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ABSTKACT; 
- I The s p e c i f i c a t t e n u a t i o n f a c t o r , , has been e s t i m a t e d from 

seismic R a y l e i g h waves i n the frequency range 0 .015~0«11 Hz. The 93/^ 
c o n f i d e n c e l i m i t s d e termine a narrow r e g i o n around a l l e s t i m a t e s . 

The o b s e r v a t i o n f t l d a t a c o n s i s t s o f d i g i t i s e d R a y l e i g h wave 

t r a c e s from f i l m c h i p s o f the l o n g p e r i o d v e r t i c a l component i n s t r u m e n t s 

o f t h e iVWSSN s t a t i o n s . Events used a r e n u c l e a r e x p l o s i o n s i n Novaya 

Zemlya, t h e Lop Nor r e g i o n o f China ( S o u t h e r n S i n k i a n g P r o v i n c e ) and t h e 

A l e u t i a n I s l a n d s . 

The group v e l o c i t y and s p e c t r a l a m p l i t u d e s a r e o b t a i n e d f o r 

each seismogram u s i n g an improved " m u l t i p l e f i l t e r t e c h n i q u e " . 0 
"Y 

i s e s t i m a t e d by a l e a s t squares r e g r e s s i o n f i t t o t h e subsequent a m p l i t u d e -

d i s t a n c e p l o t s . 
• -1 

Values o f a r e g e n e r a l l y l a r g e r when determined from Novaya 
Zeraiya (.004) t h a n f o r t h e Lop Nor t e s t s i t e ( . 0 0 3 ) . The l a r g e s t v a l u e s 

_-] 
o f Q ( .009) are found a t low f r e q u e n c i e s (0 . 0 2 Hz)^ i m p l y i n g a zone Y • 
o f h i g h d i s s i p a t i o n i n t h e upper mantle sampled by these f r e q u e n c i e s a l o n e , 

-1 
The observed v a l u e s o f Q ar e d i r e c t l y i n v e r t e d u s i n g an 

Y ' • 

extended Monte-Carlo t e c h n i q u e - "Hedgehog". T h i s s u c c e s s f u l l y i n v e r t e d t h e 

data from Novaya Zemlya r e v e a l i n g a r e g i o n o f h i g h d i s s i p a t i o n c o i n c i d e n t 

w i t h t h e low v e l o c i t y zone, a l t h o u g h low v e l o c i t y i s not assumed. The 
-1 -1 

i n v e r s i o n model shov/s Q = .002, = ,00^5 f o r t h e uppermost 120 km 
CG p 

and Q~ = .00?, o" ' = .015 (Q = 1^0, Q = 65) i n the a b s o r p t i o n zone 
CX p Gi p 

helovi 120 km. 
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INTRODUCTION 

1.1 

The i mportance o f Q i s demonstrated by K i i o p o f f ' s (1964) statement 

"Were i t not f o r t h e i n t r i n s i c a t t e n u a t i o n o f sound i n t h e e a r t h ' s i n t e r i o r , 

t h e energy o f earthquakes o f t h e p a s t would s t i l l r e v e r b e r a t e t h r o u g h t h e 

i n t e r i o r o f t h e e a r t h today". 

I t i s obvious t h a t a f t e r an event has t a k e n p l a c e t h e energy from 

i t i s g r a d u a l l y absorbed by t h e e a r t h and c o n v e r t e d i n t o heat - t h i s i s a 

norro.al consequence o f t h e n o n - e l a s t i c phenomenon o f d i s s i p a t i v e wave pr o p a 

g a t i o n . However t h e means and amounts o f t h i s d i s s i p a t i o n are g e n e r a l l y 

not known. The g e o p h y s i c i s t i s i n t e r e s t e d i n knov^ing i f c e r t a i n areas 

o f t h e e a r t h are b e t t e r or worse d i s s i p a t o r s o f s e i s m i c energj'' t h a n o t h e r s . 

Such i n f o r m a t i o n may throw l i g h t on t h e i n t e r i o r o f t h e e a r t h i n terms o f 

t h e c h e m i s t r y axid p h y s i c s o f m a t e r i a l s and mechanisms at depth. 

Any s e i s m i c wave i s composed o f a s e t o f harmonics o r a c o n t i n u o u s 

range o f f r e q u e n c i e s ( f ) . To q u a n t i f y t h e amount o f a t t e n u a t i o n ( d i s s i p a t i o n ) 

s u f f e r e d by each harmonic we use t h e a t t e n u a t i o n f a c t o r Q ( f ) , or more 
- 1 

s e n s i b l y v/e use t h e s p e c i f i c a t t e n u a t i o n f a c t o r , Q , because t h i s i s 

d i r e c t l y p r o p o r t i o n a l t o the amount o f a t t e n u a t i o n . 

For a p r o p a g a t i n g monochromatic wave i t s a t t e n u a t i o n may be 

d e s c r i b e d by an e x p o n e n t i a l f u n c t i o n o f t h e f o r m : 
/-« f *2 dt 

CO a n g u l a r f r e q u e n c y ( r a d i a n s / s ) 

t=:' t r a v e l t i m e . 

I n terms o f f r e q u e n c y , f , and assuming a phase v e l o c i t y c we have 

. • / ^ 1 2 dx \ 

U = eXC^-T. f I -J 

. exp J 

where X i s t h e d i s t a n c e t r a v e l l e d . ẑ ''"'! 

- 1 - K\:'j'r-^ ^ 



I n terras o f a s p a t i a l a t t e n u a t i o n c o e f f i c i e n t , Y >• have t h e • 

f u i i c t i o n exp(Yx) and so 

I f we were d e a l i n g w i t h s t a n d i n g waves we would measure t h e i r 

a m p l i t u d e a t a p o i n t as i t v a r i e s i n t i m e , e s s e n t i a l l y a damping f a c t o r 

o f t h e form e x p ( v t ) i s de t e r m i n e d . The Qs f o r t h e two p o s s i b l e t y p e s o f 

exp e r i m e n t , Q„ f o r t r a v e l l i n g or Q f o r s t a n d i n g waves, are not the same and 1 s 
Kn o p o f f , A k i et a l . (1964) have r i g o r o u s l y shown t h a t 

where U i s the group v e l o c i t y . I n t h i s work, unless s p e c i f i c a l l y s t a t e d , 

Q,p i s t o be assumed. 

From these e q u a t i o n s i t i s c l e a r t h a t Q i s d i m e n s i o n l e s s and a 

measure o f t h e l o s s or a t t e n u a t i o n per c y c l e o f a wave, r a t h e r t h a n a 

measure o f l o s s w i t h a b s o l u t e d i s t a n c e as i s t h e case f o r t h e a t t e n u a t i o n 

c o e f f i c i e n t Y • T h i s i s s i m p l y shown by e x p r e s s i n g Y i n terms o f 

wave l e n g t h X 

Y = -Q"'' \ km-^ 

1.2 Q DETERMINATIONS IN THE LABORATORY 

O b s e r v a t i o n a l d a t a on Q u s u a l l y f a l l s i n t o one o f t h r e e c a t e g o r i e s : 

1 L a b o r a t o r y experiments on non e a r t h m a t e r i a l s 

2 L a b o r a t o r y e x p e r i m e n t s on e a r t h m a t e r i a l s 

3 Experiments on the r e a l e a r t h 

v / i t h t h e e r r o r s i n v o l v e d i n c r e a s i n g from c a t e g o r y t o c a t e g o r y . 
- 1 

For l i q u i d s Q i s found t o be p r o p o r t i o n a l t o t h e f r e q u e n c y . 
P i n k e r t o n (19^7) p l o t s a g a i n s t frequency and t h e s t r a i g h t l i n e s o f 

zero slope which he o b t a i n s i l l u s t r a t e t h e r e s u l t v e r y w e l l . 

The a t t e n u a t i o n c o e f f i c i e n t , Y t s o l i d s i s u s u a l l y found t o 
-1 

be p r o p o r t i o n a l t o th e frequency and heiTce v a l u e s o f Q a r e frequency 

i n d e p e n d e n t . T h i s i m p l i e s t h e t h e o r y o f constancy o f Q over a l l f r e q u e n c i e s . 



For example P e s e l n i c k and Z i e t a (1959) measured t h e Q o f Solenhofen Limestone 

u s i n g c o m p r e s s i o n a l p u l s e s i n t h e frequency range 3-15 Mc/s and found 

i t t o be 110. More r e c e n t measurements by Mason and Kuo (1971) f o r 

P e n n s y l v a n i a S l a t e over t h e frequency range .01-20 megahertz gave an 

a p p r o x i m a t e l y c o n s t a n t v a l u e . 

The concept o f c o n s t a n t Q i s i m p o r t a n t because i f i t i s accepted 

f o r t h e r e a l e a r t h t h e n any d e v i a t i o n from "normal" Q w i l l i m p l y a change 

i n substance, p h y s i c a l or c h e m i c a l . But a d i s t i n c t i o n must be made between 

t h e Q o f body waves and s u r f a c e waves. Yamakawa and Sato (1964) s t a t e t h a t 

body wave Q i s a p h y s i c a l c o n s t a n t f o r a medium whereas s u r f a c e wave Q 

depends on t h e p h y s i c a l p r o p e r t i e s and t h e s t r u c t u r e o f t h e medium. The Q. 

o f s u r f a c e waves, l i k e t h e v e l o c i t y , maj have an "a p p a r e n t " f r e q u e n c y 

dependence s i m p l y due t o t h e geometry o f a l a y e r e d s t r u c t u r e . 

Other people have i n v e s t i g a t e d t h e j o i n t problem o f l i q u i d and 

s o l i d ; Born ( I 9 4 l ) , has i n v e s t i g a t e d sandstone w i t h v a r y i n g -water 
-1 

c o n t e n t s . His p l e a s i n g r e s u l t s are t h a t Q becomes more freq u e n c y 
-1 

dependent as t h e water c o n t e n t i n c r e a s e s . Q i s c o n s t a n t f o r t h e d r y 

r o c k case, F i g u r e 1.1 i s taken from Bern's work. 

The d i s a d v a n t a g e o f these e x p e r i m e n t s i s t h a t t h e y a r e conducted 

a t n o n - g e o p h y s i c a l f r e q u e n c i e s . We a r e r e a l l y i n t e r e s t e d i n t h e range .001 

t o 10 Hz. 

1,3 Q MECHANISMS 

S e v e r a l mechanisms have been put f o r w a r d t o d e s c r i b e m i c r o s c o p i c 

Q, and a good r e v i e w paper i s t h a t o f Jackson and Anderson (1970) . 

Some o f th e l e s s s u c c e s s f u l mechaxiisms i n v o l v e atomic d i f f u s i o n 

and d i s l o c a t i o n mechanisms. The b e t t e r mechanisms seem t o i n v o l v e 

1 p a r t i a l m e l t i n g 

2. g r a i n boundary r e l a x a t i o n s and 

3 a mechanism o f " h i g h t e m p e r a t u r e , i n t e r n a l f r i c t i o n background" 

( i . e . vacancy c r e a t i o n and d i f f u s i o n ) which obeys 
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Q"'' = I exp (-H/RT) 

where H i s t h e a p p r o p r i a t e energy r e q u i r e d f o r i n i t i a t i o n and T i s t h e 

a b s o l u t e t e m p e r a t u r e . Note t h a t f o r t h i s mechanism Q ' <x f 

Processes such as d i f f u s i o n o f d i s l o c a t i o n s and c r y s t a l p o i n t 

d e f e c t s , f l u i d f l o w i n pores and phase changes w i l l a c t t o r e l i e v e an 

a p p l i e d s t r e s s •- these are r e l a x a t i o n meche\nisms. Energy i s absorbed 

and t h e n r e l e a s e d d u r i n g c o n s e c u t i v e h a l v e s o f a c y c l e and t h i s energy 

t r a n s f e r t a k e s a f i n i t e r e l a x a t i o n t i m e . 

Zener (1948) has shovm t h a t i f t h e r a t e of s t r e s s r e l i e f i s 

p r o p o r t i o n a l t o s t r e s s f o r c o n s t a n t s t r a i n t h e n each o f t h e above processes 

c r e a t e s an i n t e r n a l f r i c t i o n Q o f t h e form 
. M ~M„ f / f ^ - 1 ^ u R 

\ 1 . - ( f / f ) ^ 
P 

M : " u n r e l a x e d " e l a s t i c modulus u • . 
M^: r e l a x e d e l a s t i c modulus 

f ^ : c o n s t a n t o f p r o p o r t i o n a l i t y betv/een s t r e s s and r a t e o f s t r e s s r e l a x a t i o n , 

I f t h e mechanism i s t h e r m a l l y a c t i v a t e d t h e n t h e r e l a x a t i o n 

t i m e s are p r e s s u r e and t e m p e r a t u r e dependent. We would t h e r e f o r e expect 

t h e i n t e r n a l f r i c t i o n t o v a r y w i t h d e p t h . A l l o w i n g f o r t h e e f f e c t ' o f 
"1 

t e m p e r a t u r e on r e l a x a t i o n t i m e s a l t e r s the above e x p r e s s i o n f o r Q t o 

Q. x-1 _ u R p 
u 1 + ( ~ e x p ( — ) ) 

P 

However, i t i s not p o s s i b l e t o s t a t e t h a t one p a r t i c u l a r mechanism i s 

e n t i r e l y r e s p o n s i b l e f o r a t t e n u a t i o n e f f e c t s . 

A l s o , a p a r t i c u l a r a t t e n u a t i o n mechanism may be q u i t e s t r o n g l y 

f requency dependent - but i f we c o n s i d e r a wide range o f c h e m i c a l and 

p h y s i c a l p r o p e r t i e s ( f o r example g r a i n and pore s i z e w i t h i n the e a r t h ) 

and a m u l t i component, m u l t i phase system t h e n we may o b t a i n a Q which 

i s o n l y weakly f r e q u e n c y dependent. The e a r t h ' s heterogeneit.-/ may average 

a Q mechanism t o produce a p r e d o m i n a n t l y frequency independent r e s u l t . 



I . 4 Q DETERMINATIONS FROM THE REAL EARTH 

E x p e r i m e n t a l measurements o f Q f o r the r e a l e a r t h d i f f e r i n t h e i r 

degree o f d i r e c t n e s s and i n t h e number o f secondary e f f e c t s which have, t o 

be c o n s i d e r e d e.g. r e f l e c t i o n c o e f f i c i e n t s . 

Body v/ave d e t e r m i n a t i o n s o f Q u s u a l l y r e l y on the s p e c t r a l 

r a t i o s o f two d i s t i n c t s e i s m i c wave phases. I f we t a k e t h e s p e c t r a l r a t i o s 

f o r t h e phases ( f r o m t h e same e v e n t ) P and t h e s u r f a c e r e f l e c t i o n pP f o r 

r e c o r d i n g s a t t h e same s t a t i o n t h e n we have a Q dependent q u a n t i t y . 
CJj 

The d i f f e r e n c e between t h e two phases i s caused m a i n l y by t h e e p i c e n t r e -

h y p o c e n t r e s t r u c t u r e a t the source and the l o s s of energy a t t h e s u r f a c e 

r e f l e c t i o n . The s u r f a c e r e f l e c t i o n i s an unwanted secondary e f f e c t v/hich 

when t a k e n i n t o c o n s i d e r a t i o n i s a source o f e r r o r , N i a z i (1971) used t h e 

t e c h n i q u e t o dete r m i n e Q v a l u e s f o r t h e upper m a n t l e ; h i s r e s u l t s have 

been c r i t i c i s e d by Buchbinder (1972) . 

The phases PcP and P have been used t o det e r m i n e Q i n t h e ma n t l e . 

I b r a h i m (1971) o b t a i n s t h e r a t i o PcP/P and chooses as t h e best Q v a l u e s 

t h o s e which reduce t h e s c a t t e r i n h i s dat a ; t h e t e c h n i q u e seems t o be e f f e c t i v 

The work o f Kovach and Anderson (1964) produced v a l u e s f o r 

u s i n g S waves r e f l e c t e d a t the core mantle boundary; ScS, sScS, ScS2, 

sScS^ were observed and det e r m i n e d . The s u r f a c e r e f l e c t e d v/aves a l l o w 

d i s t i n c t Q s t o be determined f o r t h e upper and lower r e g i o n s of t h e 

m a n t l e , g i v i n g v a l u e s o f 200 and 2200 r e s p e c t i v e l y . 

Both o f these l a s t two methods assume c o e f f i c i e n t s o f r e f l e c t i o n 

and o b t a i n Q i n d i r e c t l j ' ' by the comparison o f two or more d i f f e r e n t 

phases o f se i s m i c energy. To determine t h e degree o f a t t e n u a t i o n d i r e c t l y 

i t i s necessary t o observe t h e same wave at more than one p o i n t . 

The s u r f a c e waves from a l a r g e earthquake w i l l t r a v e l round t h e 

e a r t h s e v e r a l t i m e s b e f o r e they are a t t e n u a t e d down t o t h e n o i s e l e v e l -

hence t h e y may be r e c o r d e d more t h a n once at t h e same s t a t i o n . The a m p l i t u d e 

a t t e n u a t i o n can t h e n be e a s i l y measured from the two c o n s e c u t i v e t i m e s e r i e s . 



