt t  cons t an t  a, requires cor rec t ion  however as demons t r a t ed  by 
von Seggern  and Blandford (3). T h e  co r rec t ion  is:- 



where  (r2 i s  t h e  var iance  of t h e  s t a t ion  magni tude  e s t i m a t e s  abou t  t h e  t r u e  
value. T h e  f a c t o r  1.15boS2 accoun t s  for  t h e  n e t  "spill over" f rom t h e  m o r e  
f r equen t  smal le r  even t s  towards  la rger  magnitudes ar is ing f r o m  a .  Typically o 
= 0.3 t o  0.4 m units, s o  for  b = 1.0, a i s  reduced by abou t  O.ljsand p red ic t e8  
se ismic i ty  by 38%. T h e  s t a t ion  correc t ion  C accoun t s  f o r  t h e  sub-stat ion c rus t a l  
response and a t tenuat ion .  Typically C ranges  be tween a . 3  m units  which would 
influence seismici ty e s t i m a t e s  by a f a c t o r  of 2 e i the r  way. Binally a co r rec t ion  
t o  a, not  given in (6), must  be  applied t o  account  for  t h e  f r ac t ion  of t h e  globe not  
e f f ec t ive ly  sampled by t h e  s ta t ion ,  ie,  t h e  c o r e  shadow. Clear ly  t h e  e f f e c t  of 
e r r o r s  in a on seismici ty counts  using single s t a t ions  c a n  b e  l a rge  and t h e r e f o r e  
t h e  resul ts  presented  h e r e  c o n c e n t r a t e  on t h e  a c c u r a t e  de t e rmina t ion  of b. 

2.2 Advantages  of t h e  use of ampl i tudes  over  magnitudes 

An impor t an t  considerat ion in t h e  de t e rmina t ion  of b i s  whether  
frequency distr ibut ions a r e  cons t ruc ted  using t h e  raw ampl i tude  d a t a  o r  in t e r m s  
of magnitudes mb. Shor t  period body wave  magnitudes (mb) we computed  f rom 
t h e  measured ground ampl i tude  A (microns) and period T (S) using t h e  relation:- 

where  Q(A ,h) is t h e  Cutenburg  and  R ich te r  (5) d i s t ance  ( A ) and  foca l  depth  (h) 
co r rec t ion  fac tor .  Clear ly  if t h e  ea r thquakes  c o m e  f r o m  a region of l imi ted  
spa t ia l  e x t e n t  Q(A ,h) i s  cons t an t  and t h e  observed magnitude-frequency and  
ampli tude-frequency distr ibut ion a r e  t h e  s a m e  a p a r t  f rom a f a c t o r  Q(A ,h) 
sub t r ac t ed  f rom a. (Note: Here  a n d  e lsewhere  in th is  r epor t  t h e  word ampl i tude  
has  been used t o  deno te  Logl - ). If t h e  seismici ty is f rom a n  extended region T with Q( A,h) varying, provided b is cons tant ,  t h e  use  of ampl i tude  ins tead  of 
magni tude  s t i l l  conserves  b in t h e  f requency distr ibut ion,  al though t h e  signific- 
a n c e  of a in t e r m s  of seismici ty is obscured. T h e  use  of ampl i tudes  ins tead  of 
magnitudes in t h e  de terminat ion  of b values has two  advantages.  S ince  i t  i s  not  
necessary t o  c o m p u t e  Q(A,h) f rom t h e  d i s t ance  and dep th  of t h e  ea r thquakes  i t  is 
possible t o  use t h e  ful l  set of observat ions f rom sens i t ive  s ta t ions ,  including d a t a  
f rom sources  t o o  smal l  t o  be  loca t ed  by t h e  ISC. Variat ion of Q(A,h) a l so  means  
t h a t  t h e  de t ec t ion  threshold in t e r m s  of m at a s t a t ion  i s  region dependent .  This  R variat ion inevitably broadens t h e  "roll off region of t h e  f requency distr ibut ions 
and r e s t r i c t s  or  may even  r emove  t h e  l inear  section. 

2.3 Advantage  of joint e s t ima t ion  of seisnl ici ty and  de t ec t ion  threshold 

Even when ampl i tudes  a r e  used, de t e rmina t ion  of a and  b a lone  
involves t h e  diff icul t  and subjec t ive  decision concerning t h e  l inear  range  of t h e  
observed distribution. Truncat ion  of t h e  d a t a  below t h e  assumed "100%" 
de tec t ion  leve l  a l so  removes  much useful d a t a  concerning t h e  magni tude  
f requency low at smal l  magnitudes. Kelly and  Lacoss  (6) have  described joint 
e s t ima t ion  technique  which avoids th is  by de termining  a and  b toge the r  wi th  
p a r a m e t e r s  concerned  with t h e  de t ec t ion  threshold. 



T h e  method assumes  a spec i f ic  fo rm for  t h e  f requency distr ibut ion of ampl i tudes  
nea r  t h e  threshold however, and may not  b e  appropr ia te  when t h e  "roll off" i s  
compl ica ted  by variat ion in Q(A,h) when magnitudes a r e  used o r  where  low 
ampl i tude  readings a r e  removed because  of non-association with loca t ab le  
events ,  as in d a t a  published by t h e  ISC. Never the less  s o m e  resul t s  obtained using 
joint es t imat ion  a r e  presented  below s ince  they  provide conf i rmat ion  on t h e  
applicabil i ty of t h e  frequency law over  t h e  widest  r ange  of ampl i tudes  and  a r e  
also a check on t h e  resul ts  obtained using d a t a  sets such as t h a t  f rom t h e  ISC 
where  se lec t ion  by associat ion has been  performed.  