A di s a d v a n t a g e of t h i s t e c h n i q u e i s t h e v a l u e s o f Q be i n g determined f o r one 

ver y s p e c i f i c p a t h . Kanamori (1970) made measurements f o r b o t h Love and 

R a y l e i g h waves and found t h a t Q d i f f e r e d c o n s i d e r a b l y f o r d i f f e r i n g g r e a t 

c i r c l e p a t h s . His v a l u e s f o r R a y l e i g h wave Q̂_̂  are l80 _+ 80 and f o r Love 

waves 110 _+ 40, u s i n g K u r i l e I s l a n d earthqui\kes. A f u r t h e r d isadvantage 

i s t h a t t h e p e r i o d range i s a p p r o x i m a t e l y 150-350 seconds, a range v e r y 

much r e s t r i c t e d t o these l a r g e earthquakes. Such.long p e r i o d s are r e q u i r e d 

f o r t h e method because s h o r t e r p e r i o d s a r e a t t e n u a t e d r a p i d l y w i t h d i s t a n c e . 

A d i f f e r e n t approach t o t h e problem i s g i v e n i n t h e work o f 

Carpenter and M a r s h a l l (1970) . A n u c l e a r e x p l o s i o n i s used as t h e source 

o f s u r f a c e waves and assuming a ' c i r c u l a r r a d i a t i o n p a t t e r n t h e g r e a t 

c i r c l e t e c h n i q u e need not be used. I n s t e a d , t h e r e are s e v e r a l r e c o r d i n g 

s t a t i o n s around t h e e v e n t , but a t d i f f e r e n t . d istances and a sim p l e p l o t o f 

a m p l i t u d e a g a i n s t d i s t a n c e i s o b t a i n e d , which s i m p l y d e t e r m i n e s Q. Th i s 

i s d i s c u s s e d i n more d e t a i l l a t e r . 

A f i n a l i m p o r t a n t t e c h n i q u e i s t h e o b s e r v a t i o n o f the normal 

modes o f o s c i l l a t i o n o f t h e e a r t h . These are o f l o n g p e r i o d and t h e r e f o r e 

c o n t a i n i n f o r m a t i o n about t h e e a r t h a t depth. However such o b s e r v a t i o n s 

a r e made at two p o i n t s i n t i m e , not space, and Q i s dete r m i n e d f o r these 
s 

s t a n d i n g waves. 

A l l o f these t e c h n i q u e s have t h e i r p a r t i c u l a r d i f f i c u l t i e s . Body 

wave t e c h n i q u e s i n v o l v e t h e d e t e r m i n a t i o n o f r e f l e c t i o n c o e f f i c i e n t s w h i l e 

s u r f a c e wave measurements must n e c e s s a r i l y l e a d t o an i n v e r s i o n p r o b l e m 

when a dep t h dependenc e f o r Q i s r e q u i r e d . 



CHAPTER 1 

1.1 The Am p l i t u d e o f R a y l e i g h Waves 

A g e n e r a l e x p r e s s i o n f o r t h e a m p l i t u d e A ( f ) o f a seis m i c R a y l e i g h 

wave ( v e r t i c a l component) i n a l a y e r e d medium i s 

A ( f , r ) = K . L ( f , d ) . I ( f ) . S ( f ) . D ( f ,r).G,(f , r ) 1.1 

f = f r e q u e n c y Hz 

K = a c o n s t a n t 

r - d i s t a n c e from source 

L = a m p l i t u d e response o f l a y e r e d medium ( d e p t h d ) 

I = i n s t r u m e n t t r a n s f e r f u n c t i o n 

S = source s p e c t r a l f u n c t i o n 

D = a b s o r p t i o n t e r m 

G = g e o m e t r i c a l s p r e a d i n g c o r r e c t i o n . 

T h i s R a y l e i g h v?ave a m p l i t u d e A ( f ) i s expressed i n the fre q u e n c y 

domain (Toksoa, Ben-Menahem and H a r k r i d e r 1964); t h e a m p l i t u d e A ( t ) observed 

on t h e seismcgram i s s i m i l a r t o the above e x p r e s s i o n except t h e terms a r e 

convolved and not m u l t i p l i e d . 

C arpenter and M a r s h a l l c o n s i d e r e d t h e t i m e domain problem f o r 

an expanding p r e s s u r e p u l s e as source. T h e i r work shows t h a t f o r measurements 

o f p e r i o d , T, made d i r e c t l y from t h e seismograra t h a t 

A(T) = K« U(dU/dT)'^' (A"''^'sin~^A) e x p ( - ~ ) 1.2 

v/here E i s t h e r a d i u s o f the e a r t h and t h e a n g u l a r d i s t a n c e o f t r a v e l . 

T h i s may be r e w r i t t e n as 

A(T) r= K" (E s i n A ) " ^ exp {=1^) T 3 QUT ̂  I O 

where t h e t e r m i n (E s i n A) t a k e s account o f g e o m e t r i c a l s p r e a d i n g , and not 

A '^^sin A i m p l i e d by e q u a t i o n 1.2. The term U(EA'|~-) ̂  a r i s e s because 

the s t a t i o n a r y phase a p p r o x i m a t i o n has been used t o determine t h e f a r f i e l d 

R a y l e i g h wave shape i n t h e tirae domain from a frequency domain f o r m u l a t i o n . 

T h e i r measurements were c o n f i n e d t o the apparent p e r i o d ( t h e t i m e between 



s u c c e s s i v e peaks) and the a m p l i t u d e f o r t h a t p e r i o d , these are s t r i c t l y 

t i m e domain measurements, 

1,2 The Time or Frequency Domain? 

The q u e s t i o n o f r e l a t i v e m e r i t o f data r e p r e s e n t a t i o n i n t h e 

t i m e or frequency domain appears t r i v i a l (because b o t h forms are j u s t 

d i f f e r e n t r e p r e s e n t a t i o n s o f t h e same d a t a ) , but i t i s i m p o r t a n t . There 

are d e f i n i t e advantages t o be gained by wo r k i n g i n t h e frequency domain. 

We have t o c o n s i d e r t h e e f f e c t o f i n s t r u m e n t at i o n . The i n s t r u m e n t a l 

response i s i n h e r e n t l y a fr e q u e n c y domain d e s c r i p t i o n . We may c o n s i d e r 

an i n p u t i n t h e t i m e domain t o an i n s t r u m e n t a l " b l a c k box" f i l t e r and 

observe i t s o u t p u t , but t o a p p r e c i a t e t h e change i n waveform, and c o r r e c t 

f o r i t , we r e q u i r e a set o f m a g n i f i c a t i o n s at the d i f f e r e n t f r e q u e n c i e s 

and t h e c o r r e s p o n d i n g phase d e l a y s . C o r r e c t i o n w i t h these v a l u e s i s 

s i m p l e d i v i s i o n , t h e a l t e r n a t i v e i s a l e n g t h y t i m e domain d e c o n v o l u t i o n 

p r o c e s s . 

A l s o , t h e apparent periocfe measured i n t h e t i m e domain a r e f o r c e d 

upon us by the i n d i v i d u a l r e c o r d , and more l i k e l y t h a n n o t , t h e y are not 

d i r e c t l y comparable between one r e c o r d and t h e n e x t . Worse t h a n t h i s , when 

an apparent p e r i o d i s measured and a v a l u e a s s i g n e d , say 15s, we a r e not 

c e r t a i n how many p e r i o d s are compounding t o t h a t waveform. A nominal 

v a l u e o f 15s may e a s i l y cover t h e t r u e range 12-19s. To c o r r e c t f o r t h i s 

p a r t i a l d i s p e r s i o n i t i s necessary t o a p p l y t h e s t a t i o n a r y phase c o r r e c t i o n , 

and t o accept t h a t t h e e a r t h i s not a p e r f e c t F o u r i e r f i l t e r . 

The s t a t i o n a r y pnase a p p r o x i m a t i o n g e n e r a t e s a term f o r c o r r e c t i n g 

a m p l i t u d e s measured from a time s e r i e s which i s o f t h e form 

where R i s t h e d i s t a n c e t r a v e l l e d and equal t o EA. For a p a r t i c u l a r 

t y p e of e x p l o s i o n , underground or a t m o s p h e r i c , t h i s t e r m i s f u r t h e r m o d i f i e d 
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i n i t s T-dependence and becomes i n both cases 

U.R ( ^ ) T 1.5 

As expected the c o r r e c t i o n i s determined by the group v e l o c i t y and period 

we are c o n s i d e r i n g and the r a t e of change i n that group v e l o c i t y . Further, 

there i s a d i s t a n c e term, R , implying that the longer the path on the 

e a r t h ' s s u r f a c e then the greater w i l l be the reduction i n time domain 

amplitudes due to smearing by d i s p e r s i o n . 

The meaning of term 1.5 i s u s u a l l y hidden and confused by 

i n t r o d u c i n g the geometrical spreading term, ( E s i n A) ( f o r s u r f a c e waves) 

at an e a r l i e r stage, and s p l i t t i n g the term i n t o a geometrical and 

d i s p e r s i v e term 

„.R-!« (|i,->4 T-3/a (E s i n A) 

^ A isxn A - 3 / 2 ,dU,-)^ 
dT' U.T ( ^ ) 1.6 

However, for the s t a t i o n a r y phase c o r r e c t i o n to hold a c o n d i t i o n to be 

f u l f i l l e d i s (where k i s wavenumber) 

|.,d J 
dk-̂  . ^ — — ^ g 1.7 

,,d w , 3 /2 
( t — 5 ) 

dk 

and i f t h i s quantity does not converge to such a l i m i t then the method i s 

i n v a l i d (Bath,"Mathematical Aspects of Seismology", p.4 3 ) . Such convergence 

i s c e r t a i n l y i n question near turning p o i n t s of the d i s p e r s i o n curve, when 
2 

= — ^ _ 0. Examination of the averaged group v e l o c i t y curves 
dk 

published by O l i v e r ( 1 9 6 2 ) , show three turning point regions for which 

d \ 
— ^ i s c e r t a i n l y non zero, the one of importance c r e a t i n g the Airy 
dk"* 

phase for periods around l 8 s . Thus, co n d i t i o n 1.7 need not hold and the 

Airy phase approximation ( P e k e r i s ( 1 9 ^ 8 ) c o n s i d e r s 3 r d order phase terras) 



may be more appropriate than the simple second order s t a t i o n a r y phase 

approximation. The Airy phase has been shown to.propagate with a d i f f e r e n t 

dependence'on d i s t a n c e then the remainder of the Rayleigh wave (Ewing, 

Jardetzky and P r e s s (1957)» P e k e r i s (19^i-8)) 5 and has o c c a s i o n a l l y been 

regarded as a separate phase, Rg, although i t i s only part of the fundamental 

Rayleigh mode. The non-Airy phase Rayleigh mode has d i s t a n c e dependence 

R , the Airy phase depends on R , I n c r e a s i n g d i s t a n c e makes the Ai r y 

phase stand out from the r e s t of the mode, hence i t s mistaken i d e n t i t y 

on the seismogram as a unique phase Rg, 

Even i f the Airy phase i s avoided (although i t o f t e n contains 

most of the energy!) a set of va l u e s at d i f f e r e n t "apparent" periods for 

the d i s p e r s i v e term i n 1.6 i s s t i l l inadequate to c o r r e c t amplitudes 

measured from the time s e r i e s . At a p a r t i c u l a r apparent period the d i s p e r s i v e 

e x p r e s s i o n i s a f u n c t i o n of the type of path t r a v e r s e d by the wave t r a i n . 

C o n t i n e n t a l , mixed and oceanic paths a s s i g n widely d i f f e r e n t v a l u e s to t h i s 

e x pression because of the d i f f e r e n t d i s p e r s i o n c h a r a c t e r i s t i c s . A p p l i c a t i o n 

of the s t a t i o n a r y phase approximation as a "path type" c o r r e c t i o n has been 

a p p l i e d by some r e s e a r c h e r s , notably Marshall and Basham (1972) to 

redetermine M v a l u e s . I t i s apparent that systematic e r r o r s w i l l s t i l l s 
remain because the i n d i v i d u a l e p i c e n t r e - s t a t i o n path c o r r e c t i o n was replaced 

by an average, for example, a l l c o n t i n e n t a l paths were averaged as one group 

type c o r r e c t i o n . I t would be extremely l a b o r i o u s to determine t h i s c o r r e c t i o n 

terra for a l l paths and pe r i o d s . 

However, such path c o r r e c t i o n s are an unfortunate a r t i f a c t of 

amplitude measurements made d i r e c t l y from the p a r t i a l l y d i s persed time-

s e r i e s r e p r e s e n t a t i o n of the data. A great advantage of working i n the 

frequency domain i s that d i s p e r s i o n expressions of the type i n 1.6 simply 

disappear: t h i s a l t e r n a t i v e i s now considered. 

1.3 Amplitudes i g ^ t h e Frequency Domain 

Rayleigh waves which have propagated a l a r g e d i s t a n c e are of the 
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form 

f ( t ) = j Siu) fik.^) exp [ K w t - - 0) ] dco 1.8 

where f ( t ) i s an observed seisraogram ( i g n o r i n g the transducing and d i s t o r t i n g 

instrument e f f e c t s ) , S((d) the spectrum of the generating f o r c e and k 
r 

the Rayleigh wave number. This i n t e g r a l could be approximated by the 

s t a t i o n a r y phase approximation to give the d i r e c t observables A(T); the 

d i f f i c u l t i e s of t h i s method are explained above. A l t e r n a t i v e l y the 

seismogram f ( t ) i s F o u r i e r analysed to give 

A ( f ) = j fit) exp [ - i 2 7tft]dt 1 .9 

T h i s approach has only been p o s s i b l e s i n c e the advent of algorithms to 

s i m p l i f y F o u r i e r transform c a l c u l a t i o n s , and l a r g e computers to c a r r y out 

the c a l c u l a t i o n s ; the l a c k of these forced the use of previous techniques. 

We have now returned to the simple form of equation 1.1 

A ( f , r ) = K L ( f , d ) . I ( f ) . S ( f ) . D ( f , r ) . G ( f , r ) 

with G ( f , r ) = (E s i n A) 

D ( f ) = exp(-7cfEVcQ) 

The assumption w i l l be made that the amplitude response of the 

l a y e r e d medium L ( f , d ) does not introduce a non c i r c u l a r r a d i a t i o n 

p a t t e r n . Also A ( f , r ) w i l l be taken as instrument c o r r e c t e d , that i s 

A ( f , r ) / I ( f ) . 
Therefore, the d i s t a n c e dependence of s p e c t r a l amplitudes i s 

-Vz 

A ( f , r ) = K'(E s i n A) exp(-7tfEA/cQ) 1.10 

Brune (1962) has shown for s u r f a c e waves that the group v e l o c i t y U r a t h e r 

than phase v e l o c i t y c ought to be used i n the a t t e n u a t i o n expression. 

Taking logs g i v e s 
log^Q [ A ( f , r ) ] + 0 .5 l o g ^ Q ( E s i n A) = -(Q""^ )(7tfEA / U ) + log^^K" 1.11 

T h i s i s the amplitude-distance dependence expressed as a s t r a i g h t l i n e 
-1 

with the general form "y = Q x -i- b". The amplitudes are c o r r e c t e d for 

geometrical spreading and the " d i s t a n c e " term, •JcfEA/U, condenses the true 
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d i s t a n c e , frequency and group v e l o c i t y dependence i n t o one terra. The 
- 1 

slope of the l i n e should give estimates of Q , and t-he s c a t t e r of p o i n t s 

an estimate of the e r r o r s i n v o l v e d . 

I t i s worth noting that the dimensions of the F o u r i e r s p e c t r a 

A ( f , r ) are length x time e.g. microns seconds, but measurements made 

d i r e c t l y from the seisraogram have the dimensions of length. This i s because 

the F o u r i e r amplitudes apply to a continuous f u n c t i o n and are r e a l l y 

s p e c t r a l d e n s i t i e s . I f one F o u r i e r s p e c t r a l amplitude A (dimension LT) 

i s assumed to cover the frequency i n t e r v a l Af (dimension T ) then the 

product A X Af may be r e l a t e d to the amplitudes as measured on the 

seisraograra. 

Also, the v a l i d i t y of the F o u r i e r expansion should be v e r i f i e d for 

propagation on the s u r f a c e of a globe. Brune et a l , ( 1 9 6 1 ) have c a r r i e d 

out some work with t h i s purpose i n mind. The c o r r e c t f u n c t i o n s to be used 

i n a s e r i e s expansion for a s p h e r i c a l system are the Legendre polynomials. 

Brune et a l . ( I 9 6 1 ) have shown that a F o u r i e r expansion and a Legendre 

expansion are almost i d e n t i c a l , except at the antipode, where there i s a 

r a p i d phase advance of 91:/2 between the two systems. This i m p l i e s H i l b e r t 

t r a n s f o r m a t i o n of a v/aveforra as i t goes through an antipode: Brune et a l . 

( 1 9 6 1 ) observed such a change i n a model experiment they conducted. However, 

at other regions of the g l o b a l s u r f a c e the F o u r i e r expansion i s an e x c e l l e n t 

match to the Legendre. Since none of the s u r f a c e v;aves used i n t h i s work 

were observed for propagation paths of greater length than % these a n t i p o d a l 

c o n s i d e r a t i o n s need not concern us. 
~ 1 

1.4 F a c t o r s Necessary to Estimate Q 
From the d i s c u s s i o n of equation 1.11 i t i s apparent that to 
~1 

estimate Q i t i s necessary to measure the f o l l o w i n g 

A ( f , r ) : the F o u r i e r s p e c t r a l amplitudes for a range of d i s t a n c e s . 

A: e p i c e n t r e - s t a t i o n d i s t a n c e 
f : frequency 

U: group v e l o c i t y 
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and an instrument c o r r e c t i o n for t he s p e c t r a l amplitudes. 

The data used and the measurements taken are d i s c u s s e d i n the next 

chapter. 
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CHAPTER 2 

2.1 The Data 

The r e c o r d s of some l a r g e n u c l e a r explosions were chosen for 

a n a l y s i s , these events are l i s t e d i n Table 2.1 and Figure 2 . 1 . The 

emphasis was on atmospheric explosions for the fol l o w i n g reasons: 

1. Atmospheric explosions have been of s i g n i f i c a n t l y g r e a t e r 

y i e l d than underground explosions and so a b e t t e r s i g n a l -

t o-noise r a t i o w i l l be expected for the a v a i l a b l e r e c o r d s . 

2. Larger events, atmospheric explosions, are more e f f i c i e n t 

generators of low frequencies than are smaller events. A 

l a r g e event w i l l t h e r e f o r e sample a greater depth of the 

ear t h . 

One earthquake v/as examined for comparison purposes, t h i s a l s o 

appears .in Table 2.'1 and Figure 2 . 1 . Earthquakes i n general were not used, 

and explosions p r e f e r r e d , because: 

1. Depth and O r i g i n Time: for explosions the e p i c e n t r e i s u s u a l l y 

c o n s t r a i n e d to zero depth thereby removing a source of e r r o r 

from the o r i g i n time. The o r i g i n time i s v i t a l for the 

determination of the wave t r a i n group v e l o c i t i e s and u s u a l l y 

i t i s more a c c u r a t e l y known for explosions than for 

earthquakes. 

2 . R a d i a t i o n p a t t e r n s : for the method to be used i t i s important 

that equal or known quanta of r a d i a t i o n energy are emitted 

from the source i n a l l d i r e c t i o n s . I t i s w e l l known that 

earthquakes show v a r i o u s r a d i a t i o n p a t t e r n s , determined by 

the phase concerned; and hence the energy emitted from an 

earthquake i s a fu n c t i o n of azimuth. 

I t i s here considered that such a r a d i a t i o n p a t t e r n i s not 

s u f f i c i e n t l y well known to be removed from the measurements, 

i n the sense that geometrical spreading may be c o r r e c t e d for 

and removed. An explosion i n t r i n s i c a l l y r a d i a t e s equal quanta 
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EVENT EPICKNTRES AND THE Vf^SH STAT IONS IBED 

F 

WRCATOR P R o J E C T ' O M ALL erARlNOS CORRCCT AMO OfmiOKORPHlC 

FIGURE 2.1 



i n a l l azimuthal d i r e c t i o n s , that i s i f we ignore the l a t e r a l 

v a r i a t i o n s i n g e o l o g i c a l s t r u c t u r e and the s p e c i f i c a t t e n u a t i o n 

f a c t o r Q . F u r t h e r , i t would be impossible to d i s t i n g u i s h ' 

between anomalous source e f f e c t s and anomalous l a t e r a l 
-1 

v a r i a t i o n s of Q 

3 . S p e c t r a l content: Carpenter and Marshall (1970) have 

published the source spectrum for atmospheric explosions. 
I t i s approximately a constant, as expected, because i n t u i t i v e l y 
i t i s the F o u r i e r transform c f an impulse i n the time domain, 

-1 

I n determining Q as a f u n c t i o n of frequency a l l f r e q u e n c i e s 

are of equal i n t e r e s t , t h e r e f o r e i t i s p l e a s i n g to have a l l 

frequencies e q u a l l y represented i n the source spectrum. 

A s p e c t r a l s o u r c e - l a y e r i n g term for underground explosions, 

S ^ ( f ) , L ^ ( f , d ) , has been published (Marshall and Burton 1971) and t h i s 

r e p r e s e n t s the product of the source spectrum with the amplitude response of 

the l a y e r e d medium at the e p i c e n t r e . T h i s f u n c t i o n can be seen to be 

monotonically decreasing for underground explosions, whereas the s i m i l a r 

f u n c t i o n for an earthquake has a minimum turning point ( M a r s h a l l and Burton 

1971 F i g u r e s 2 and 4 ) , commonly r e f e r r e d to as a s p e c t r a l hole. The 

hole i n an earthquake spectrum i s a s s o c i a t e d with the depth of the 

source i n t e r a c t i n g with the source mechanism (Douglas, Hudson and Khembhavi 

1971) and t h e r e f o r e no explosion w i l l e x h i b i t such a phenomenon, for t h i s 

reason, because they are near s u r f a c e events. This smoothness of the 

underground s p e c t r a l frequency content means that no p a r t i c u l a r group of 

f r e q u e n c i e s i n the spectrum w i l l be p a r t i c u l a r l y d i f f i c u l t to i n v e s t i g a t e 

because of suppression at the source. 

I t should be p o s s i b l e to determine the underground explosion 

source f u n c t i o n , r a t h e r than the s o u r c e - l a y e r i n g term, by applying the 

"Common Path" method to a. l a r g e e x p l o s i o n and the subsequent c a v i t y c o l l a p s e . 

•15-



The C a v i t y c o l l a p s e records from the l a r g e Cannikin event are of 

s u f f i c i e n t s i g n a l - t o - n o i s e r a t i o to encourage such an i n v e s t i g a t i o n . 

With the events chosen because of the above reasons the a v a i l a b l e 

IfWSSN f i l m chip r e c o r d i n g s for the long period, v e r t i c a l component system 

were examined. The WWSSK g i v e s good world coverage with standard 

i n s t r u m e n t a t i o n . 

The records which were d i g i t i s e d are l i s t e d i n Appendix 1. 

I n a l l s e v e r a l hundred records were examined and about 200 of these were 

d i g i t i s e d . Many of the records examined were not d i g i t i s e d because of t h e i r 

poor q u a l i t y , extremely poor s i g n a l - t o - n o i s e , " k n i t t i n g " r e c o r d s , coincident 

events or simply because the r e l e v a n t event was not found. Much of the 

data obtained from the ftf^A'SSN records are of e x c e l l e n t q u a l i t y , e s p e c i a l l y 

the e a r l i e r data recorded with a f a s t drum speed. 

The d i g i t i s e d records were sampled every 1 . 6 s , determining a 

Nyquist frequency of O.3125 Hz. The d i g i t i s i n g was performed on an AGI 

f i l m a s s e s s o r which was e s p e c i a l l y s u i t a b l e for WWSSN f i l m c h i p s . T h i s 

machine steps along the time a x i s at equal increments, and the d i g i t i s e d 

amplitude coordinate was obtained by matching c r o s s w i r e s to the top side 

of the seismogram. D i g i t i s i n g s t a r t e d at a minute marker or at a known 

number of sample i n t e r v a l s before a prominent record f e a t u r e and continued 

u n t i l the end of the record. Care was taken to omit any l a t e r a l r e f r a c t i o n s , 

or r e f l e c t i o n s of seismic energy and to avoid d i g i t i s i n g the minute markers. 

Measurements were taken from the i n d i v i d u a l record c a l i b r a t i o n 

p u l s e s and instrument parameters noted, i n accordance v^ith the work of 

Espinosa, Sutton and M i l l e r (1965)• Appendix C d e s c r i b e s the c a l c u l a t i o n 

of 1 ( f ) from these measurements. 

To complete the i n i t i a l data i t i s necessary to know the 

e p i c e n t r a l coordinates and the o r i g i n times for events. These are 

obtained from the PDE cards published by the USCGS, Also the coordinates 
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of the WWSSN s t a t i o n s are required, these are published i n the WWSSN 

handbook ( 1 9 6 5 ) . 

2 .2 Data A n a l y s i s 

The data a n a l y s i s f a l l s i n t o two main p a r t s ; the determination 

of the s p e c t r a l F o u r i e r amplitudes and the group v e l o c i t i e s , followed by 
"1 

the e s t i m a t i o n s of Q using a l e a s t squares technique. 

I n i t i a l information was obtained using the program GEDESS 

(Young and Gibbs I 9 6 8 ) . This program c a l c u l a t e s the e p i c e n t r e - s t a t i o n 

s e p a r a t i o n A° and allo w s for the e l l i p t i c i t y of the e a r t h . The program 

a l s o c a l c u l a t e s the estimated time of a r r i v a l of the Rayleigh ^Os period 

wave (assuming a v e l o c i t y of 5 « 9 7 kra/s) from an ep i c e n t r e to any recording 

s t a t i o n . T h i s helped to f i n d the c o r r e c t event when other events occurred 

on the same rec o r d . 

S p e c t r a l amplitudes and group v e l o c i t i e s were obtained using 

the "Time S e r i e s A n a l y s i s Program" (TSAP) described i n the attached report 

(Burton and Blamey 1972) . T h i s program was written i n i t s present form 

e s p e c i a l l y for t h i s work, i t s s t r u c t u r e w i l l be summarised b r i e f l y here 

and i t s advantages described l a t e r . 

2 . 2 . 1 S p e c t r a l Amplitudes 

The spectrum x ( f ) of a continuous time s e r i e s x ( t ) i s u s u a l l y 

given as the F o u r i e r Transform i n t e g r a l 
x ( f ) = / x ( t ) - exp(-i27cft)dt 2.1 

- c o 

Experimentally sampled data X ( t ) d i f f e r s from x ( t ) i n s e v e r a l r e s p e c t s . 

Because i t i s sampled data i t i s a d i s c r e t e valued f u n c t i o n r a t h e r ' t h a n 

continuous, and so the transform i n t e g r a l i s replaced by a summation and 

the values of f and t become d i s c r e t e . Further, the range of i n t e g r a t i o n 

cannot p o s s i b l y be i n f i n i t e , 'We obtain a fu n c t i o n of the form 

n-O 

•17-
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when there are N p o i n t s i n the time s e r i e s . The increment dt i s omitted 

because i t i s now only of use as a s c a l i n g f a c t o r . But i t i s important 

to i n c l u d e the s c a l i n g f a c t o r , which i s the sampling i n t e r v a l , when 

converting to absolute values (Enochson and Otnes I 9 6 8 ) . 

I f the value N i s i n c r e a s e d so that the new N - 2^ ( i n t e g e r L) 

then expression 2 .2 may be r a p i d l y c a l c u l a t ed using the Cooley-Tukey 

algorithm. I t i s the combined s i m p l i f i c a t i o n caused by these algorithms 

and the a v a i l a b i l i t y of f a s t computers which make p o s s i b l e the treatment 

of data i n the frequency domain. 

The f u n c t i o n Z ( f . ) i n 2 .2 i s complex; i t contains information 
3 

about both amplitude and phase for the spectrum. T h i s i s d i s c u s s e d i n 

d e t a i l by Burton and Blarney ( 1 9 7 2 ) . 

The r e a l and imaginary p a r t s of the instrument t r a n s f e r f u n c t i o n , 

1 ( f ) , may e a s i l y be allowed for by complex d i v i s i o n i n the frequency domain. 

The s p e c t r a obtained a f t e r a l l o w i n g for instrumental d i s t o r t i o n s 

are f i l t e r e d to remove very low f r e q u e n c i e s , that i s the fundamental and a 

few higher harmonics. Also the s p e c t r a are smoothed, simply averaging eight 

consecutive v a l u e s to give a smoothed value, but moving along i n steps 

of four values at a time. 

Three seismograms i l l u s t r a t i n g the "raw" data are shown i n 

Figure 2 . 2 . The records at Malaga and Kongsberg have good s i g n a l - t o - n o i s e ; the 

one for Kap Tobin i s very noisy. The amplitude s p e c t r a for these seismograms 

a f t e r c o r r e c t i n g for the instrument t r a n s f e r f u n c t i o n , removal of low 

f r e q u e n c i e s and smoothing are shown i n F i g u r e s 2 . 3 - 2 . 5 » The Malaga spectrum, 

i s e x c e l l e n t data. The s p e c t r a for the Kongsberg and Kap Tobin records 

sho?j some of the p o s s i b l e sources or e l i m i n a t i o n of e r r o r s . 

The s p e c t r a l values for Kongsberg have two d i s t i n c t holes at 

f r e q u e n c i e s 0 .05 and 0 .075 Hz. Such s p e c t r a l holes are not a common 
-1 

occurrence but w i l l obviously i n f l u e n c e the Q v a l u e s and broaden the 

confidence l i m i t s around these f r e q u e n c i e s . These holes probably r e s u l t 
- 1 8 - • 
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Malaga, Spain 
NZA 2^.12.62 
A = 47.3^^ 

Kongsberg, Norwa; 
NZA 2 7 . 9 . 6 2 
A= 21.5^* 

1 

Kap Tobin, 
Greenland 
CA 2 9 . 9 . 6 9 
A = 5 8 . 8 5 ° 

" ~ T " 
800 200 400 • 600 

FIGURE 2 . 2 Three T y p i c a l Seismograms 
seconds 
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from m u l t i p a t h i n g between Novaya Zemlya and Kongsberg, causing d e s t r u c t i v e 

wave i n t e r f e r e n c e at these p a r t i c u l a r frequencies. 

The spectrum of the very noisy Kap Tobin record i s s u r p r i s i n g l y 

good f o r the frequency range of i n t e r e s t , up to 0.1 Hz. The s i g n a l 

spectrum has obviously been separated from the noise, there i s a pronounced 

microseism peak in- the range 0.15-0»25 Hz. I t i s q u i t e apparent that 

poor s i g n a l - t o - n o i s e i n the time domain does not necessarily imply 

poor s i g n a l - t o - n o i s e i n the frequency domain. The Kap Tobin record 

also shows evidence of low frequency barometric noise around 0.01? Hz, 

but t h i s i s described l a t e r . 

These three seismograras i l l u s t r a t e the data i d e a l along w i t h 

f a c t o r s which w i l l subsequently c o n t r i b u t e to the experimental e r r o r s . 

2.2.2 Group V e l o c i t y 

The group v e l o c i t i e s f o r the frequencies required were determined 

fo r each record using the m u l t i p l e f i l t e r i n g technique of Bziewonski, Block 

and Landisman i^^6^). The technique used d i f f e r s from t h a t of Dziewonski 

et a i . i n one important respect, f o r t h i s work the group v e l o c i t i e s were 

determined at exact Fourier harmonics to el i m i n a t e frequency e r r o r s . 

The method and the reasons f o r doing t h i s are described l a t e r . 

Dziewonski's method uses the f o r m u l a t i o n uf Goodman (196O) who 

i n v e s t i g a t e d the determination of instantaneous amplitude and phase f o r 

a dispersed time s e r i e s . I t i s not s u f f i c i e n t to f i l t e r a seismogram 

for a set of s p e c i f i c frequencies because the f i l t e r output w i l l also 

be an o s c i l l a t i n g s i g n a l and i t s maximum point w i l l t h e r e f o r e be d i f f i c u l t 

to determine. Goodman (196O) assigned a n o n - o s c i l l a t i n g instantaneous 

amplitude and phase, R ( t ) and 0it), t o a s i g n a l A ( t ) by using the a n a l y t i c 

s i g n a l d e f i n i t i o n 

R ( t ) e""^^*^ = A ( t ) - i H ( t ) 2.3 

where i d e a l l y H ( t ) i s the H i l b e r t transform of A ( t ) and 

E ( t ) = [ A ^ ( t ) + H2(t) ] 'A 2.4 

-19-



I f the frequency domain f i l t e r response t o a seisraogram i s a ( f ) then 

also r e q u i r e d i s the quadrature f i l t e r response h ( f ) . The quadrature 

f i l t e r i n g i s simply the H i l b e r t transform (H) of the f i l t e r response aCf)^ 

t h i s simply means t h a t the f i l t e r response a ( f ) i s advanced by TI/Z g i v i n g 

h ( f ) . 

The spectrum of 2.3 may be approximated by the form 

1 g ( f ) 

- g ( f ) | s ( f ) 1^ 
a ( f ) 2.5 

which improves i n e f f i c i e n c y as g ( f ) i (Goodman 196O), However since 

the work of Goodman modern fa s t Fourier transform (F) techniques make 

such approximation n e g l i g i b l e and the H i l b e r t transform may e a s i l y 

be found because 

F H ( A { t ) ) = i s i g n ( f ) F ( A ( t ) ) 2.6 

Equation 2,k gives 'a n o n - o s c i l l a t i n g s i g n a l -waveform from v/hich the d i s c r e t e 

instantaneous amplitudes R ( t ) may be determined. Figure 2.6 i l l u s t r a t e s 

group v e l o c i t y determination at the f i l t e r frequency 0.033 Hz f o r an 

atmospheric explosion at Novaya Zemlya (NZA 2^.12.62) recorded at Kongsberg. 

The r e l a t i o n between the instantaneous amplitudes R ( t ) and the group v e l o c i t y 

or group a r r i v a l time i s e a s i l y seen. The f i g u r e s 6, 7 and 8 of Burton and 

Blarney (1972) show t h a t the process may be extended to determine group 

a r r i v a l times and the consequent group v e l o c i t i e s f o r a range of frequencies. 

2.3 Reduction of Errors 

Of the many possible sources of e r r o r i n the a n a l y s i s of the 

time s e r i e s several could be reduced, w h i l s t others had to be accepted. 