2.4 Jo in t  e s t ima t ion  of de t ec t ion  threshold and se ismic i ty  

2.4.1 Introduction 

A procedure  described by Kelly and Lacoss  (6) enables  t h e  joint 
e s t ima t ion  of t h e  se ismic i ty  cons tants  a and b toge the r  with t h e  (50%) de t ec t ion  
threshold P a n d  i t s  s tandard  deviat ion a. A full descript ion of th is  method and 
s o m e  modificat ions made  for  use he re  is given in appendix B. T h e  d a t a  required 
a r e  t h e  comple t e  set of ampl i tude  observat ions whether  assoc ia ted  with known 
(ie, loca ted)  sources  or  not. T h r e e  sources  of d a t a  were  chosen which in genera l  
d e t e c t  many even t s  not loca ted  by t h e  ISC. These  sources are:- 

(1) T h e  l a rge  a p e r t u r e  NORSAR a r ray  (NAO,NB2) 

(2) T h e  medium a p e r t u r e  a r r ays  Warramunga (WRA), Austral ia ,  
Gauribidanur (GBA), India and Eskdalemuir  (EKA), Scotland.  

(3) T h e  smal l  a p e r t u r e  VELA uniform a r r ays  BMO, CPO,  TFO, UBO 
and WMO. 

NORSAR d a t a  

Ampl i tude  d a t a  for  t h e  NORSAR a r r a y  were  obta ined  on magne t i c  
tape.  Pr ior  t o  1976 t h e  a r r ay  ope ra t ed  with a full a p e r t u r e  of 120 km (code  NAO) 
but  s ince t h a t  d a t e  i t  has  ope ra t ed  with a reduced a p e r t u r e  of 60  km, (usually 
code  NB21 and t w o  r ep resen ta t ive  sets of d a t a  have  t h e r e f o r e  been  analysed. 
The  ampl i tude  f requency d a t a  and f i t t e d  cu rves  a r e  in f igure  2. F o r  both sets 
good f i t s  indica te  t h a t  both t h e  magnitude frequency law and t h e  form of t h e  
cu rve  near  t h e  de t ec t ion  threshold a r e  appropr ia te  over  a r ange  of ampl i tudes  
f rom near  2.5 down t o  0.0 o r  less  (equivalent  t o  m b  = 4.0 t o  6.5 at te lese ismic  
distances). F o r  NAO no ampl i tude  was  repor ted  if any  of t h e  a r r ay  e l emen t s  w e r e  
overloaded which resul ts  in a r a the r  s1;dden t runcat ion  of t h e  d a t a  above  
ampl i tudes  of 2.3. In con t r a s t  a single e l e m e n t  low gain ins t rument  is used t o  
measure  t h e  la rger  ampl i tudes  at NB2, s o  only t h e  lower ampl i tude  d a t a  h a v e  
been subjec t  t o  a r r a y  summing. This  may  account  for  t h e  somewha t  i r r regular  
variat ion abou t  t h e  l inear  section. Es t ima ted  b values a r e  botlh low (0.83 t o  0.88, 
see t ab le  1) and for  NAO is in good ag reemen t  t o  t h e  value 0.83 found by Bungum 
and Husebye (7) based on I years  data.  



2.4.3 EKA, GBA, WRA a r rays  

Ampl i tude  d a t a  f o r  t hese  a r r a y s  a r e  f o r  a r r iva ls  d e t e c t e d  and 
measured by a u t o m a t i c  processors  (Key, L e a  and  Douglas (8)) instal led at e a c h  
stat ion.  A s  with NORSAR t h e  f i t t e d  cu rves  a r e  a good approximation t o  t h e  d a t a  
a p a r t  f rom s o m e  d a t a  loss at high ampl i tudes  caused  by overloading a t  t h e  more  
sens i t ive  GBA and  WRA a r r a y s  (f igure 2). Taking t h e  d a t a  as a whole, t h e  
ampli tude-frequency law and t h e  fo rm of t h e  threshold, sugges ted  by Kelly a n d  
Lacoss (6) a r e  conf i rmed fo r  t h e  ampl i tude  range  3.0 ( see  EKA) t o  near  0.0 ( see  
WRA). T h e  b values, given in t ab l e  1, a r e  again less  t han  1.0 e x c e p t  for  EKA 
(1.15) which i s  based on a r a the r  smal l  s ample  of amplitudes. 

2.4.4 VELA a r r a y s  

The  VELA a r rays  ope ra t ed  f rom t h e  ear ly  1960's t o  t h e  ear ly  1970's 
and  had a considerable impac t  on t h e  seismic-event-detect ion capabil i ty of t h e  
world network. Arrival  t i m e  readings, ampl i tude  and period d a t a  a r e  published in 
bulletins, where  associat ion of readings with known loca t ed  ea r thquakes  is  made. 
Non-associated readings a r e  classif ied as local,  regional  or  te lese ismic  
( A  >, 15.5') on  t h e  basis of t h e  cha rac t e r i s t i c s  of t h e  observed waveform. 
Ampl i tude  d a t a  for  all  t e lese ismic  earthquakes,  assoc ia ted  o r  not,  w e r e  
e x t r a c t e d  f r o m  t h e  published bulletins fo r  t h e  year  1966. This  yea r  i s  well i n t o  
t h e  ful l  opera t ional  period of t h e  a r r ays  and  i s  f r e e  f rom major  a f te rshock-  
sequences,  o therwise  t h e  cho ice  is  arbi trary.  With t h e  except ion  of BMO, joint 
de t e rmina t ion  of seismici ty and threshold p a r a m e t e r s  gives unsa t i s fac tory  resul t s  
(f igure 3) t h e  assumed fo rm of t h e  curves  near  t h e  thresholds is  c lear ly  
inappropriate .  T h e  excess  numbers near  t h e  thresholds a r e  presumably f a l s e  
identif icat ions at or near  t h e  noise level. Revised b values in t a b l e  1 a r e  based on 
f i t s  t o  t h e  l inear  sec t ions  a lone  which a r e  typical ly f rom ampl i tudes  in t h e  range  
1.0 t o  2.5. T h e  values range  f r o m  1.05 t o  1.15 and c o m p a r e  with a va lue  of 0.93 
obta ined  by Chinnery (9) f rom ISC even t  asso ica ted  readings fo r  t h e  period 1966 
t o  1970. 