2.3.1 Spectral Amplitude Measurements 

I t was f i r s t decided t h a t a l l s p e c t r a l amplitudes would be 

determined f o r the same frequency values f o r the 'Fourier Harmonics, 

i r r e s p e c t i v e of the record l e n g t h . Since a l l records were increased i n 

l e n g t h to s a t i s f y the r e l a t i o n N=2''̂  t h i s was simply a matter of choosing 

a consistent value f o r L (L=11 was chosen) and so a l l records were increased 

t o 2048 p o i n t s and the Fourier Harmonics are t h e r e f o r e 

-20- • 



FIGURE 2.6 A Group V e l o c i t y 
Determination from the Instantaneous 
Amplitudes at the F i l t e r Frequency 
0.033 Hz. 

(a) The seismograra 

40920 
km/s 

4.081 

t-1120 
3.17 km/s 

41320 41520 41720 
(b) i t s a r r i v a l 

time scale and 

3.083 2.477 
_ j 
2.071 

" 1 
1.779 

( c ) the r e l a t e d 
v e l o c i t y scale 

(d) The envelope, 
R ( t ) , of the 
f i l t e r response 
to the seisraogram 

(e) the f i l t e r 
response, A ( t ) , 
t o the seismo
gram and 

( f ) the H i l b e r t 
transform, H ( t ) , 
of A ( t ) . 

The d i f f e r e n c e between (e) and ( f ) i s a quarter wave
len g t h advance. The envelope R ( t ) i s formed from the 
modulus of (e) and ( f ) and gives the instantaneous 
amplitudes. 



^0 = N/2 2.7 

The sampling i n t e r v a l used i s 1.6s and so the Nyquist frequency i s 

^NYq = 37F"" 
= 0.31250 Hz 

the fundamental Fourier Harmonic i s 

A f = N/2 

~ 0.00305 Hz 

and the Fourier Harmonic s e r i e s i s 

f . = 0 X Af (0 < j <N/2) 2.8 

Amplitude measurements at these frequencies may be i n e r r o r 
because of 

1 D i g i t i s i n g e r r o r s 

2 D i g i t i s i n g excess record 

3 The instrument c o r r e c t i o n 

k Noise 

5 Higher modes 

6 Fourier a n a l y s i s p r e f e r r e d to Legendre polynomial. 
1 D i g i t i s i n g Errors 

t 

The f i r s t type of d i g i t i s i n g e r r o r i s caused simply by the 

machine r e s o l u t i o n . The machine used, an AGI Film Assessor, displayed 

the x and y coordinates to four s i g n i f i c a n t f i g u r e s . The l a s t f i g u r e 

(one assessor u n i t ) resolved 10 ^tn on the f i l m chip. The f a c t o r between 

a f i l m chip and the o r i g i n a l seismogram i s an eight f o l d r e d u c t i o n and so 
1 assessor u n i t s 8.10 m̂ of o r i g i n a l seismogram 

(a.u.) 

Any y coordinate v/as us u a l l y repeatable to better- than +k a.u. or 3.10 m̂ 

of o r i g i n a l seismogram. An absolute random d i g i t i s i n g e r r o r of +0.3 10 ̂ ra 

f o r the o r i g i n a l sized seismogram i s good and no attempt was made to 

improve t h i s r e s o l u t i o n . 
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However, an attempt vi;as made to minimise the i n t r o d u c t i o n of 

high frequencies caused by motion o f the d i g i t i s e r between d i g i t s during 

hand d i g i t i s i n g . The i n t r o d u c t i o n of these high frequencies i s demonstrated 

i n a paper by Bogert et a l . (1962). The crosswires were always traced 

along the top side of the seismogram l i n e , t h i s a r b i t r a r y d e c i s i o n prevents 

the d i g i t i s i n g t r a c e o s c i l l a t i n g w i t h i n the thickness of the seismograra 

l i n e . 

The f i r s t d i g i t was always set to read 3OOO a.u. so that the 

d i g i t i s e d t r a c e was on a pedestal. Whenever possible the seismogram was 

o r i e n t a t e d so tha t the l a s t d i g i t would be the same as the f i r s t , to 

eli m i n a t e a step e f f e c t at the end of the record. During the program 

processing the d i g i t i s e d time s e r i e s was depedestalled by removing the mean. 

Also the series v/as cosine tapered at each end to ensure a smooth j u n c t i o n 

between the trace and baseline and avoid spurious high frequency content. 

Occasionally a mispunch would occur during d i g i t i s i n g and the 

most s i g n i f i c a n t f i g u r e would be omitted. I f such a trace was Fourier 

analysed then the "spike" caused i n t h i s way would dominate the s p e c t r a l 

content. So a l l traces were graphed out before processing by TSAP, and 

these g l i t c h e s removed. 

2 D i g i t i s i n g Excess Record 

Any excess of d i g i t i s e d record i s only obvious i n the time domain 

display ( w i t h an exception to be discussed l a t e r ) and can be dealt w i t h 

when the d i g i t i s e d t r a c e i s f i r s t graphed out. Any excess record w i l l 

a l t e r the Fourier harmonic amplitudes at the frequencies i t contains, 

t h i s i s normally the higher frequencies because they occur at the end 

of the dispersed record. L a t e r a l r e f r a c t i o n s may be i d e n t i f i e d by matching 

the separation between crossovers f o r a l a t e r part of the time t r a c e 

w i t h an e a r l i e r s e c t i o n . Such l a t e r a l r e f r a c t i o n s must be removed because 

they have not t r a v e l l e d by the d i r e c t path from epicentre t o r e c e i v e r . 
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3 The Instrument Correction (Described i n Appendix C) 

The instrument c o r r e c t i o n s used assigned a small, but f i n i t e , 

value f o r m a g n i f i c a t i o n at the low frequencies ( l e s s than .01 Hz) whereas 

the peak m a g n i f i c a t i o n might be several hundred times l a r g e r . A nuclear 

explosion does not u s u a l l y produce such low frequencies. But f o r the 

uncompensated WWSSN seismometer the barometric noise amplitude i s p r o p o r t i o n a l 

to the square of the per i o d . I t was found t h a t these small amplitudes 

at low frequencies, when d i v i d e d by a very small m a g n i f i c a t i o n as 

instrument c o r r e c t i o n , dominated the event i t s e l f . On reverse transforming 

to the time domain, a l l that could be seen was a l a r g e amplitude low 

frequency component w i t h a t i n y seismogram superimposed onto i t ! So 

a l l frequencies lower than 0.0125 Hz were f i l t e r e d out, 

k Noise 

The enhancement of low frequency noise, and i t s removal, has 

been described above. The frequency range of i n t e r e s t i s about 0.01^-0.1 

Hz and any higher frequencies are omitted. An explosion does not produce 

energy which propagates f o r large distances w i t h frequencies much greater 

than 0.1 Hz, so the seismic noise peak at about 0.12 Hz i s omitted. Fourier 

a n a l y s i s of the trace does separate out the si g n a l from t h i s noise peak 

as i s shown by Figure 2.2 and Figure 2.5 (seismogram and spectrum). The 

frequencies of i n t e r e s t stand out as a separate peak and are c l e a r l y 

d i s t i n g u i s h e d from the noise peak, thus e l i m i n a t i n g t h i s systematic source 

of noise. 

Random noise i n the u s e f u l frequency range cannot be d i s t i n g u i s h e d , 

but a u s e f u l frequency range f o r a p a r t i c u l a r s i g n a l spectrum may be 

obtained by considering s i g n a l - t o - n o i s e i n the e n t i r e range.- For example 

i n Figure 2.5 i t i s apparent that .015 to ,09 Hz i s good. A p a r t i c u l a r l y 

noisy s t a t i o n may show a noise spectrum generating ground motion of the 

order of microns, t h i s may f l u c t u a t e down to m jj. i n a short time (Brune and 

O l i v e r 1959). 
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5 Higher Modes 

I t i s assumed i n t h i s a nalysis that only the fundamental 

Rayleigh mode i s analysed, no reason was found to doubt t h i s . I f higher 

modes were present they would d i s t u r b the s p e c t r a l values at high 

frequencies. No coherent high frequency energy was ever found superimposed 

onto the seismograms, and no high frequency d i s p e r s i o n branches were 

found i n the group v e l o c i t y determinations. The assumption t h a t Fourier 

a n a l y s i s v/as a n a l y s i s of the fundamental mode always appears to be 

v a l i d . 

6 Fourier Analysis Preferred to Legendre Polynomials 

This has already been described. Because none of the Rayleigh 

waves used pass through an antipode the Fourier r e p r e s e n t a t i o n i s excellent. 

I f the v/aves d i d pass through ah antipode only the phase p r o p e r t i e s 

would be incorrect", and t h i s has no bearing on the present a n a l y s i s . 

At t h i s stage of the processing, when the time series has been 

depedestalled, cosine tapered, increased t o 2^^ p o i n t s and Fourier 

analysed, i t i s possible to improve the spectrum by smoothing. Smoothing 

i s e s p e c i a l l y v a l i d because the spectrum i s g r e a t l y overdetermined. A 

t y p i c a l record of l e n g t h 500 p o i n t s (about 13 minutes) has been increased 

t o 2048 p o i n t s . The spectrum t h e r e f o r e has four times as many frequency 

p o i n t s or harmonics than are r e q u i r e d to uniquely determine i t . (Assuming 

t h a t the time series does not contain any frequencies greater than the 

Nyquist.) A reasonable smoothing would decrease the number of harmonics 

by a f a c t o r of fo u r . The smoothing chosen compounds eight values 

at a time, but steps along the frequency harmonics four at a time. The 

smoothed spectrum i s now less e r r a t i c f o r noisy s i g n a l s . The smoothing 

op e r a t i o n i s also designed so t h a t the new frequency values generated 

s t i l l correspond to the o l d exact Fourier harmonics, w i t h a step of 

4 X Af between each smoothed value. 
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The number of harmonics f i l t e r e d out at low frequencies i s kl 

(due to the long period noise and instrument response p r e v i o u s l y mentioned) 

and so the a v a i l a b l e frequency harmonics which are non-zero are hZt\f up 

to the Nyquist. However a l l the frequency harmonics, from the zero DC 

component onwards are smoothed as described above. The harmonics a v a i l a b l e 

a f t e r smoothing are 

4Af,8Af - Nyquist. 

But s p e c t r a l values up to 4lAf have been set to zero and so the 

f i r s t smoothed harmonic which i s not contaminated by t h i s f i l t e r i n g i s 

48Af; the smoothed, uncontaminated harmonics now a v a i l a b l e are 

48Af, 52Af - Nyquist 

and those selected to be punched out from the computer processing are 

48Af~360Af. There are 79 values i n t h i s frequency range 0.015-0.110 Hz. 

I t l a t e r appears t h a t t h i s choice of upper frequency content i s perhaps 

over o p t i m i s t i c ; and i s o f t e n s e r i o u s l y contaminated by noise. 

2.3.2 The Frequencies of Spectral Amplitudes and Group V e l o c i t i e s 

I n t h i s s e c t i o n a m o d i f i c a t i o n to the technique of Dziewonski 

et a l . i s described, which was thought t o be des i r a b l e i n general, and 

necessary i n t h i s p a r t i c u l a r study. 

The paper by Dziewonski, Bloch and Landisman (1969) describes 

t h e i r " m u l t i p l e f i l t e r technique". The p o i n t s of i n t e r e s t here are 

1 The seismogram x ( t ) i s Fourier transformed producing 

2 the complex array Z(a)) at 

3 the Fourier harmonics u., 

k Centre frequencies f o r group v e l o c i t y determination are 

selected according to a r u l e of the type 

w ,/w = k 2.9 c,n-1 c,n 
5 A range of group a r r i v a l times, T^, i s selected 

DISTANCE 
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6 F i l t e r s of constant Q ( r a t i o of peak frequency to bandwidth) 

are formed, the f i l t e r or frequency window centred at w i s 

W (u) = exp n 
c, n 

a ( — ^ ) 
1 • 

where the constant a determines r o l l - o f f . 

There are two separate frequency arrays. The values of the 

Fourier harmonics are d i r e c t l y determined by the number of p o i n t s i n the 

time s e r i e s and the sample i n t e r v a l , as before 

u = J x A a ) 0 < 3 N/2 
J 

w i t h ^ = '̂NYQ 
^'^ -171 

and CO i s angular frequency. 

Centre frequencies are chosen according to w ./w = k; and so i t i s 
c,n-1 c,n 

u n l i k e l y f o r these centre frequencies to correspond to an exact harmonic. 

For the Dziewonski technique the harmonic nearest t o a given o) i s chosen 
C f XI t o replace „ i n a l l computation. Dziewonski et a l . (1969) stated t h a t "the c, n 

maximum d e v i a t i o n of the harmonics from the array frequencies was always 

les s than 1.5 per cent". 

The r u l e ' f o r s e l e c t i o n of centre frequencies makes the i n t e r v a l 

between these frequencies a f u n c t i o n of frequency since 

Aw = 0) - u ^ . c,n c,n c,n-1 

Aw = w (1-k) c ,n c,n ^ 

and the smallest i n t e r v a l occurs at the lowest frequency. 

To ensure that two centre frequencies f o r group v e l o c i t y 

determination are replaced by d i f f e r e n t Fourier harmonics ( i f t h i s i s not 

done then the same group v e l o c i t y w i l l be assigned) we must have 

c ,n ^ N/2 
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Assuming the values: 
-1 

03 = 2% X 0.01 rad s c, n 
k = 0 . 9 5 

"NIQ 2 71 X 0.5 rad s"'' 
gives N > 2000 

To ensure th a t the low centre frequencies, and t h e r e f o r e group v e l o c i t i e s , 

are d i s t i n c t we have a necessary lower l i m i t on the record l e n g t h . 

Further, we may wish to improve the c o n d i t i o n t h a t the er r o r 

introduced by r e p l a c i n g a centre frequency by a harmonic i s less than 1/o. 

< 0.01 
c, n 

The greatest possible e r r o r i n the o f f s e t from a f i l t e r centre frequency 

to a harmonic i s >^Aco,the best i t can be i s r i g h t ; averaging out at 

)C A w. So on average w -w. = )4Acoand v/e have 
c, n J 

<0.01 w c, n 

^ < 0 . 0 1 2NW c,n 

N > ̂ Q'̂ NYQ 
u 
c ,n 

and using the previous values f o r cĵ „,̂  and u 
^ ^ NYQ c,n 

2,1.0.01 

N > 2500 

Even applying these c o n d i t i o n s t o the above values we f i n d the r a t i o of 

the average e r r o r i n a f i l t e r frequency t o the gap between f i l t e r frequencies 

i s 

r a t i o -

.*. r a t i o = 1/5 

and so t h i s r e s o l u t i o n i s not too good. 
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This discrepancy between the harmonic frequencies at which 

s p e c t r a l amplitudes are determined, and the f i l t e r frequencies f o r 
-1 

determining group v e l o c i t i e s , may i n f l u e n c e any i n v e s t i g a t i o n o f Q as 
-1 

a f u n c t i o n o f frequency because Q i s determined using amplitudes and 

v e l o c i t i e s presumed determined at the same frequency. This s i t u a t i o n 

may be a l t e r e d q u i t e e a s i l y . 

F i r s t , i t i s apparent t h a t angular frequency may be replaced 

by frequency i n a l l the above c a l c u l a t i o n s so th a t WJ: becomes f ̂ » which 

i s a more f a m i l i a r q u a n t i t y . 
I f the s e l e c t i o n equation 2.9 i s changed to 

f - f , = k' c,n c,n-1 
I 

then by c a r e f u l choice of , 1 ^ possible to match a l l the 

centre frequencies to exact Fourier harmonics. Then, the above l i m i t a t i o n s 

are removed, and there i s no discrepancy between s p e c t r a l and group 

v e l o c i t y frequencies. We have a frequency s e l e c t i o n r u l e o f the form 
f . - f . ^ = k'.' Af 0,n 3,n-1 

where Af i s the fundamental. The equation f i n a l l y used was 

f- „ - f . ^ = 8Af 

and the value selected f o r f was 48Af because t h i s exactly corresponds 

to the f i r s t smoothed harmonic frequency of i n t e r e s t (see b e f o r e ) . 

Selecting 8Af as the i n t e r v a l ensured t h a t a group v e l o c i t y was determined 

at every other frequency f o r which a s p e c t r a l amplitude had been c a l c u l a t e d , 

g i v i n g 40 values i n the req u i r e d frequency range. Because the i n t e r v a l 

, chosen i s an even number of Afs simple l i n e a r i n t e r p o l a t i o n exactly h a l f 

way between two adjacent group v e l o c i t y values generates the other 59 

values re q u i r e d . 
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This process gives exactly matching smoothed s p e c t r a l amplitudes 

and group v e l o c i t i e s , without any frequency e r r o r s , by c a r e f u l choice of 

the smoothing operation and s e l e c t i o n of the f i l t e r centre frequencies 

as exact harmonics. 

2.3.3 Group V e l o c i t y Errors 

Errors i n simple v e l o c i t y determination are of the form 

6U _ 6A _ 6t_ 
U " A ~ t 

The angular distance, A » i s accurately known (Young and Gibbs, GEDESS, 

1968) and errors are confined to measurements of the group a r r i v a l time. 