Discussion 

T h e  b values obtained f rom t h e s e  a r r a y s  ( t ab l e  1) suggest  t h a t  t h e  
ave rage  global b value based on ISC mean magnitudes is  biased 0.36 t o  0.6 units  
high. S c a t t e r  in t h e  b values (0.83 t o  1.15) wil.1 be  in p a r t  s t a t i s t i ca l  ( s ee  appendix 
B) bu t  some  signif icant  variat ion could be  present.  T h e  cause  of such var ia t ion  i s  
no t  inves t iga ted  he re  but  may be  t h e  resul t  of sub t l e  combinat ions of t h e  
spectral-magnitude-scaling law for  t h e  ea r thquakes  with e i the r  t h e  in s t rumen t  
response o r  subs ta t ion  s t ruc tu ra l  response, o r  with a r r a y s  could resul t  f rom 
beamforming loss. These  d a t a  confirm t h a t  t h e  ampli tude-frequency distr ibut ion 
in l inear  over  a wide range (0.0 t o  2.5) which f o r  t h e  predominently t e l e se i smic  
ar r iva ls  correspond t o  magnitudes in t h e  range  4.0 S m ,< 6.5. A l t e rna t ive  b 
values computed  using t h e  assumed l inear  sec t ion  a r e  k p a r t  f rom t h e  VELA 
arrays)  in good a g r e e m e n t  with t h e  joint ana lyses  and  have  a mean  va lue  of 1.05. 



2.5 Es t imat ion  of s ingle s t a t ion  b values using ISC d a t a  

2.5.1 Introduction 

T h e  variat ion in b values found in t h e  previous sec t ion  h a s  fa i r ly  wide 
l imi ts  and i t  is c lear ly  des i rable  t o  use d a t a  f r o m  a l a rge r  su i t e  of s t a t i ons  f rom 
o t h e r  regions. Ampl i tude  d a t a  obtainable on ISC bulletin t a p e s  have  proved t o  b e  
a useful source  of such data.  T o  b e  useful  s t a t i ons  must  b e  sens i t ive  enough 
and lo r  have  submi t t ed  d a t a  fo r  long enough t o  g ive  suf f ic ien t  ampl i tudes  t o  
enab le  s t ab le  b value es t imates .  In addit ion i t  is  impor t an t  t h a t  t h e  threshold fo r  
t h e  measu remen t  and  submission of ampl i tude  should be  as cons t an t  as possible 
s ince  any variat ion obscures t h e  s t a r t  of t h e  l inear  p a r t  of t h e  f requency 
distributions. T h e  removal  of ampl i tude  readings for  non-associated ea r thquakes  
may d is tor t  t h e  f requency distr ibut ion near  t h e  threshold, especial ly f o r  t h e  most  
sens i t ive  stations. J o i n t  analysis of t h e  f requency distr ibut ion as descr ibed  in t h e  
previous sec t ion  was t h e r e f o r e  no t  undertaken,  instead,  i t  was  replaced  by t h e  
simplified f i t  t o  t h e  l inear  region even  though th is  invokes t h e  decision 
concerning t h e  l inear  range  discussed above. 

2.5.2 Se lec t ion  of d a t a  

ISC d a t a  f o r  t h e  period 1970 t o  1981 inclusive f o r  a l a r g e  number of 
s t a t i ons  were  f i r s t  examined on a monthly basis in t e r m s  of t h e  t o t a l  number and  
minimum of t h e  ampl i tudes  reported.  Only d a t a  in t h e  d i s t ance  range  21 t o  100' 
w e r e  considered, s o  as t o  b e  cons is ten t  with t h e  r ange  used in t h e  ISC1s own 
magni tude  es t imates .  This  examinat ion  isolated t h e  t i m e  periods in which t h e  ISC 
was  regularly receiving d a t a  and  any subs tant ia l  periods of s t a t i on  "down-time". 
Changes,  both shor t  and  long t e r m ,  in t h e  monthly counts  f requent ly  c o r r e l a t e d  
with t h e  minimum ampl i tudes  and  suggest  var ia t ion  in sens i t iv i ty  and  s t a t i o n  
procedures. D a t a  f rom within t i m e  periods showing l a r g e  var ia t ion  in e f f e c t i v e  
s t a t ion  pe r fo rmance  w e r e  de l e t ed  f rom fu r the r  analysis. Finally, only s t a t ions  
which had at l ea s t  250 readings on  t h e  observed l inear  p a r t  of t h e  f r equency  
distr ibut ion were  used which ideally should g ive  b de t e rmina t ions  a c c u r a t e  
t o  i0.2 o r  b e t t e r  at t h e  95% level  ( s ee  appendix C). 

2.5.3 Resu l t s  

T h e  loca t ions  of t h e  ea r thquakes  have  been  de t e rmined  f o r  t h e  ISC 
d a t a  and s o  analysis in t e r m s  of magni tude  r a the r  t han  ampl i tude  i s  possible with 
t h e  e s t i m a t e s  of a, in t e rp re t ab le  in t e r m s  g seismicity. Variat ion of t h e  
d i s t ance  f a c t o r  Q(A,h) on t h e  r ange  20  t o  100 i s  cons iderable  however a n d  s o  
analysis  was  again made  in t e r m s  of ampl i tudes  in order  t o  opt imise  t h e  
de t e rmina t ion  of b. 

A l toge the r  d a t a  f rom 88 s t a t ions  w e r e  processed using me thods  
suggested by P a g e  (10) and Bender (11) t o  d e t e r m i n e  t h e  cons t an t s  a and b. T h e  
fu l l  resu l t s  a r e  shown in t ab l e  2. A s  expec ted  ( see  appendix C)  resu l t s  fo r  t h e  t w o  
methods  agreed.  T o  i l l u s t r a t e  t h e  quali ty of t h e  l inear  f i t s  t h e  f requency 
distr ibut ions fo r  those  s ta t ions  cont r ibut ing  over  1000 ampl i tudes  t o  t h e  b va lue  
de terminat ions  a r e  reproduced in f igure  4. T h e  lower l imi t  o n  t h e  ampl i tude  
range  used t o  de t e rmine  a and b was  chosen  carefu l ly  t o  b e  on  t h e  l inear  sect ion.  
E x a c t  cho ice  of t h e  upper l imi t  was found t o  b e  less  c r i t i ca l  using t h e  maximum 
likelihood method but  was  m a d e  high enough t o  g ive  a t o t a l  ampl i tude  r ange  of 
1.0 unit  o r  more. Assuming no  sys t ema t i c  e r rors ,  conf idence  l imi t s  f o r  t h e s e  
de terminat ions  should a l l  b e  less  t han  20.1 at t h e  95% level  (appendix C). 



T h e  f requency distr ibut ion of t h e  ful l  8 8  de terminat ions  of b is  shown 
in f igure  5 and also f o r  t h e  subset  containing only those  based on more  than  1000 
ampl i tude  readings. Both sets have  a modal  va lue  of b = 1.0. T h e  ful l  set has  a 
mean of 1.06, while f o r  t h e  subse t  t h e  mean  is  0.98. A c l ea r  skewness  in t h e  fu l l  
dis tr ibut ion is  not  present  in t h e  subset  because  of t h e  el iminat ion of t h e  
de terminat ions  mainly f rom two  networks of s ta t ions  in F r a n c e  and  F rench  
Polynesia which represent  s o m e  20% of t h e  total .  Without m o r e  de ta i led  
informat ion  with r e spec t  t o  t h e  ins t rument  responses, overload levels  and  
procedure  f o r  se lec t ing  d a t a  s e n t  t o  t h e  ISC, t h e  reason f o r  t hese  high b values 
fo r  French s t a t ions  remains  obscure. I t  is  c l ea r  however, t h a t  t hese  d a t a  have  a 
disproport ionate weight  and the re fo re  t h e  subset  containing t h e  more  accu ra t e ly  
de t e rmined  b values is  regarded as more  representa t ive  globally. T h e  s t anda rd  
deviat ion of t h e  b value distr ibut ion of t h e  l a t t e r  is  2 0.10, t w i c e  t h a t  which 
might  b e  expec ted  f rom t h e  s t a t i s t i ca l  variat ion of t h e  e s t i m a t e s  (appendix C). 
T h e  confidence l imi ts  a r e  however based on idealised d a t a  and s c a t t e r  using r ea l  
d a t a  will inevitably be  g rea t e r .  T h e  d a t a  does  not  pe rmi t  t h e  demonst ra t ion  of 
any  convincing corre la t ions  of b e i the r  with s t a t ion  correc t ion  o r  region. 

3. WORLD AND SOVIET SEISMICITY ESTIMATES 

3.1 Ext rapola t ion  of ISC magnitude s t a t i s t i c s  

Resu l t s  described above suggest  t h a t  global se ismic i ty  in t e r m s  of mb 
c a n  b e  described by a linear-magnitude-frequency law (1) in  t h e  approx ima te  
range  4.0 6 mb 6 6.5 with a mean b value of 0.98 + 0.02. Global e s t i m a t e s  of 
ea r thquake  numbers as a function of mb c a n  the re fo re  b e  found provided w e  have  
a n  unbiased e s t i m a t e  of t h e  ac t iv i ty  cons tant  a. Such a n  e s t i m a t e  c a n  b e  
obta ined  f rom ISC magnitudes in t h e  range  where  network t runcat ion  e f f e c t s  
lead  t o  minimum bias in computed  magnitudes. 

The  bias introduced t o  magnitude de terminat ions  resul t ing f rom 
t runcat ion  of d a t a  at noisy s t a t ions  must  dec rease  with increasing m,,. F o r  t h e  
ISC d a t a  t h e  majori ty (but not  ~ 1 1 )  of s t a t i ons  appea r  t o  have  nea r  100% 
de tec t ion  above  ampl i tudes  (Log ) of 1.5 ( see  t a b l e  2 giving lower l imi t  of 
ranges used fo r  b va lue  estimation). Assuming t h e  Gutenburg-Richter  (1956) 
d is tance  f a c t o r s  fo r  shallow events ,  th is  is equivalent  t o  m values of 4.6 t o  6.0 
in t h e  d is tance  range 21 t o  loo0 as used by t h e  1SC. b n f o r t u n a t e ~ ~  above  
magni tude  (mb) 6.1, t h e  network bias resul t ing f rom t h e  problem of overloaded 
records  becomes  manifes t  ( see  f igure  1 and  a lso  von Seggern  and Rivers  (4)). A 
compromise  solution is  t o  use ea r thquake  counts  in t h e  range  5.8 t o  6.0 inclusive 
(in rea l i ty  5.75 t o  6.05) which will have  t h e  minimum bias and  y e t  have  enough 
even t s  distr ibuted globally t o  g ive  a reasonably a c c u r a t e  value fo r  a. 

F o r  t h e  17 yea r s  1964 t o  1981 inclusive t h e  ISC repor t ed  1147 
ea r thquakes  with magnitudes be tween 5.75 and 6.05. Assuming b = 0.98, a 
r ep resen ta t ive  f igure  considering t h e  observed distr ibut ion and s c a t t e r  described 
in t h e  previous sect ion,  t h e  global annual  se ismic i ty  c a n  b e  described by:- 



where  N is  t h e  cumula t ive  number of ea r thquakes  with magni tude  >, m 
annually. 'fhis re la t ion  gives a t o t a l  of approximate ly  7900 ea r thquakes  wi th  
mb 4.0 (3.95) annually. 