Values of the group a r r i v a l time must be w i t h i n the time span of the 

d i g i t i s e d seismogram, however, times assigned to i n d i v i d u a l samples may 

be i n e r r o r f o r two reasons: 

1 I t has been assumed tha t the d i g i t i s i n g machine increment 

between samples remains constant and 

2 the r e d u c t i o n o f seismograms to f i l m chips (x8) i s exact and 

no photographic "shrinkage" takes place. 

The f i r s t assumption was checked f o r systematic v a r i a t i o n s . 

There are two time scales i n use on f i l m chips, they are 3.10 -

representing 48s and 3.10 "̂m representing 96s, Because 1 assessor u n i t 

represents 10 m̂ o f f i l m the d i g i t i s i n g increments used were 10 a.u, and 

5 a.u., both representing a 1.6s sample i n t e r v a l . A t y p i c a l 10 minute 

record i s t h e r e f o r e about 3750 a.u. or l875 a.u. long. A f t e r d i g i t i s i n g 

such a record and r e t u r n i n g to the s t a r t i n g p o i n t the s t a r t i n g p oint 

reading was never found to d i f f e r by more than 3 a.u. from i t s o r i g i n a l 

value, showing remarkable consistency i n the long term average sample 

i n t e r v a l . Any random v a r i a t i o n s i n the sample l e n g t h were not evident 

when the d i g i t i s e d s eries was graphed out and so are ignored. 

Photographic r e d u c t i o n proves not to be exact. When the d i g i t i s i n g 

of a record s t a r t e d e x a c t l y on the leading edge of a minute marker then 
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the number o f samples i n the f i r s t three minutes was noted. Assuming 

the sample i n t e r v a l i s 1.6s ( i t has been shown to be at le a s t constant 

above) then about 112.5 samples would be expected. The number of samples' 

requ i r e d would occasionally d i f f e r by 2 from t h i s f i g u r e . Because the 

mechanical sample i n t e r v a l i s c e r t a i n l y constant t h i s i m p l i e s , t h a t the 

time scales d i f f e r because of inexact r e d u c t i o n , by about 1%. 

I t i s p o s sible to exactly determine the time sample i n t e r v a l 

by d i g i t i s i n g between two minute markers, counting the number of samples, 

and hence deducing the i n t e r v a l (DELA). This would lead t o an independent 

value of DELA f o r each seismogram, the accuracy being t h a t of the 

mechanical sample i n t e r v a l . This was not done because the value of DELA 

determines the subsequent Fourier harmonics f o r a record and i t was 

desi r a b l e t o have matching harmonics f o r a l l records. To s i m p l i f y the 

anal y s i s t h i s e r r o r of about 1% was t o l e r a t e d , r a t h e r than e l i m i n a t e d 

as was po s s i b l e . 

Consequently, e r r o r s i n the group a r r i v a l time increase w i t h 

record l e n g t h and t h i s e f f e c t s high frequencies more than low frequencies 

(because low frequencies u s u a l l y a r r i v e f i r s t ) . Considering a wave w i t h 

t r a v e l time 30 minutes (about 60°) to the f i r s t sample, and of length 

10 minutes, e r r o r s i n the group v e l o c i t y at the l a t t e r end of the record 

are 

This e f f e c t i s obviously very small and worth accepting to o b t a i n the 

matching Fourier harmonics. 

A much l a r g e r e r r o r may be introduced by bursts of noise. The 

seismic noise around 0.1 Hz i s important i n t h i s respect. A dispersed 

Rayleigh s i g n a l may contain energy around 0.1 Hz, u s u a l l y at the l a t t e r 

end of the s i g n a l , but noise energy at the same frequency may be superimposed 

randomly on the record. The noise energy may be greater than the modal 
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propagated energy and the program technique has no means of d i s t i n g u i s h i n g ' 

the two. Because the program searches to f i n d when the most energy ( o f 

a p a r t i c u l a r frequency) a r r i v e s , and then assigns a group a r r i v a l time 

to t h a t peak (see Burton and Blarney 1972) the corresponding group 

v e l o c i t i e s may be i n considerable e r r o r . 

Such e r r o r s are not serious because obviously i f the l o c a l 

noise amplitude i s greater than the propagated wave amplitude then the 

s p e c t r a l Fourier amplitude can no longer be regarded as a Rayleigh 

fundamental mode amplitude. These values of amplitude can only be 

used to determine Q i f the noise may be corrected f o r at each recording 

s t a t i o n . When these e r r o r s occur the s i g n a l - t o - n o i s e r a t i o f o r the frequency 

domain must be worse than 1:1. 

2.3.4 Redetermination of the End of the Signal 

I t has already been stated that i f the record i s d i g i t i s e d beyond 

the end of the t r u e s i g n a l then t h i s excess s i g n a l w i l l c o n t r i b u t e 

erroneously t o the s i g n a l s p e c t r a l amplitudes, u s u a l l y at the higher 

frequencies. Once a group v e l o c i t y curve has been obtained then i t i s 

possible to redetermine the end of the s i g n a l . E s s e n t i a l l y noise i s 

removed which has an apparent v e l o c i t y less than the slowest determined 

group v e l o c i t y , U km/s. There are four v e l o c i t i e s of i n t e r e s t here f o r 
s 

a d i g i t i s e d s i g n a l . The v e l o c i t y to the f i r s t sample i s V , t o the l a s t 

sample Vj^ ( n o t i n g t h a t the number of samples has been increased t o 2^) 

and the v e l o c i t y t o the l a s t t r u e d i g i t before increasing to 2^ i s V„„. 
ED 

Their r e l a t i v e sizes are Vp >Ug >Vj,p >V^; i d e a l l y i s close t o V^^ so 

that l i t t l e e x t r a record i s present t o introduce spurious s p e c t r a l content. 

The instantaneous amplitudes R ( t ) described i n s e c t i o n 2.2.2 are stored i n 

a m a t r i x , the E m a t r i x , as a f u n c t i o n of both v e l o c i t y and f i l t e r frequency. 

Instantaneous amplitudes f o r a p a r t i c u l a r frequency form one column of the 

E m a t r i x , and subsequent columns store R ( t ) f o r f u r t h e r frequencies. The 

maximum of the e n t i r e matrix i s set to 99 dB and a l l other values are -31-



normalised r e l a t i v e to t h i s maximum. The seismogram of Figure 2.7 recorded 

at Lahore (Pakistan) produces the E matrix, contoured at 5 dB i n t e r v a l s , 

shown i n Figure 2.8. V e l o c i t i e s Vj,, U^, V^p and V^ are e a s i l y i d e n t i f i e d 

on t h i s f i g u r e . Everything represented on the contour p l o t , or i n 

the E m a t r i x , w i t h v e l o c i t y < 2.26 km/s i s meaningless i n terras of r e a l 

data and represents rounding e r r o r . Therefore i n the region of 2.26 km/s 

the contour l i n e s are c l o s e l y packed and p a r a l l e l to the x a x i s - because 

there i s a d i s c o n t i n u i t y between genuine time domain content and very low 

l e v e l time domain content outside the observed l e n g t h of the s i g n a l time 

range. The dB jump i n the E matrix r e p r e s e n t a t i o n i s about 30 dB. 

The minimum value of group v e l o c i t y i s about 2.80 km/s. This 

p a r t i c u l a r value i s chosen because i t i s slower than the v e l o c i t y of the 

highest frequency' analysed and t h i s v e l o c i t y i s several dBs down from the 

r i d g e followed by the group v e l o c i t y curve. The region between 2.80 and 

2.26 km/s, f o r a l l frequencies, can only represent noise; i t i s non 

propagating energy or l a t e r a l r e f r a c t i o n s . I d e a l l y t h i s region should 

not e x i s t , and so the a r r i v a l time corresponding t o U = 2.80 km/s i s 
s 

c a l c u l a t e d and the d i g i t i s e d record truncated t o t h i s new l e n g t h . 

Figure 2.7 shows the a l t e r a t i o n i n seismogram len g t h and Figure 2.9 the 

contour p l o t f o r the new E matrix. 

Where possible t h i s process was applied to a l l seismograms, to 

improve the s p e c t r a l amplitudes (by lowering t h e i r noise c o n t e n t ) . However 

t h i s method cannot improve the seismograra f o r v e l o c i t i e s w i t h i n the t r u e 

s i g n a l range, and only helps to i s o l a t e the pure s i g n a l . 

2.4 Amplitude-Distance Plots and Estimations of 0 

For each event the data are now i n the form of fundamental 

Rayleigh mode amplitudes (approximated to by Fourier amplitudes) and 

group v e l o c i t i e s as functions of frequency f o r a set of s t a t i o n s at 

varying distances from the epicentre. 
Every block of s t a t i o n data i s e s s e n t i a l l y amplitude and group 

v e l o c i t y as a f u n c t i o n of frequency at f i x e d A , t h i s has t o be manipulated 
-32-
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FIGURE 2.8 The Contoured E Matrix f o r the F u l l Length 
Lahore Seismograra. 
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Figure 2 .9 The Contoured E Ma t r i x A f t e r Redetermining the End 
of the Lahore Seismogram, 



i n t o the form amplitude and group v e l o c i t y as a f u n c t i o n of A at f i x e d 

frequency, so t h a t j s p a t i a l Q may be determined. The required p l o t i s 

given by equation 1.11 as 

l o g ^ Q ( A ( f , r ) ) + 0.5 log^o^^ = -(Q"'')(7ifEA/U(f,r)) + const 2.10 

where the l e f t hand side i s p l o t t e d as ordinate and 7i;fEA/U as abscissa. 
t ""1 

The slope of the best l i n e through these p o i n t s estimates Q . Note th a t 
i t i s inverse Q, not Q, which i s p h y s i c a l l y estimated; the more n a t u r a l 

-1 

and u s e f u l q u a n t i t y of Q w i l l be used. 

Appendix G contains the program AVD which performs t h i s data 

manipulation, geometrical spreading c o r r e c t i o n and e s t i m a t i o n of Q 

From a measure of the s c a t t e r of the data p o i n t s about the best l i n e 
- 1 

confidence l i m i t s f o r Q are also determined. 

2.5 The Best Line 

2 . 5 . 1 Average Q 

Simple l i n e a r l e a s t squares regression was found to be a very 

close approach to the best l i n e f i t , and i s thus used. The program AVD 
contains a subroutine which determines regression c o e f f i c i e n t s and 

- 1 

hence Q and the confidence l i m i t s . 

The basic assumption f o r t h i s regression i s t h a t the ordinate 

alone contains e r r o r s . The present data are a good approximation to 

t h i s , the e r r o r s i n amplitude measurements being f a r greater than f o r group 

v e l o c i t y . 

This i s e a s i l y demonstrated by considering surface wave magnitudes. 

An underground explosion, MILROW, has average surface wave magnitude 

determined by the USCGS as M = 5.O. Using the formula 
s M = log,„Y + 2 .0 2.11 s 

gives the y i e l d Y kton as 1000 kton. The event i s l a r g e and good s i g n a l -

to-noise i s generally to be expected. M values are c a l c u l a t e d from 
s 

formulae of the type 

M = l o g A(T) + B(A) 2.12 & 
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where B(A) i s a distance c o r r e c t i o n terra. I d e a l l y an event gives the same • 

M value wherever i t i s recorded, w i t h good si g n a l - t o - n o i s e the s c a t t e r 

should be small and a t t r i b u t a b l e to 10% e r r o r s i n instrument m a g n i f i c a t i o n 

and hence i n the amplitude A. The recording at Blacknest of MILEOVs gave 

M = 4 .52 , an apparent d e v i a t i o n from the mean magnitude of 10% (Marshall, 

Corbishley and Gibbs 1970). This would imply an error i n A of 300%, 

obviously t h i s i s not so. I n some way the path between MILROv'/and Blacknest 

i s anomalous, the measured amplitude i s i n e r r o r by about 10% but i s anomalous 

by a much greater margin. 
- 1 

B̂ 't average Q i s being estimated. A reasonably accurate 

measurement of amplitude at a s t a t i o n may have a large anomaly margin 

from the expected value. For l e a s t squares f i t t i n g purposes such 

anomalous de v i a t i o n s must be regarded as " e r r o r s " , and as shown above 

of the order o f 10% e r r o r s . Also, because the average i s sought, any 

extremely anomalous values must be s u b j e c t i v e l y r e j e c t e d , t h i s was done 

r a r e l y . I f many events at the same s i t e had been used i t would have been 

possible t o i s o l a t e these anomaly margins as s t a t i o n path c o r r e c t i o n s . 

Errors i n the ordinate are possibly 10% w h i l s t about 0.25% i n 

the group v e l o c i t y . The r a t i o o f e r r o r s between the two axes i s 4 0 : 1 , 

t h i s i s po s s i b l y o p t i m i s t i c but an order of magnitude c e r t a i n l y p r e v a i l s . 

Simple l i n e a r regression i s th e r e f o r e a good approximation to the best 

l i n e . A more s o p h i s t i c a t e d regression f i t t i n g i s described i n Appendix D, 

and the e r r o r s i n reducing t h i s to the present case are discussed there. 

I t i s worth n o t i n g t h a t the abscissa term also contains the 

v a r i a b l e s A and f , e r r o r s i n the abscissa w i l l compound to form 
5"x" ^ M . M. M 
"x" A f U _ 

Ignoring 6A leaves 6f and 6U, the importance of ensuring t h a t 

group v e l o c i t y and amplitude are measured at the same exact frequencies 

i s again apparent. 
A t y p i c a l p l o t of, amplitude/distance at frequency O.0525 Hz 
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-1 i s shown i n Figure 2 .10 , t h i s gave a value o f Q = .005 + .00^ , w i t h 
Y ~ 

95% confidence l i m i t s . Student's t f o r t h i s l i n e i s 2 .62 , s i g n i f i c a n t 

at the 98% l e v e l , i mplying that there i s good c o r r e l a t i o n between the 

ord i n a t e and abscissa, t h i s reasserts t h a t a l i n e i s a good curve to 

f i t to t h i s data. (The c o r r e l a t i o n c o e f f i c i e n t = - . ^ 9 . ) 

Figure 2.10 also shows the d e v i a t i o n of the i n d i v i d u a l data 

p o i n t s from the l e a s t squares l i n e , these d e v i a t i o n s are i n agreement 

with the preceding argument concerning the v a r i a t i o n o f M values. 
s 

2 .5 .2 Assumptions f o r Linear Regression 

Using l i n e a r regression with one independent v a r i a b l e assumes 

th a t the o r d i n a t e , • t i s a normal deviate d i s t r i b u t e d about a mean 
2 

which i s of the form a, + p ( x ^ - x) w i t h variance c ̂  , and a l l variances 

are equal ( M i l l e r and Kahn 1962). 

To t e s t n o r m a l i t y i t would be necessary to have n^ values of 

the amplitude ( f o r one frequency) at each s t a t i o n , t h i s would r e q u i r e a 

seri e s of s i m i l a r explosions detonated at the same s i t e . This cannot be 

tes t e d when n^ i s small as i n t h i s study, f u r t h e r , the explosions are a l l 

d i f f e r e n t and unrepeatable events. To t e s t f o r equal variances i t would be 

necessary to apply B a r t l e t t ' s t e s t , again impossible when i s small. 

The assumption of l i n e a r i t y i s adequately tested by c a l c u l a t i o n 

of the c o r r e l a t i o n c o e f f i c i e n t and Student's t f o r each l i n e . 

2.6 Summary 

This chapter has described the data used and i t s analysis 

to produce s p e c t r a l amplitudes and group v e l o c i t i e s f o r the fundamental 

Rayleigh mode, both f o r varying frequency and distance. The data was 

then manipulated to produce arrays of amplitude against distance at a 

frequency. The slope of the best l i n e (chosen to be l i n e a r regression 
w i t h one independent v a r i a b l e ) through these data p o i n t s i s the req u i r e d 

- 1 
e s t i m a t i o n o f Q . 
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CHAPTER 3 

3 ,1 The Estimations of Q ( f ) 

The techniques described i n the previous chapter were used t o 
- 1 

produce values o f as a f u n c t i o n of frequency. This was done f o r 
each of the nuclear explosions l i s t e d i n Table 2.1 and one earthquake f o r 

— 1 
comparison purposes. The 95% confidence l i m i t s around each Q ( f ) 

- 1 
value were also c a l c u l a t e d . Values o f ^̂ '̂  confidence l i m i t s 

are obtained from the best l i n e f i t to the amplitude/distance p l o t f o r 

a p a r t i c u l a r frequency, the program AVD performs t h i s operation and i t i s 

described elsewhere. ,The r e s u l t s o f t h i s process are shovm i n the 

eight f i g u r e s , 3 . 1 - 3 . 8 , and l i s t e d i n Appendix B. 
~1 

Figure 3.8 shows the values obtained using eleven s t a t i o n 

recordings of an. earthquake. As expected these r e s u l t s are very poor, 

and obviously t h i s method i s not a p p l i c a b l e t o an earthquake. The major 

reason f o r t h i s i s the r a d i a t i o n p a t t e r n which earthquakes u s u a l l y 

possess. Also, earthquakes must necessarily occur i n an anomalous 

environment; the l o c a l Q at source i s probably l a t e r a l l y very inhomogeneous. 

Confidence l i m i t s are t h e r e f o r e very broad f o r the earthquake. 

Nine recordings o f the 80 kton "LONGSHOT" underground nuclear 

explosion (Marshall et a l . 1966) were used t o o b t a i n Figure 3 . 7 . Broad 

confidence l i m i t s are again apparent, e s p e c i a l l y at low frequencies, but 

these r e s u l t s are an improvement over the earthquake and use fewer 

s t a t i o n s . Broader confidence l i m i t s at the lower frequencies are t o be 

expected because an underground explosion c o n t r i b u t e s more energy t o the 

higher frequencies. However, i n general these r e s u l t s are again poor 

probably because "LONGSHOT" occurred i n another anomalous region - an 

i s l a n d arc - where l a t e r a l inhomogeneities i n Q are to be expected. 

The paper of Barazangi et a l . (1972) w e l l i l l u s t r a t e s the unusual 

Q v a r i a t i o n s to be expected i n such anomalous regions. 
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— 1 Figures 3 .1 -3 .6 show w e l l determined Q ^ ( f ) values. These 
improvements have r e s u l t e d f o r several reasons. Several s t a t i o n recordings 
of each event were used, the explosions occurred i n "normal" regions 
and l a r g e explosions v/ith good s i g n a l - t o - n o i s e were chosen. 

I t i s worth n o t i n g t h a t the s t a t i o n s SNG, CHG, JER and IST 

were omitted from the atmospheric explosion i n China, 17/6/67, because 

they c o n s i s t e n t l y p l o t t e d low on amplitude-distance p l o t s , f o r example 

Figure 3 . 9 . This i m p l i e s anomalously h i g h l y a t t e n u a t i n g paths to these 

s t a t i o n s , or inc o r r e c t , i n s t r u m e n t responses. A l l of these paths are 

influenced by the t e c t o n i c a l l y a c t i v e Himalayas, presumably a region of 
- 1 

p a r t i c u l a r l y high Q^ has been traversed. 

3.2 The Influence of Noise 

3 . 2 . 1 Low Frequency Noise 

The underground explosion at Novaya Zemlya shows the expected 

broader confidence l i m i t s at low frequencies, which improve f o r higher 

frequencies. Signal-to-noise was generally poorer f o r t h i s event than the 

others, because underground contained explosions are generally smaller 

than uncontained atmospheric explosions. 

I t i s generally t r u e f o r a l l the events that the confidence 

l i m i t s broaden at the low frequencies. There are two f a c t o r s c o n t r i b u t i n g 

to t h i s . The spectrum p r e d i c t e d by Carpenter and Marshall (1970) f o r 

an atmospheric explosion i s about 7 db down from i t s peak value at 

frequency 0.02 Hz; also t h i s corresponds to the region o f instrument 

response r o l l - o f f f o r the v e r t i c a l component, LP system, of the WWSSN, 

and so l i t t l e propagation energy w i l l be recorded by the seismogram from 

the event. Further these WWSSN instruments are b a r o m e t r i c a l l y uncompensated 

f o r atmospheric v a r i a t i o n s , and barometric n o i s e ' i s p r o p o r t i o n a l t o the p e r i o d 

squared. 
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The net r e s u l t i s that long p e r i o d energy propagated from an explosion 

i s recorded at a low ma g n i f i c a t i o n and i s contaminated by l o c a l barometric 

noise producing a broadening of the confidence l i m i t s at t h i s end of 

the spectrum. 

3 .2 .2 High Frequency Noise 

For high f r e q u e n c i e s the confidence l i m i t s narrov/ to a remarkable 
- 1 

extent. Also, for the atmospheric explosions ( f ) tends to zero for 

these high f r e q u e n c i e s . T h i s seems to imply that included i n the s p e c t r a l 

e stimates of the Rayleigh fundamental mode i s a l a r g e amount of non-

propagating energy, l o c a l s t a t i o n n o i s e . Brune and O l i v e r (1959) have 

presented information demonstrating the e x i s t e n c e of a long p e r i o d noise 

peak around 8s p e r i o d , and t h i s n o i s e peak w i l l extend i n t o and contaminate 

the high f r e q u e n c i e s i n t h i s work. What has been p l o t t e d on the amplitude/ 

d i s t a n c e graphs at high f r e q u e n c i e s i s the amplitude of the propagating 

fundamental R a y l e i g h mode pl u s l o c a l n oise superimposed onto a geometrical 

spreading term (which g e n e r a l l y i n c r e a s e s with d i s t a n c e ) . The net r e s u l t 

i s a set of roughly s i m i l a r v a l u e s , decreasing very slowly with d i s t a n c e 

and implying l i t t l e a t t e n u a t i o n (Q^ 0 ) . T h i s r e s u l t for the atmospheric 

explosions i s c o n t r a d i c t e d by the one underground explosion (Novaya 

Zemlya) of Figu r e 3 . ^ w h i c h shows reasonable a t t e n u a t i o n at high f r e q u e n c i e s , 

= 0 .00^ . T h i s i s simply because the underground explosion does 

generate propagating energy of high frequencies, whereas the atmospheric 

explosions contain very l i t t l e energy at high frequencies i n comparison 

to the l o c a l non-propagating noi s e . T h i s r a i s e s the problem how much 

r e a l data i s contained i n the r e s u l t s for each event; up to what frequency 

may i t be assumed that the energy recorded has been propagated from the 
- 1 

event and a value of s p a t i a l may be assigned? 
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Three separate items of information were used to determine the 

highest u s e f u l frequency contained by each seismogram. For each 

seismograra the graphs of unwound s p e c t r a l phase, s p e c t r a l amplitudes and 

the group v e l o c i t y curve were r e q u i r e d . An example of a t y p i c a l seisraogram 

i s shown i n Figure 3 .10 , recorded at Kevo from the.atmospheric explosion 

of September 29 19^9 at S Sinkiang Province, China. T h i s seismogram 

shows the low? f r e q u e n c i e s a r r i v i n g f i r s t , but contaminated by the super

p o s i t i o n of high frequency noise c r e a t i n g a t y p i c a l s i g n a l - t o - n o i s e 

problem. Further along the record an Ai r y phase i s seen with an obvious 

high frequency content. The Fi g u r e s 3.T ' -3 .13 shov/ s p e c t r a l phase, s p e c t r a l 

amplitudes and the group v e l o c i t y curve obtained from the Kevo seismograra. 

The highest u s e f u l frequency contained by the seismogram i s now obtained 

as f o l l o w s : 

3 . 2 . 2 . 1 S p e c t r a l Phase and the Highest S i g n a l Frequency 

Figure 3.11 shows unwound s p e c t r a l phase, that i s , 

the phase i s not allowed to o s c i l l a t e between -T^. and but 

i s made continuous. The subroutine DRUM (Robinson 1966) given by 

Burton and Blarney (1972) performs t h i s operation. T h i s phase 

curve would be p e r f e c t l y smooth for a pure, n o i s e l e s s s i g n a l . 

F igure 3.11 i s smooth up to frequency 0.125 Hz where a small 

p e r t u r b a t i o n may be seen, t h i s i s the t h r e s h o l d of noise onset 

i n the frequency domain for t h i s s i g n a l . The p e r t u r b a t i o n marks 

the onset of random energy. 

3 . 2 . 2 . 2 S p e c t r a l Amplitude and the Highest S i g n a l Frequency 

S p e c t r a l amplitudes are shown i n Figure 3 .12 . T h i s 

graph shows a d i s t i n c t minimum at 0.125 Hz which d i v i d e s the 

spectrum in t o the two expected regions of s i g n a l and noise . 

Obviously the choice of t h i s p a r t i c u l a r point i s more a r b i t r a r y 

than for the phase p e r t u r b a t i o n , but i t does give a good estimate 

of the highest a v a i l a b l e frequency i n the s i g n a l . 
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A Seisraogram Recorded at Kevo, F i n l a n d (from an 
Atmospheric Explosion At S Sinkiang Prov, China, 
29 September 1969. Distance = 4783 km). 
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3 .2 .2 .3 Group V e l o c i t y and the Highest S i g n a l Frequency 

Fi g u r e 3«13 shows a p e r f e c t l y good group v e l o c i t y curve 

f o r the Kevo record. T h i s i s expected because the highest 

frequency has been demonstrated to be 0.125 Hz and so a represen

t a t i o n which only goes to 0.11 Hz should be noise f r e e . The 

frequency 0.11 Hz had been chosen as the highest frequency to 

be analysed and so t h i s p a r t i c u l a r s i g n a l i s good for processing 

i n the e n t i r e frequency range of i n t e r e s t . 

I t has a l r e a d y been shown ( s e c t i o n 2 . 3 . 3 ) that the 

group v e l o c i t y curve w i l l only c o n t a i n spurious v a l u e s at a 

p a r t i c u l a r frequency i f the s i g n a l - t o - n o i s e r a t i o i s worse than 

1 : 1 . T h i s i s a weak t e s t to determine the highest frequency 

present i n the s i g n a l , whereas the phase t e s t w i l l be shown 

to be f a r more r e s t r i c t i v e . 

These three measurements were made for a l l the seismograms, 

For the phase and amplitude curves a grid, drawn onto a t r a n s 

parent overlay, was used to give accurate measurements; t h i s 

made the phase measurements e s p e c i a l l y a c c u r a t e . A summary of 

the r e s u l t s obtained i s i n Table 3 . 1 . I f a higher frequency 

g r e a t e r than 0.11 Hz was obtained from any measurement then i t 

was subsequently set to 0.11 Hz to form the average for a 

p a r t i c u l a r event because t h i s i s the highest frequency to be 

used. The a b b r e v i a t i o n s A, U and Q mean atmospheric or under

ground explosion or earthquake, and NZ r e p r e s e n t s Novaya 

Zemlya, 0, explosions i n China e t c . The term 3NZA i s the average 

for the t h r e e atmospheric explosions at Novaya Zeralya. 

Table 3 .1 shows that the phase measurement i s the most 

r e s t r i c t i v e determination of the highest frequency, i t always 

a s s i g n s a lower value than e i t h e r of the other two methods. 

-ko~ 



Also note that as expected the underground explosion 

at Novaya Zemlya goes to higher f r e q u e n c i e s than the atmospheric 

explosions at t h i s s i t e . Using the highest frequency obtained 

from phase measurements for the three atmospheric explosions, 

3NZA, giv e s .076l_+.0217 Hz and for the underground explosion, 

NZU, .O977+..O145 Hz. The v a l i d i t y of the average, 3NZA, i s 

demonstrated l a t e r . I f i t i s assumed that a l l events have the 

same highest frequency then these v a l u e s are two samples from 

the same population, t h i s hypothesis may be t e s t e d by c a l c u l a t i n g 

"Student's t " for the d i f f e r e n c e between the two means. The 

value of " t " obtained i s 3 .997 which for 95 degrees of freedom 

i s s i g n i f i c a n t at the 99-99% l e v e l . The comparable " t " v a l u e s 

for the columns headed Amplitude, Group V e l o c i t y and Average 

R e s u l t are 5 .^89, 2 .744, k.-]k7 and are s i g n i f i c a n t at 99 .99, 

99.9i 99'99% l e v e l s r e s p e c t i v e l y . The r e l a t i v e l y high frequency 

content of the underground bomb i s confirmed; the importance 

of t h i s w i l l be seen l a t e r . 

~1 
3.3 S t a t i s t i c a l Comparison of the Q .̂ ( f ) v a l u e s 

Two types of comparison of the ( ^ ~ ^ i f ) data are r e q u i r e d . The 

f i r s t comparison uses a s i n g l e event and takes a Q value at a 
-1 

p a r t i c u l a r frequency and compares i t to the val u e s at a l l the other 
f r e q u e n c i e s , the process c y c l e s through a l l the f r e q u e n c i e s i n turn . T h i s 

-1 

e s s e n t i a l l y t e s t s to see i f 

pseudo dependence on frequency. 
-1 

—1 
e s s e n t i a l l y t e s t s to see i f Q ^ ( f ) i s frequency dependent, a l b e i t a 

The second type of comparison i s between two events. The 

are compared between the tv/o events a t corresponding f r e q u e n c i e s , to 

determine i f the v a l u e s obtained are s t a t i s t i c a l l y d i f f e r e n t . 
- 1 • 

The values of have been determined using l i n e a r r e g r e s s i o n 

which assumed a l i n e of the type 

Y = Q';̂'' X + b 3.1 
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where Y and X are amplitude and d i s t a n c e terms, Q and b the l i n e gradient 

and i n t e r c e p t . A data set of n p a i r s of observables, " ^ l i ^ ' 

approximates to 3.1 but i s s c a t t e r e d about i t . The confidence l i m i t s on 

v a l u e s are one i n s t a n c e of t h i s s c a t t e r . A second data s e t , i^^^x^ "^21'*' 

w i l l again be of the form 3.1. Whether the two data s e t s are from 

d i f f e r e n t events, but at the same frequency, or from the same event but at 

d i f f e r e n t f r e q u e n c i e s does not matter - the problem i s to compare two 

r e g r e s s i o n l i n e s . The theory described by Brownlee (1965» p349 ) has been 

incorporated i n t o the programs CNL and C2L (Appendices E and G) to perform 

the comparisons i n the two c a s e s . 

The f i r s t t e s t performed i s F i s h e r ' s F t e s t on the r a t i o of 

the r e s i d u a l v a r i a n c e s about the two r e g r e s s i o n l i n e s . T h i s t e s t i n d i c a t e s 

i f both l i n e s are samples from the same parent population, and i f t h i s 

t e s t i s f a i l e d (Not from the same population) then no more t e s t s are 

conducted. The second t e s t t a k es the two values of gradient, that i s 
- 1 - 1 

and 2' assumes they are equal, and then c a l c u l a t e s a s t a t i s t i c to 

check t h i s hypothesis. A l l t e s t s are performed at the 95% confidence l e v e l . 

I n a l l c a s e s f a i l u r e of a t e s t i s i n d i c a t e d by 0, success by 1, and a 2 

i n d i c a t e s that a t e s t has not been performed. 

3.3.1 Q as a Function of Frequency 

The tests on each event to i n v e s t i g a t e the r e g r e s s i o n c o e f f i c i e n t s 

as a f u n c t i o n of frequency produce a 79 x 79 t r i a n g u l a r matrix (79 

f r e q u e n c i e s were a n a l y s e d ) . A t y p i c a l r e s u l t sheet for the F t e s t i s shown 

i n Figure 3 . l 4 and t h i s was conducted on the event NZA 24/12 / 62 . 

The simple r e p r e s e n t a t i o n of Figure 3 . l 4 q u i c k l y produces an 

important r e s u l t . The data d i s t i n c t l y d i v i d e s i n t o two populations. 

There i s a low frequency population for .033^ Hz'and below, and a high 

frequency population beyond t h i s point. Each population forms a d i s t i n c t 

t r i a n g l e , d i v i d e d by a r e c t a n g u l a r area for which no f u r t h e r t e s t s may 

be performed because the v a r i a n c e s of the two populations are unequal. 
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NOVAYA ZEHLYA 2 4 / 1 2 / 6 2 ATKCSFHERIC 26 STATIONS 