I t  is  also possible, assuming t h e  b value i s  app ropr i a t e  regionally, t o  
use t h e  ISC ac t iv i ty  be tween m 5.75 t o  6.05 t o  d e t e r m i n e  regional values f o r  a. b F o r  t h e  Sovie t  Bloc ( a s  defined In appendix A) t h e r e  w e r e  103 such ea r thquakes  in 
t h e  17 yea r s  and  th is  gives t h e  cumula t ive  distribution:- 

indicat ing approximately 720 ea r thquakes  annually. This  is  dominated  by ac t iv i ty  
in t h e  Kamchatka-Kuri les  region with most  ac t iv i ty  l oca t ed  beneath  t h e  ocean. 
Excluding th is  region t h e r e  w e r e  only 31  ear thquakes  in t h e  desired magni tude  
range  and so f o r  t h e  main Sovie t  Bloc land mass  we  have:- 

resul t ing in approximate ly  210 mh >' 4.0 ea r thquakes  annually. Tab le  3 summar i se s  
t h e  se ismic i ty  s t a t i s t i c s  outl ined In th is  section. 

T h e  accu racy  of t h e s e  e s t i m a t e s  depends on  t h e  assumption t h a t  t h e  
ISC magnitudes in t h e  range  5.8 t o  6.0 a r e  unbiased, t h e  val idi ty of t h e  va lue  0.98 
f o r  b and  any s t a t i s t i ca l  variat ion on t h e  se ismic i ty  counts  used t o  d e t e r m i n e  a. 
T h e  l a t t e r  can  become  signif icant  fo r  regions of re la t ive ly  low ac t iv i ty  ( see  t a b l e  
3) but  f o r  t h e  global se ismic i ty  t h e  e f f e c t  of a n  e r ro r  in b is  t h e  dominant  fac tor .  
Assuming t h e  mean  b of 0.98 is  unbiased with s t anda rd  e r ro r  + 0.02 t h e  
corresponding range  in t h e  global mb>, 4.0 se ismic i ty  is  7400 t o  8500. 

3.2 Individual s t a t i on  e s t i m a t e s  of global se ismic i ty  

A check  on  t h e  predict ions of equation 8,  t o t a l ly  independent  of ISC 
magnitudes,  is obta inable  f rom @gle-station-magnitude f requency distr ibut ions 
(which use m b  ra the r  t han  Log - ) as outl ined in sec t ion  2.1. If only d a t a  f r o m  
t h e  te lese ismrc  range  A = 30 t o  9 p  a r e  used t h e  de le ter ious  e f f e c t  of var ia t ion  in 
t h e  d is tance  correc t ion  Q ( A , ~ )  on  t h e  ident i f ica t ion  of t h e  l inear  sec t ion  of t h e  
distr ibut ions is  minimal. This range  res t r ic t ion  however, resu l t s  in a drop in t h e  
number of cont r ibut ing  ampl i tudes  and  t h e  analysis was r e s t r i c t ed  t o  18 s ta t ions ,  
with over  1000 readings remaining, mainly in Europe  and  North America.  Resu l t s  
a r e  given in t ab l e  4. The  a values, which a r e  given fo r  t h e  cumula t ive  coun t s  a r e  
c o r r e c t e d  according  t o  equat ion  (6) and  a lso  t o  accoun t  fo r  t h e  pe rcen tage  of 
world se ismic i ty  in t h e  d is tance  range  (30 t o  90') used. T h e  ful l  co r r ec t ion  t o  a i s  
then:- 



where  t h e  t e r m  in b racke t s  is  equat ion  (6) and F is  t h e  f r ac t i on  of global  T se i smic i ty  in t h e  te lese ismic  range. Values of F in t a b l e  4 a r e  der ived  f r o m  t h e  
f r ac t ion  of a l l  l a rge  (5.8 6.0) e a r t h q u a l e s  observed by t h e  ISC in t h e  
d i s t ance  range  A =  30 t o  9$?ktation co r r ec t ions  C and  magni tude  va r i ance  $ 
a r e  t aken  f rom Nor th  ( 12 ). In t h e  l a s t  column (Nu) gives  t h e  e s t i m a t e s  of global  
mb  >' 4.0 (3.95) se i smic i ty  f rom t h e  individual s t a t i on  a and  b values. T h e  values 
have  a mean  of 7600 k 700 and a s tandard  deviat ion o f 5 0 0 0 .  T r u e  numbers  mus t  
b e  somewhat  higher because  no  cor rec t ions  a r e  ava i lab le  fo r  s t a t i o n  "down-time". 
This resul t  is in reasonable a g r e e m e n t  with t h a t  of t h e  previous s ec t ion  
concerning global ea r thquake  numbers. 

CONCLUSIONS 

Global seismici ty measured  on  t h e  short-period body-wave s c a l e  c a n  
b e  represented  by t h e  cumula t ive  distribution:- 

and is applicable in t h e  range  4.0 ,< m ,( 6.5 at least .  Ext rapola t ion  of t h e  
dis tr ibut ion ind ica tes  approximate ly  7 9 0 8  m 3 4.0 (3.95) ea r thquakes  annually. 
Individual s t a t i on  e s t i m a t e s  of se i smic i ty  t o n f i r m  th i s  figure. F o r  t h e  Sov ie t  
Union including t h e  Kuri le-Kamchatka region s o m e  720 such  ea r thquakes  occu r  
annually. Excluding t h e  a c t i v e  Kuri le-Kamchatka region however,  t h e  number of 
e v e n t s  with mb  >, 4.0 is  approximate ly  210. 
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APPENDIX A 

DEFINITION O F  SOVIET BLOC 

T h e  Soviet  Bloc h e r e  was defined by t h e  Flinn and Engdahl (13), 
region numbers which include t h e  Sovie t  Union and border regions and a lso  
regions normally regarded as in t h e  Soviet  "sphere of influence" (ie, Eas t e rn  
Europe). E a s t  Germany is  not  included as i t  has not  been separa te ly  regionalised 
and does not  include any l a rge  earthquakes. 

T h e  region numbers are:- 

T h e  regions a r e  de l inea ted  in  f igure 6 .  



APPENDIX B 

COMPUTATION OF SEISMICITY AND THRESHOLD PARAMETERS 

A2.1 Introduction 

T h r e e  methods  for  e s t ima t ing  t h e  se ismic i ty  p a r a m e t e r s  a and b in 
equation (1) and  t h e  s t a t ion  de t ec t ion  thresholds a r e  used in th is  report.  These  
have  been  published by P a g e  (10), Kelly and  Lacoss (6) and Bender  ( l  l). T h e  
l a t t e r  assumes  t h a t  t h e  magnitude d a t a  a r e  grouped in to  d i sc re t e  in terva ls  and a 
ful l  descript ion is  given in t h e  paper. T h e  P a g e  (10) and  Kelly and Lacoss  (6) 
methods  assume a continuous magni tude  distribution. S o m e  changes  in t h e  l a t t e r  
a r e  required t o  t a k e  accoun t  of a possible upper l imit  on  observed magni tudes  no t  
considered in t h e  original theory. This  appendix out l ines  t h e  theory  of t h e  Kelly 
and Lacoss  (6) method incorporat ing t h e s e  modifications. T h e  P a g e  method i s  
der ived  as a special  case of th is  theory. 

A2.2 Genera l  fo rms  of t h e  likelihood equation f o r  continuous magnitudes 

Assume t h a t  t h e  observed magnitudes a r e  f rom a population following 
t h e  s tandard  magni tude  f requency law:- 

where  

N(m) = number of ea r thquakes  per  annum with magni tude  m (per  
unit  magnitude). 

L e t  t h e  probability t h a t  a n  ea r thquake  of magni tude  m is  d e t e c t e d  
and  magni tude  measured be  described by a function D(m) of m. In genera l  D(m) 
will involve fu r the r  pa rame te r s  y e t  t o  b e  specified. F r o m  (14) t h e  number of 
observed magni tudes  is  therefore:- 

If t h e  observed magnitudes have  a n  upper l imit  Mmax then  t h e  a v e r a g e  t o t a l  
number of observed magnitudes i s  given by:- 

- m a x  
N = ~ ( m > e  (0l-fhddrn I, 



T h e  probabil i ty t h a t  a n  observed magni tude  has  a value  m is  given by t h e  
probabil i ty dens i ty  funct ion f(m) which f rom (15) and  (16) is:- 

Suppose t h e  t o t a l  observed number of magnitudes is  K e a c h  with magni tude  m If 
i' K is  poisson distr ibuted with r a t e  t h e n  t h e  probability of observing exac t ly  K 

magnitudes is:- 

Hence  t h e  overal l  probabil i ty P(K,m l...m of observing K magnitudes with K magnitudes mi is  t h e  product  of p r o b a b ~ l i t i e s  given by (17) and  (18) 

ie, 

Subs t i tu t ing  (17) and (18) i n to  (19) 

Taking logs of both sides we  g e t  t h e  likelihood equat ion  

where  L is  t h e  likelihood. 

Maximum likelihood e s t i m a t e s  c a n  b e  found by maximising L f o r  
u , ~  and  any pa rame te r s  not  y e t  specif ied in D(m). 

F o r  a turning point 

Hence  f rom (21) 



bu t  f rom (16) 

Hence  (22) gives 

T h e  maximum likelihood solut ion is  obta ined  when t h e  predic ted  coun t  R i s  set 
equal  t o  t h e  observed count  K (a well known resul t  i r r e spec t ive  of t h e  f o r m  of 
D(m)>. 

Subst i tut ing (24) i n t o  (16) and rearranging:- 

max 
a = LogK - Log ( r ~ ( m )  (-BmIdm ) 

From (24) and  (25) w e  can  now e l imina te  f rom t h e  likelihood equat ion  (21), 

Mmax 
i =K i =K 

L = -K-LogK! + KLogK - KLog ( S ~ ( m )  -Bmdm) -B m. + 1 ~og(D(m~)). 
1 

To proceed  fu r the r  i t  is  now necessary t o  spec i fy  t h e  fo rm of D(m). 

A2.3 Der iva t ion  of Page  formula  

Determinat ion  of B f r o m  t h e  observed l inear  p a r t  of t h e  magnut ide  
f requency i s  equivalent  t o  assuming D(m) has  t h e  s imple  form:- 

~ ( m )  = 1.0 for Mmin S m S M (total detection) ... (27) 
max 

~ ( m )  = 0.0 elsewhere (ie, no data used) 

T h e  likelihood (26) is  now a funct ion  of B only. 

M i =K 
max 

L = -K-LO~K! + KLogK - KLog ( r e  -B"dm) - B  1 m. 1 ... (28) 



A t  turning points  

The re fo re  f rom (29) 

-BM - 
-K (M 

rnax - BMmin 
Mmin 

i =K 
rnax 

e e + - K - 1 m. = 0, ... (30) - 
B"min -BM max B 1 

e - e i=l 

hence  

Mmin -"max -B (M max - Mmin 1 
- ' - < m > - (  - e 
B 1 

1 
l - e  -B("max - Mmin 

where  < m > is t h e  mean  magni tude  ( M  5 m ,< M ). m in m a x  

Equation (31) is t h e  P a g e  (10) formula  and c a n  b e  solved numerical ly f o r  B given 
observed c m > , M m a x  and  Mmin .acan  then  be  obta ined  f rom (25) with t h e  

assumed form of D(m) (27). 

-fj >l 
min - PM rnax 

e - e a = L O ~ K  - L O ~  ( 
B 

) 

Inclusion of de t ec t ion  threshold pa rame te r s  

T h e  fo rm of t h e  de t ec t ion  probability D(m) used by Kelly and  Lacosse  

T h e  probabil i ty is t he re fo re  near  z e r o  for  smal l  m, equals  0.5 f o r  m = p  and  t ends  
t o  unity fo r  la rge  m. Hence  t h e  de t ec t ion  capabil i ty is  de t e rmined  by t h e  50% 
threshold p and t h e  var iance  u2. 