Frequ 
0 , 0 1 4 6 5 
0 . 0 1 5 8 T 
0 . 0 1 7 0 9 
0 . 0 1 8 3 1 
0 . 0 1 9 5 3 
0 . 0 2 0 7 5 
0 . 0 2 1 9 7 
0 . 0 2 3 1 9 
0 . 0 2 4 4 1 
0 . 0 2 5 6 3 
0 . 0 2 6 8 6 
0 . 0 2 8 0 8 
0 , C 2 9 3 0 
0 . 0 5 0 5 2 
0 . 0 3 1 7 4 
0 . 0 3 2 9 6 
0 . 0 3 4 1 8 
0 . 0 3 5 4 0 
0 . 0 3 6 6 2 
0 . 0 3 7 8 4 
0 . 0 3 9 0 6 
0 . 0 4 0 2 8 
0 . 0 4 1 5 0 
0 . 0 4 2 7 2 
0 . 0 4 3 9 5 
0 . 0 4 5 1 7 
0 . 0 4 6 3 9 
0 . 0 4 7 6 1 
0 . 0 4 8 6 3 
-0 .0500 5 
0 . 0 5 1 2 7 
0 . 0 5 2 4 9 
0 . 0 5 3 7 1 
0 . 0 5 4 9 3 
0 . 0 5 6 1 5 
0 . 0 5 7 3 7 
0 . 0 5 8 5 9 
0 . 0 5 9 8 1 
0 . 0 6 1 0 4 
0 . 0 6 2 2 6 
0 . 0 6 3 4 8 
0 . 0 6 4 7 C 
0 . 0 6 5 9 2 
0 . 0 6 7 1 4 
0 , 0 6 8 3 6 
0 . 0 6 9 5 8 
0 . 0 7 0 8 0 
0 . 0 7 2 0 2 
0 . 0 7 3 2 4 
0 . 0 7 4 4 6 
0 . 0 7 5 6 8 
0 . 0 7 6 9 0 
0 . 0 7 8 1 3 
0 . 0 7 9 3 5 
0 . 0 8 0 5 7 
0 . 0 8 1 7 9 
0 . 0 8 3 0 1 
0 . 0 6 4 2 3 
0 . 0 8 5 4 5 
0 . 0 8 6 6 7 
0 . 0 8 7 8 9 
0 . 0 8 9 1 1 
0 . 0 9 0 3 3 
0 . 0 9 1 5 5 
0 . 0 9 2 7 7 
0 . 0 9 3 9 9 
0 . 0 9 5 2 1 
0 . 0 9 6 4 4 
0 . 0 9 7 6 6 
0 . 0 9 8 8 8 
0 . 1 0 0 1 0 
0 . 1 0 1 3 2 
0 . 1 0 2 5 4 
0 . 1 0 3 7 6 
0 . 1 C 4 9 8 
0 . 1 0 6 2 0 
0 . 1 0 7 4 2 
0 . 10864 

ency 
2 
12 
112 
1112 
11112 
111112 
10111 
l O H l 
OOOU 
O O O l l 
o o c n 
00111 
00011 
O C O l l 
00111 
m i l 
m i l 

f l E S l CATPIX 

0 . 1 0 9 R 6 

12 
112 
1112 
1 U 1 2 
111112 
1111112 
11111112 
1 1 1 1 1 1 U 2 
CC0CCC0012 

1110CCCCC0CCC00012 
111O000OCOCO0OCO112 
11C00CCCC0CCC0001112 
OlOOOCCCCOCCCOOOUl 12 
0100CCCOCOCCCOCOOU112 
110000COCOCCC0001111112 
m o o o c o o o o o c o c o i m n i 2 
111OOOC00CCC0O0O111111112 
m o o o c o o o c c c o p o i i 11 n i l 12 
01COOOCOCOC00000011111U112 
OOCOCCCOCCCCCOOOOl1 1 111 111 12 
OlOOCOCOCOCOOOOOOlUUl 111112 
o c c o c c c c c c c c c o o o o i i n i l 1 n i l 12 
o c G o o c c c c c c c c o c o o l n i n i n i l 112 
OOCOOCOCCCCCCOCCCIU n i l 1111.1112 
o o c o o c c c c c c c c o o o o i n i n i n n U 1 1 2 
o c o o o o o o o o c c c o o o o n n i l 1 n i l u 1112 
o c o o c o c c c c c c c o o o o l 1 n n 1 n n 1111112 
o c o o . o o c o c o c c c o o o o i i i n n n n 11111112 
o i o o o o c o o o o o c o o o o i n 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 
o i o o o c c o c o c c c o c o o n 1111111111111111112 
o c o o o o o o c o c o c o c 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 
o c o o o o c c c o c c c o o 00111 l i n n 11111111111112 
o i c o c c c c c o c c c o o o o i n n m i n 11 n i l 1111112 
01 c o o o c Q O o o c c o o o o n i n n 111111111111111112 
0 1 0 0 0 0 c o c o c c c o o o o i i 11111 n i l n 1111111111112 
o i c o o o o o o o c c c o c o n n n n n n n n n i n n 11112 
o i o o o o c o c c c c c o o o o n 1 111 1 n n i l n 11 n 111 i n 112 
c i o o c o c o c o o o c o o o o i n 111 111 111111 111 n i l 1111112 
o i c o o o o o o a c c o c o o o n i n n n i l n n n 11 i n 11111112 
1 i c c o c c o c c c c c c o o i n 1 n n 111111111111111111111112 
i i i o o o c o c o c c c o o o i n i 11 n i l 1111 n i l 111111111111112 
m o o o c c c c c c c o o n n 11111111111 n i l i n n 11111111112 
i i i o o c c c c o c c c o o G i i i i i n n i n u n n n i n i i n i n n i u 
o i c o c o c o o o c c c o c o o i i i i n 111 11111111111111111111111112 
i i c o o c c o c o c c c o o o n i i n i l n n n i l 111111111111111111112 
c i 00 o c c c o o c c c o o o D i n n i 1111111 n 11 n i n 1111111 n i n i 
o o o o o o c c c c c c c o o o c o i i i n c n n i i n i i n i n i n i n i n i o n 
o o o o o o c c c c c o c o o o o n i i i i m i l i i n n n n i i n i i i n i n n 
o i o o o o c o c o c c c o o o o n n i m i n i i n n n i n i i n n n i n n 
o i o o o o c o c o c c c o o o D i i n n i n n n i i n n i n i i n n n n i n 
o o o o o o c o c c c o c o c o o i i i n i i i n i i i i i n i i n i i n i i n n i n i 
o o o o o o c o o o o c c o o o o o i i 1110111111 i n i n 111111111 i n i o n 
o o o o c o c c c c o c c o o o o n i n n n n 111111111111111 i n n i o i i 
o o o o o c c c c o o c c o c o o i n i l n 111111 n i l 11 i m i n i m n 111 
o o o o o o c c c o c c c o o o o i i i n i i i i n i i n n n n i i n i i i i i n i i i 
o i c o o o c o o o c c c o o o o n i i n i i i i i i i i n i n n i i i n n i i i n n 
o i o o o o c o c o c c c c o o o i m n i n 111111 n n i n i n 1 i n n n 11 
o i o o o o c o c o o o c o o o o n i i n n i 1111 n n i i i n i i n n n n i n 
i i i o o c c o o o o c c o o i i i i u n n i n u n n n i n n n n i n i n i 
m o o o o o c c c o o o o o i m n m i n i i i i n n i n a n i n n n 11 
o i o o o o o o c o c c c o o o o m 111 i n n 111111 m i l n i l n 111 n n 
o o o o o o o o c o o o c o o o o i m n i n n u n n m n n m n n n 11 
o i o o o o o o o o o c c o o o T m n n n m i n n m m i m m m n 
0100 oocooo 0000001111 n m i m i n n m m n i i m m n 
o i o o o o c o o o o o o o o o o n i i n i n n i i i m m m i n n i n n n 
o o o o o o c o c c o o c o o o o n 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 m n u n n I ' n i 111 
o o o o o o o o c c o o o o c o o o m n c i i n i i i n i m m i n i i i m o n 
o o o o o o c o c c o c o o c o c o n i i i c i i 11 i i n i i n i n i n i i n m o n 
o o o o o o o o o c c c o o o o o n i n i m m i 1111 i n n 1111 n i n i n i 
o o o o o o o o o o o c o o o p o i i i n 1 1 1 1 n 111111 m m m 1 n n n n 
o i o o o o c o o o c c c o o b o m i i i i n i i u i i i i i i i n i i n i m m n 
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FIGURE 3.14 
R e s u l t s of Inter-Frequency "F" Te s t s for NZA 24/12 /62 (0 I n d i c a t e s 
Test F a i l e d , 1 Test Passed, 2 Test not Conducted). 



I t i s worth noting S c h e f f e ' s (196^) observations concerning the 

e f f e c t s of non-normality on the v a r i a n c e r a t i o . I f non-normality i s p r e s e n t , 

s p e c i f i e d by f i n i t e k u r t o s i s , then confidence l e v e l s are a f f e c t e d . But 

i n e q u a l i t y of v a r i a n c e s has l i t t l e e f f e c t on i n f e r e n c e s about means i f the 

degrees of freedom are equal for the two v a r i a n c e s , although i n f e r e n c e s 

about v a r i a n c e s w i l l be s e r i o u s l y a f f e c t e d . However, explanations other 

than non-normality seem more l i k e l y for the two apparent r e g i o n s . 

I t w i l l l a t e r be seen that a Rayleigh wave frequency, .035^ Hz, 

correspondsto an approximate depth of pen e t r a t i o n , 110 kms. T h i s corresponds 

to the expected geophysical change from l i t h o s p h e r e to asthenosphere, 
-1 

v/here l a t e r a l v a r i a t i o n s i n Q may be v^idespread. Such v a r i a t i o n s would 
i n f l u e n c e the v a r i a n c e of any estimate of ' -^Iso, a subsequent 

-1 -1 i n v e r s i o n of t h i s Q ^ C f ) data shows the presence of a high Q l a y e r , which 

i s only sampled by the low frequency population. 

Instrumental r o l l - o f f and the l a c k of barometric compensation i n 

the WWSSN seismometers a l s o exacerbate the s i g n a l - t o - n o i s e problem at low 
-1 

f r e q u e n c i e s , and must lead to i n c r e a s e d v a r i a n c e for these estimates. 
-1 

The second t e s t , comparing the i n d i v i d u a l v a l u e s or g r a d i e n t s , 

shows that the v a l u e s i n each population are comparable w i t h i n that 

population, but where the F t e s t had f a i l e d no comparisons were made. 

For t h i s event i t t h e r e f o r e appears that two regions of , 

i n terms of frequency, have been observed. From Fig u r e 3«1 i t i s apparent 
-1 

that the low frequency population i s of higher , and experiences 

greater a t t e n u a t i o n , 

A s i m i l a r d i v i s i o n was found for the other events of importance. 

The frequency at which the d i v i s i o n occurred for each atmospheric explosion, 

the major events, i s l i s t e d below. 

-k3-



Event Highest Frequency of 
Low Frequency Population 

NZA 24 .12.62 .03^18 Hz 
NZA 27. 9.62 .03418 Hz 
NZA 22.10.62 .03540 Hz 
OA 17. 6.67 .03662 Hz 
CA 29. 9.69 .03418 Hz 

The mean frequency for t h i s t a b l e i n d i c a t e s population d i v i s i o n at O.O35 Hz. 

3 .3 .2 Q„ ( f ) Compared Between Events 

I t i s necessary to compare the Q̂ - data between separate 

events at corresponding f r e q u e n c i e s , i t may then be p o s s i b l e to pool the 

data from such events and improve the r e s u l t s . The program used to c a r r y 

out t h i s comparison i s C2L, i t follows the t e s t i n g procedure already 

de s c r i b e d . Comparison of the events NZA 24,12.62 and NZA 27,9.62 produces 

the r e s u l t s shown i n Figure 3.15. Columns headed NFTEST, NATEST give the 

r e s u l t of the F t e s t and then the gradient comparison t e s t . I f the 

gr a d i e n t s are comparable, s t a t i s t i c a l l y equal, a pooled gradient and confidence 

l i m i t s are a l s o formed (otherwise t h i s column i s set to z e r o ) . The number 

-of fr e q u e n c i e s w i t h i n the v a l i d range f o r which the F t e s t f a i l e d when 

comparing two events i s summarised for s e v e r a l events i n Table 3«2. 

The data was then pooled to form the following averages. The 

three atmospheric explosions at Novaya Zeralya were averaged forming 3NZA, 

the two explosions i n China formed 2CA. F i n a l l y , a l l the atmospheric explosion, 
-1 

were combined g i v i n g 5A. The f i g u r e s 3«l6 and 3.17 show the i n d i v i d u a l ( f ) 

va l u e s , without confidence l i m i t s , f or the atmospheric explosions at Novaya 

Zemlya and i n China. Trends for the three NZA events are very s i m i l a r and 

are r e f l e c t e d i n the average 3NZA (F i g u r e 3 . I 0 ) . The two events i n China 

d i f f e r c o n s i d e r a b l y around .038 Hz, t h i s i s probably due to the poor s i g n a l -

t o-noise for CA 17.6.67, but the average 2CA (Figure 3.18) follows the 

general trends of CA 29.9.69 which has good s i g n a l - t o - n o i s e . (The combined 
-44-
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Comparison of Regression Values for 
and NZA 27/9/62 at Each Frequency. 
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NZA 
24.12.62 

NZA 
27. 9.62 

NZA 
22.10.62 

CA 
17. 6.67 

CA 
29. 9.69 

NZU 
7.11.68 

NZA 
24.12.62 -

NZA 
27. 9.62 1 -

NZA,. 
22.10.62 6 11 -

CA 
17. 6.67 7 • 13 1 -

CA 
29. 9.69 8 16 1 1 -

NZU 
7.11.68 25 27 24 23 20 -

Table 3.2 The number of frequencies at which the F t e s t f a i l s for comparison 

of two events. The underground explosion NZU 7.11.68 d i f f e r s 

from the atmospheric explosions. 
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average f or the f i v e atmospheric e x p l o s i o n s i s shown i n Figure 3.19.) 

The averages 3NZA, 2CA and 5A with t h e i r appropriate 95% confidence l i m i t s 

are shown i n F i g u r e s 5.20-3.22. 

3.^ Average Q.~''(f) Values 

3.^.1 Q_ at Low Frequencies 

The f i g u r e s for 3NZA, 2CA and 5A s t i l l p e r s i s t i n showing high 
-1 

at low frequencies. T h i s w i l l l a t e r be i n t e r p r e t e d as a l a y e r of 

greater a t t e n u a t i o n at depth. 

Broader confidence l i m i t s are s t i l l apparent at low f r e q u e n c i e s , 

but t h i s does not n e c e s s a r i l y mean that these r e s u l t s are poorer, i n s t e a d 

i t i s i n f o r m a t i v e . Two populations may have the same mean, but with 

d i f f e r e n t v a r i a n c e s , one population i s "broader" than the other. Samples 

from the broader population w i l l c o n t a i n a wider range of va l u e s and so 

the confidence l i m i t s on the c a l c u l a t e d mean w i l l be wider than for the 

other population. Low fr e q u e n c i e s penetrate deeper i n t o the earth than 

high f r e q u e n c i e s , presumably sampling a wider range of Q v a l u e s . Also 

the depth to which low frequ e n c i e s penetrate may be expected to co n t a i n 

l a t e r a l inhomogeneities. Both e f f e c t s broaden the confidence l i m i t s and 

simultaneously i n c r e a s e t h e i r i n t e r p r e t a t i o n a l use! 

! tendp>nf:v fit oh •f-pomionr'-i o c -5 c! •r<̂ V. Y 

zero. This has already been explained i n terms of the propagational 

frequency content for each explosion. However, f i g u r e 3.23 shows an i n t e r e s t i r : 

comparison between the atmospheric average 3NZA and the underground 

exp l o s i o n NZU y / T i / ^ S . For NZU the e r r a t i c behaviour of the mean and the 

very broad confidence l i m i t s ( F i g u r e 3.^) at low frequ e n c i e s i n d i c a t e s 

l i t t l e low frequency energy content, but for high f r e q u e n c i e s the s i t u a t i o n 

has obviously improved. From Table 3«1 we expect NZU to con t a i n u s e f u l 

propagating energy up to about 0.10 Hz, while 3NZA w i l l c o ntain energy up to 

0.08 Hz. The curves for 3NZA and NZU s t a r t to diverge for frequencies around 

3.^.2 Q,, at High Frequencies 

The tendency at high frequencies i s f o r Q ""̂  to trend towards 
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0.08 Hz, 3NZA trends towards zero while NZU gives a reasonable a t t e n u a t i o n -
— 1 

value, ~ 0.004. For frequencies greater than O.O8 Hz the underground 
-1 

explosion NZU i s probably a b e t t e r estimator o f Q ̂  than 3NZA, simply 

because i t does con t a i n high frequency propagating energy. 

3.5 Summary 

The estimated values of ( f ) have been presented f o r each 

event analysed, along w i t h 95% confidence l i m i t s . The data f o r the 

separate atmospheric explosions has been combined to form improved averages. 

I n a l l cases the highest u s e f u l frequency of propagating energy has been 

determined. 
""1 

I n general the ( f ) values determined from Novaya Zemlya are 

greater than the equivalent values obtained from the explosions i n China, 
I n a l l cases the a t t e n u a t i o n i s greater at low frequencies, implying an ' -1 at t e n u a t i n g layer at depth. I t i s now necessary to i n v e r t the Q ( f ) 

Y 
data from a f u n c t i o n of frequency f o r surface waves i n t o a v a r i a t i o n w i t h 

-1 -1 
depth, determining and f o r compressional and shear b o d i l y waves. 



CHAPTER k 

k.1 A T h e o r e t i c a l Formulation f o r the D i s s i p a t i o n and Dispersion of 

Rayleigh Waves 
-1 

For the f u t u r e purpose of i n v e r t i n g the experimental Q data 

i t i s necessary to describe the evaluation of the d i s s i p a t i o n parameter 

by t h e o r e t i c a l means. This w i l l also throw l i g h t ,on Q as an important 

earth parameter. 

Any expression f o r the amplitude of a surface wave at angular 

frequency w w i l l c o n t a i n the wave propagation term 
exp [ i ( ojt - k . £) ] ^.1 

where k. i s the wave number v e c t o r and _r the distance. Assuming isotropy 

t h i s becomes 

exp [ i ( ( J t - k r ) ] 4.2 

I f d i s s i p a t i o n i s present then k i s complex, i f d i s s i p a t i o n i s small 

amplitudes may be c a l c u l a t e d , using complex k, as i f d i s s i p a t i o n was not 

present. The wave number k becomes* 

k(a)) = k (w) + 6k( w) h.3 o 
where k^ i s the wave number i n the e l a s t i c case and i s pure r e a l , and 
6k( 0)) i s complex. 

•This r e p r e s e n t a t i o n f o r the wave number was shown to me by J Hudson. Thii 

d i f f e r s from the work of Anderson, Ben-Menahem and Archarabeau (1965) who 

use k = k^ + i k 2 , v i s c o e l a s t i c i t y only i n t r o d u c i n g an imaginary term f o r 

d i s s i p a t i o n . Allowing 6k(w) to be complex leads to causally r e l a t e d 

i n f o r m a t i o n about d i s s i p a t i o n and d i s p e r s i o n , the r e l a t i o n i s obtained by 

Futterman's methods (1962), 



The terra 6k(w) may be w r i t t e n 

6k(co) = 0( w) + i Y ( w) h,k 

and the term k.2 becomes 

exp [ i ( w t - 0(.u>)r)] exp [ Y C W ) ^ ] 4.5 

As expected y( w) determines s p a t i a l a t t e n u a t i o n , which we hope t o prove 

negative, w h i l s t 0( i s a phase term, and Y ( be r e w r i t t e n as 

Y ( W ) = - w/2Q^( u)U(a)) 4.6 

Group v e l o c i t y , U, i s used f o r surface waves; the argument i s given 

by Brune (1962) and Knopoff et a l . (1964). 