Subst i tu t ing  (33) i n to  t h e  likelihood equat ion  (26):- 

M i =K i =K 
rnax -Bm 

L = -K-LogK!+KLogK-KLog ( J ~(m,p,u)e dm) -6 1 mi + 1 ~og(~(m~,po)), 
-00  i =l i =l 

... (34) 



at turning points  

hence  

M 
maxD (m, p, 0 )me-Bmdm 
S 

where  

< m > = -  I 1 mi t he  mean magni tude ,  
K 
i=l 

Similarly t w o  fu r the r  equations c a n  be  obtained by d i f ferent ia t ing  with r e spec t  
t o  1.1 and a bu t  s ince t h e  equations become  in t r ac t ab le  t h e  following numer ica l  
procedure has been  found sufficient.  S t a r t i ng  with approximations t o  y and  
a compute  $ by solving equation (35) numerically. Subs t i t u t e  B i n t o  (34) and  
maximise t h e  likelihood numerically for  variat ion of 1.1 and a. Using new y and a 
recompute  and i te ra te .  A f t e r  convergence  a is  obtained f rom (25). I t  is wor th  
noting t h a t  equations (25) ,  (34), and (35) a r e  equivalent  t o  (38), (39) and  (45a) in 
Kelly and Lacoss ( 6 )  where  t h e  assumption of infini te  Mmax enables  d i r ec t  
evaluat ion of t h e  integrals .  



APPENDIX C 

CONFIDENCE LIMITS ON b VALUE ESTIMATES 

T h e  problem of assigning confidence l imi ts  on e s t i m a t e d  b values is 
discussed e lsewhere  in t h e  l i t e r a tu re  (eg, Aki (14), Utsu (15), Weichert  (16)). In a 
more  r ecen t  paper  Bender (1 l ) ,  has invest igated both conf idence  l imi ts  and  t h e  
problem of bias introduced on b values computed  using a range  of commonly used 
methods. Following Bender ( I l ) ,  tests using simulated d a t a  a r e  used h e r e  t o  
check  t h e  techniques employed for  any  bias present  and a lso  obta in  t h e  
distr ibut ion of e s t ima ted  b values. 

Two  maximum likelihood formulae  w e r e  used t o  e s t i m a t e  b in th is  
repor t  f rom t h e  l inear  sect ions of t h e  observed magni tude  frequency distribu- 
tions. T h e  P a g e  (10) formula described in appendix B assumes  t h a t  t h e  d a t a  i s  
f rom a continuous distr ibut ion within a magni tude  range  M 

t o  Mmin. max T h e  
o the r  formula  used i s  described fully by Bender (11) and  assumes  t h a t  t h e  d a t a  
f rom t h e  continuous pa ren t  population has been grouped in to  d i sc re t e  magni tude  
intervals.  For  t h e  ISC d a t a  where  ampli tudes and  periods a r e  e i the r  given 

- 

A separa te ly  or  more  f requent ly  as Log($ rounded t o  t h e  nea res t  0.1 unit, e i t h e r  
method may be appropr ia te  fo r  use on t h e  resulting magni tude  data.  

T o  t e s t  both methods  simulated sets of d a t a  grouped at 0.1 unit  
magnitude in terva ls  were  gene ra t ed  f rom a pa ren t  population following t h e  
continuous magnitude frequency distr ibut ion with b=1.0. T h e  range of magnitudes 

Mmax  -Mmin was  assumed t o  be  e i the r  1.1 and 2.5 represent ing  t h e  observed 

upper and lower l imi ts  for  rea l  data.  S e t s  of 1000 simulat ions w e r e  m a d e  fo r  
sample  s izes  varying f rom 8 0  t o  5000 and f rom t h e  resul t ing distr ibut ion of b 
values, t h e  mean, median and 95% conf idence  bounds on b computed.  

F o r  both methods  t h e  resulting mean and median b values d i f fered  
f rom 1.0 by less  t han  1% indicat ing t h a t  any bias present  in t h e  resu l t s  
introduced by t h e  analysis method c a n  be  neglected. F igure  7 shows t h e  95% 
conf idence  bounds as a function of sample  s i ze  for  d a t a  f rom t h e  l imi ted  (Mmax- 

M = 1.1) magnitude range  and also t h e  maximum (Mmax-Mmin = 2.5) likely t o  min 
b e  observed. I t  is c l e a r  t h a t  la rge  sample  s izes  a r e  required for  a c c u r a t e  b value 
determinations.  A t  l ea s t  250 observat ions a r e  required t o  achieve  0.2 accu racy  
at t h e  95% level  800  o r  more  observat ions a r e  needed t o  achieve  +0.1. 
Simulat ions assuming a population b value of 0.75 and  1.25 g ive  similar results. 
As  indicated by Bender ( l  l )  t h e  e r ro r  l imits  for  t h e  s a m e  sample  s i ze  a r e  reduced 
if t h e  d a t a  i s  f rom a wider range of magnitudes and fo r  t h e  range  Mmax- 

M 
min = 2.5 t h e  resul ts  (f igure 7) approximate  t h e  formula  proposed by Aki (l'+), 

for  t h e  s tandard  deviation of e s t i m a t e s  of b f rom a sample  of s i z e  N with 
unlimited upper magnitude (ie, Mmax-Mmin = a). 
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A Summary of results of analysis of the full amplitude (~og-1 data for 
T selected array stations. The first line for each array gives the 

parameters determined by the method of Kelly and Lacoss (6) with the 
50% threshold p, standard deviation a and the seismicity parameters 
a and b. On the second line are the results using the Page (10) 
formula to the assumed linear sections (see figures 2 and 3). 

Annual Amplitude 
TIME PERIOD Number 5W6 Standard Seismicity, Range 

Dates ( ~ a ~  ,~onth,Year) Amplitudes Threshold, Deviation, 0.1 mb interval 
a 

Used For 
From To Years Used 'CI CT Curve Fits 

NAO 

NB2 

B A  

G BA 

WRA 

BM0 

C PO 

TFO 

UBO 

WMO 

3.17 0.92 -0.6 3.2 
3.10 0.89 l.? 3.2 



TABLE 2 

interval b and a values obtained from ISC amplitude. ( ~ o g  $) data 
ed using the methods of Page (10) and Bender (11). The range of 

amplitudes over which the f i t s  were made as  well as  the number of 
amplitudes within the range are a l so  given. 

Page (1968) Bender (1983) Linear Range 
A 

Station No. L o q  
b a b a of Logl0(L) Values Used 

T 

ALE 
RLQ 
ASP 
Am' 
BKS 
BM0 
BNG 
BRG 
BSF 
BUL 
C DF 
C HG 
C I R  
C I X  
C LL 
COL 
C PO 
DAG 
DIX 
DUG 
EDM 
EKA 
EUR 
FB A 
F F C  
FLN 
FUR 
G BA 
G I L  
GOL 
GRF 
GRR 
HAU 

HYB 
INK 
KEV 
KHC 
K JF 
KRA 
KR I 
KRR 
KT24 
MO 
LBF 
U M  
LQR 
LFF 
LQN 

LSF 
LP0 
MAT 
MBC 
MIPF 
MOX 
MTD 
NAO 



TABLE 2 (Continued) ~ 
Stat ion 

NB2 
N D I  
N LE 
NUR 
NVS 
OBN 
PM0 
PMR 
PNT 
PPN 
PPT 
PRE 
PRU 
RES 
RW 
SPA 
TIK 
T U  
TPT 
TSK 
TUC 
TUL 
UBO 
UZH 
VAH 
W I N  
WOL 
WR A 
YKC 
ZAK 
ZUL 

Page (1968) 
b a 

Bender (1983) 
b a 

A 
No. L o q  

Values Used 



TABLE 3 

ISC seismicity in terms of numbers having nagnitudes = 5.8, 5.9 and 
6.0 for the period 1964 to 1.980inclusive, for the worl '"9 and Soviet 
Union. The values of a (in terms of cumulative numbers) have been 
computed using these numbers assuming a b value of 0.98. Predicted 
cumulative counts are based on these a and b values and are for 
magnitudes as normally rounded to 0.1 m,, unit. 

ISC Seismicity for Cumulative 

Number w i t h  
Magnitude - 3 ~lrequency 5.75 =mbL6.05 Distributions 

Predicted Annual 
Earthquake Count, s 

1964-80 Annually a b m, b 3-5 m B 4.0 
b m54.5; C 

Soviet Union 103+ - 10 h.l+O.G - 6.73 0.98 2 200 720 730 

Soviet Union 
Less Kuril e- 31 1-0 1.. 81-0.3 - 6.21 0.98 660 21 0 70 
Kamc hatka 



TABLE 4 

Individual station estimates of global seismicity as determined by 
numbers of earthquakes with m,, >/ 4.0. Values of C, a, F are used 

T to correct the raw a values to give a in terms of global seismicity 
C 

using equation (11). 

7; of Annua 1 NU 
Cumulative a values Number with 

Station Seismicity 
Number of Linear Range correction, b m 34.0 using 

U in Range 

l 
:or Value Raw Corrected b Amplitudes 

D C A = 30-90' a a a a 
F, C C 

BM0 
BNG 
BRG 
COL 
DAG 
EUR 
F E  
GIL 
ms 
K J F  

MBC 
MOX 
NAO 
NUR 
RES 
TUL 
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FIGURE 2 A 
Log10 7 

A Ampl i tude  (Log-) f requency p lo t s  f o r  t w o  opera t iona l  per iods  o f  NORSAR 
iNAO,NB2) a n d l h e  Uni ted  Kingdom a r r a y s  EKA, GBA and  WRA. C u r v e s  
a r e  f i t t e d  using t h e  me thod  of Kelly and  Lacoss  ( 6 )  and  p a r a m e t e r s  defining 
t h e  c u r v e s  a r e  g iven in t a b l e  1. 
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FIGURE 3 A L o g l ~  F 
A I Ampli tude (Log -) f requency plots fo r  t h e  VELA a r r a y s  BMO, CPO, TFO, UBO, 
T WMO f o r  t h e  yea r  1966. D o t t e d  curve  is  f i t t e d  using t h e  method of Kelly and 

Lacoss  ( 6 )  while t h e  l ine  is  a s t r a igh t  l inear f i t  t o  t h e  assumed l inear  sec t ion  
using t h e  P a g e  (10) formula.  Associa ted p a r a m e t e r s  defining t h e  cu rves  and  
l ines a r e  given in t a b l e  1. 

2 7 
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FIGURE 4(a) 

A Ampl i tude  (Log-) f r equency  p lo t s  f o r  44 s t a t i o n s  con t r ibu t ing  ove r  1000 a m p l i t u d e  T readings. F i t s  t o  t h e  l inear  sec t ions  ( a s  def ined by t h e  l eng th  of  t h e  lines) a r e  by 
t h e  me thod  of Bender  (1 1). Fu l l  de ta i l s  of t h e  resul ts  f o r  t h e  full  set of s t a t i o n s  
considered a r e  given in t a b l e  2. 
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+ 4-5 - 7.0 Magnitude Range 

95% Confidence bounds + 5-1 - 6.2 Magnitude Range 

---- Aki (9965) Infinite Range 
FIGURE 7 

95% conf idence  l imi t s  as a funct ion  of s ample  s i z e  on  b values infer red  f rom 
simulat ion s tudies  on d a t a  with a population b va lue  of 1.0. Resul t s  a r e  shown 
f o r  d a t a  f r o m  within a sho r t  (1.1 m ) and l a rge r  (2.5 m. ) magnitude r ange  a n d  

b a lso  t h e  resu l t  predic ted  by Aki (149 which a s sumes  no  upper bound on  magnitude. 
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