The wave number k (w) i s obtained as s o l u t i o n t o the surface 
o 

wave equation which involves the earth parameters ct̂  and 3^ (corapressional 
and shear v e l o c i t i e s ) . For the e l a s t i c h a l f space case t h i s c h a r a c t e r i s t i c 
equation i s 

^ ~ J ^ ) ~ ^ ( y - - T ^ ) ('^ " f z ) = ° ( B u l l e n 1965) 3 2 ; - -i^' - ^ . -̂̂ 2 J . 0 CBullen 1965) 4.7 

i s the v e l o c i t y of the surface waves, and t h i s may be represented by 

^o^^o' "'^o ' Po^ = 0 4.8 

because k (w) = •—• .. When d i s s i p a t i o n occurs the v i s c o - e l a s t i c wave o o 
o 

number k i s the s o l u t i o n of 
F(k, w, a , 3) = 0 4.9 

where k, a, 3 are a l l complex and a , P are of the form 

a ( w) = a + 5a ( u ) 
o 4.10 

I f we nowr assume a plane N layered earth model v;here h^ denotes the 

thickness of the 1th layer then i d e n t i t y 4.9 becomes 

F(k, 0), h^, cx̂ , p^) = 0 4.11 

and adapting a statement by Anderson, Ben-Menahem- and Archambeau (1965), 

6k( w) i s given by the p a r t i a l d e r i v a t i v e summation 

- 4 8 -



N 
6k(a)) = ^ a k ak 

6a 
1-1 L ^ S l - l * - ^ ! • \ 

In the work of Anderson et a l . Sa^, 63^ are pure imaginary, here they 

are complex. 

The wave number k^ may be determined by applying equation 4.8 

to a layered s t r u c t u r e , that i s s o l v i n g 

F^(k^, co.ĥ ,̂ a^^, 3̂ 3_) = 0 

The s o l u t i o n f o r k i s obviously of the form k ( u),h , a ., , f3 T ) and so 

the d e r i v a t i v e s i n 4.12 are of the form 

ak^(a),h^, a^, P^^) 

4. 12 

4.13 

a a o l 4 . 1 4 

The Thomson-Haskell m a t r i x f o r m u l a t i o n (Thomson 1950 , Haskell 

'5953, 1964) f o r surface waves on a layered s t r u c t u r e w i l l l a t e r be used to 

o b t a i n s o l u t i o n s f o r k^ f o r a chosen layered model. The program, w r i t t e n 

by A Douglas, was adapted to produce the d e r i v a t i v e s of equation 4.l4 by 

s o l v i n g equation 4.13 f o r k ^ j ^ and by using a^+da^ followed by 

a'̂ _.-da'̂  and then p e r t u r b i n g the parameters of each l a y e r i n t u r n and r e 

s o l v i n g 

^ o ^ ^ o j i ' ^ 1 ' % l i ^ l j = ° '̂ •''5 

The small increment da^ i s added t o â _. only (and J eventually runs from 1 

to N, p e r t u r b i n g each layer i n t u r n ) and the new wave number k̂ ^̂ . obtained. 

The required d e r i v a t i v e i s then approximated by 

dk 
aa ol l = j 

w 

k . -k . 
2da 4.16 

Because k (co) o j-^-^ a small p o s i t i v e change i n a^(cj) produces a small 

negative change i n k (w); the d e r i v a t i v e s are always negative. 
a o 

The d e r i v a t i v e s w i t h respect t o 3 are obtained i n a s i m i l a r 

manner, and they too are a l l negative. 

Equation 4.12 may be w r i t t e n i n f u l l as 



R (6k (co) ) = 0( 
J . 

co) = X 

I ( 6 k ( ( j ) ) = Y ( W ) 

1=1 

1=1 

d k d k 

o l '^ol 

^ I ( 6 a , ) + ̂  I ( 6 P T ) 

'%1 ^Pol 

By considering small changes i n the body wave v e l o c i t y â ^̂  i t may be 

shown t h a t (Appendix F) 

I ( 6 a i ) " 

-1 
) = ^ 

4.17a 

4.17b 

4.l8a 

4.l8b 

- 1 - 1 

here Q̂ ^ , Q̂ ^ are s p e c i f i c a t t e n u a t i o n f a c t o r s f o r b o d i l y waves. 

The equations 4.l8 allow us to express the a t t e n u a t i o n c o e f f i c i e n t Y ( W ) 

of equation 4.17b i n terms of p h y s i c a l l y obtainable q u a n t i t i e s , which 

was our major o b j e c t i v e . 

Further, the R and I p a r t s of 6a^, 1 causally r e l a t e d and 

the treatment described by Futterman (1962) may be applied. The d i s s i p a t i v e 

e f f e c t s (1(6 Oĵ )) are r e l a t e d t o the d i s p e r s i v e e f f e c t s (R (6a^))and 

applying Futterman's r e s u l t s gives (See Appendix F) 
R(6aj_) = a 

0 ) 

2 
- I ( 6 a i ) l n \ 

? V - 1(6(3^)111 u 
•K 1 O 

where , as Kolsky (1956) would have i t , i s a "disposable constant". 

Therefore s u b s t i t u t i n g i n 4.17 vfe have 

4.19a 

4.19b 

N 

0((u) = - I n (-^ ) Y(^) 
o 

.-1 
Y (CO) = J" ak 

I - I L ' % 1 ' 2 ^ o i 

2 "/ 
6 k(aj) = Y(W) (~ I n -i- i ) 

7C O 

4. 20a 

4.20b 

4.21 

Using knowledge of the s p e c i f i c a t t e n u a t i o n f a c t o r (body waves), 
d k. 

the v e l o c i t y of body waves and the d e r i v a t i v e s da o l 
the a t t e n u a t i o n 
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c o e f f i c i e n t y faay be c a l c u l a t e d f o r a layered sti-'Ucture. As expected 

the a t t e n u a t i o n c o e f f i c i e n t i s negative, d i r e c t l y determined by the sign of 

the d e r i v a t i v e s which are always negative. Further, i f the group v e l o c i t y 
-1 

f o r the model i s knovm then may e a s i l y be c a l c u l a t e d from Y('^), by 4 . 6 

The Thomson-Haskell method determines the phase v e l o c i t y d i s p e r s i o n 
f o r the model, the group v e l o c i t y . d i s p e r s i o n i s e a s i l y obtained from t h i s 
by using the usual equation 

U(a,) = ^ . C + k ™ 4.23 

We may take the argument f u r t h e r and c a l c u l a t e the change i n the Rayleigh 
wave phase v e l o c i t y caused by d i s p e r s i o n l i n k e d , as above, w i t h the 
d i s s i p a t i o n . • 

A change i n the wavenumber o f -6k i s l i n k e d w i t h a change + 6 c 
i n the Rayleigh v e l o c i t y C 

o 

k -6k(w) = ^ - 2 4 o C + o C( w) o 
and because 

-̂o - C 
o 

O O 

w6_C(w) 
C 

6 k ( u ) ~ - - — 2 — 4.25 
o 

Taking the r e a l p a r t s and rearranging gives 
C 2 

6c(co) = - -™- ^(cj) 
C ^ P w . 

6C(co) = - Y ((0) I I n 

C(co) = C^d T(.) f m ^ ) 
-1 " 

O 

-51-



This equation i s s i m i l a r to a s o l u t i o n given by Kolsky (1956) f o r 

compressional waves i n a rod 

G(co) = C (1 + I n -^) 4.27 
o % i^^ 

-1 
where tan 5 may be read as . The group v e l o c i t y appears i n equation 4.26 

Cl> 
because the energy o f surface v/aves t r a v e l s w i t h t h i s v e l o c i t y r a t h e r than 

the phase v e l o c i t y , and so i s required i n the a t t e n u a t i o n expression 4.6. 

This second type of di s p e r s i o n i s a geometrical e f f e c t which occurs f o r 

surface v/aves because longer periods reach t o greater depths w i t h i n the 

earth than shorter periods, t h e r e f o r e sampling a d i f f e r e n t v e l o c i t y 

s t r u c t u r e . Because a d i f f e r e n t v e l o c i t y s t r u c t u r e i s sampled a d i f f e r e n t 

Rayleigh wave v e l o c i t y r e s u l t s f o r each frequency. This does not occur f o r 

body v;aves because a l l frequencies f o l l o w the same path, unless scattered 

i n a frequency depejident manner. So f o r body waves the phase and group 

v e l o c i t i e s (hence the energy v e l o c i t y f o r these seismic frequencies) are 

almost i d e n t i c a l , the d i f f e r e n c e i s caused by disp e r s i o n l i n k e d to 

d i s s i p a t i o n Virhich i s a small e f f e c t . I f surface waves were not dispersed 

by geometrical means (as c a l c u l a t e d by the Thomson-Haskell t echnique) then 

equat ion 4.26 would reduce t o a form equivalent t o 4.27-

I t i s usual to c a l c u l a t e Rayleigh wave geometrical d i s p e r s i o n using 

Thorason-Haskell matrices w i t h frequency independent body wave v e l o c i t i e s . 

I f frequency dependent body wave v e l o c i t i e s are used, and a t t e n u a t i o n 

i s allowed f o r , ( e s s e n t i a l l y s o l v i n g equation 4.11) the r e s u l t i n g Rayleigh 

wave d i s p e r s i o n curve has been shown to d i f f e r by 1% from the simpler model 

(Carpenter and Davies I966). I n t h i s study d e r i v a t i v e s of the 
O 

type were obtained using the simple e l a s t i c Thorason-Haskell f o r m u l a t i o n 

and then the a t t e n u a t i o n c o e f f i c i e n t c a l c u l a t e d from equation 4.20b. Obviously 

there are some feedback e r r o r s i n t h i s process because the d e r i v a t i v e 

expressed i n 4.14 should r e a l l y i n clude a t t e n u a t i o n and be of the form 
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Such considerations were ignored. Also the p o s s i b i l i t y t h a t the a t t e n u a t i o n 

frequency r e l a t i o n (equation ^ .6) i s not l i n e a r i s ignored, that i s r e l a t i o n s 
p 

of the form Y(W)OCW (P not necessarily i n t e g e r ) which are considered 

advantageous by S t r i c k (1967) are not considered, because the advantages 

gained are l a r g e l y i n the t h e o r e t i c a l p r e s e n t a t i o n of the a t t e n u a t i o n 

mechanism. 
h, 2 The Attenuation of Rayleigh Waves on a Half Space 

Before any attempt i s made t o i n v e r t the observed Q̂^ data i n t o 
-1 -1 

an attenuation-depth model i n v o l v i n g , by using equations ^.20b 
-1 -1 -1 

and 4.22 f o r yCw) as a f u n c t i o n of Q̂^ » Q̂ j as a f u n c t i o n o f y^' j ) 

r e s p e c t i v e l y , i t would be u s e f u l t o ob t a i n a simple, i f approximate, r e l a t i o n of the form q""̂  ~ f^Qa'"' Qfl''^- With such an approximate equation 
-1 -1 

i t would be possible t o estimate the range of values f o r Q , Q which 
0* p 

ought t o be considered f o r i n v e r s i o n purposes. 
Equation 4.7 gives the c h a r a c t e r i s t i c equation f o r a Rayleigh 

wave i n a p e r f e c t l y e l a s t i c h a l f space, t h i s equation has the p h y s i c a l 
s o l u t i o n 

C = 0.98 p 4.28 o 'o 
Obviously d i s p e r s i o n does not occur w i t h such a model. For a homogeneous 

v i s c o e l a s t i c h a l f space an expression was obtained by Press and Healy (1957) 
-1 -1 

r e l a t i n g the Rayleigh wave a t t e n u a t i o n to Poisson's r a t i o , Q » Qo only. 
(X p 

Press and Healy obtained t h e i r expression by al l o w i n g the v e l o c i t i e s i n 

the c h a r a c t e r i s t i c equation 4.7 to become complex, t h e i r expression i s 

q u i t e complicated but f o l l o w i n g Anderson et a l . (1965) i t may be w r i t t e n as 
Ql~^ = rti + (l-m)Q"p 4.29 

where m i s a complicated f u n c t i o n of Poisson's r a t i o . 

However, a much simpler equation may be obtained using the 

equation 4.20b f o r ^{w). Rewriting equation 4.20b f o r a half-space 
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immediately gives 

and assuming a Poisson s o l i d (a = /3 |3 ) 

I g n o r i n g the d i s p e r s i v e e f f e c t s of v i s c o e l a s t i c i t y i m p lies equation 4.28 

which will be w r i t t e n , f o r s i m p l i c i t y o f manipulation, i n the form 

= n P 4.32 

np 
3k - c) 1 ao) 

Nov/ assuming that ™ = 0, t h a t i s non dispe r s i v e body waves (which i s 

experimentally t r u e ! ) gives 

ak _ - 0) 
^ np2 

4.34 

t h e r e f o r e 

which leads t o 

Before t h i s equation i s used i t i s worthwhile c a l c u l a t i n g the p a r t i a l 

d e r i v a t i v e s ^ ̂ o , ^ ̂ o t o show the l i m i t a t i o n s of t h i s equation. 
a a ^ as T 

o l ' o l 

4.3 P a r t i a l D e r i v a t i v e s f o r I n v e r s i o n Purposes 

As has already been described the p a r t i a l d e r i v a t i v e s were 

obtained by using the Thorason-Haskell procedure to solve a layered s t r u c t u r e 

f o r the wavenuraber k . , then p e r t u r b i n g the v e l o c i t y i n the j t h l a y e r , 
O J + ^ j ^ ^ . . A . 

and r e - s o l v i n g f o r k . : hence — - — 
00- ' ac^. 

be c a l c u l a t e d f o r a range of w. An a l t e r n a t i v e procedure would be to use 

a k 
and s i m i l a r l y --——• may 

the surface v/ave energy equation described by J e f f r e y s (I961) and t h i s 

has been done by Takeuchi, Dorman and Sato (1969) to perform numerical 
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i n v e r s i o n of surface wave data. 

The v e l o c i t y depth model assumed from which the d e r i v a t i v e s were 

ca l c u l a t e d i s l i s t e d i n Table 4 . 1 . This i s a simple s i x layered c o n t i n e n t a l 

type model, chosen because most of the propagation paths used i n t h i s work 

are l a r g e l y of c o n t i n e n t a l type. The model i s also i l l u s t r a t e d i n Figure 4 . 1 , 

and i t s c h a r a c t e r i s t i c group v e l o c i t y curve i n Figure 4.2._ 

The p a r t i a l d e r i v a t i v e s of the wavenumber, k^, v/ith respect t o both 

body wave v e l o c i t i e s f o r the s i x lay e r s are shown i n Figures 4.3 and 4.4, 

as f u n c t i o n s of frequency. I t i s immediately apparent t h a t for a given 
a k a k 

l a y e r (value of 1) - r r — i s an order of magnitude l a r g e r than — 

^ ^ o l ^ ^ l 

This i m p l i e s , r e f e r r i n g t o equation 4.20b f o r the a t t e n u a t i o n c o e f f i c i e n t 

y( w), a t t e n u a t i o n of shear waves has a greater c o n t r i b u t i o n t o Y('J) 
surface waves than ;does compressional wave a t t e n u a t i o n . (Of course assuming 

-1 -1 
Q , Q are of the same order.) The f u r t h e r i m p l i c a t i o n i s 

which i s born out by the observations of Anderson et a l . (1965). 

Two more comments are worth n o t i n g about the v/ay the d e r i v a t i v e s 

change w i t h frequency and as a f u n c t i o n of lay e r depth. The d e r i v a t i v e s 

show a pronounced negative minimum at a p a r t i c u l a r frequency, the deeper 

the l a y e r the lower the frequency. This q u a l i t y i s r e t a i n e d even f o r 

the d e r i v a t i v e s of deep l a y e r s w i t h respect t o compressional wave v e l o c i t y , 
ak^ 

Figure 4,5 f o r -g—— shows t h i s w e l l . This v a r i a t i o n i s again expected 
04 

because Rayleigh waves of d i f f e r e n t frequencies spread t h e i r energy through 

the l a y e r s to d i f f e r e n t extents. High frequencies are concentrated i n the 

upper l a y e r s and only i n f l u e n c e the d e r i v a t i v e s f o r the upper l a y e r s . 

Conversely the d e r i v a t i v e values f o r high frequencies i n the lower l a y e r s 

are zero; there i s no high frequency energy i n the lower l a y e r s . Kolsky 

has shown i n "Stress waves i n s o l i d s " (1953) t h a t at a depth of one wave-
-55-



Thickness of , 
Layer h 

km 

P-Wave 
V e l o c i t y a,, 

km s~^ 

S-Wave 
V e l o c i t y |1 

km s~1 ^ 

^ ( ^ ) 2 

(=Qal / Q r I ) 
14.0 6.10 3.50 2.29 

22.0 6.50 3.72 2.29 

22.0 8.06 4.40 2.51 

10.0 8.08 4.46 2.51 

55.0 8.121 4.45 2.51 

CO 8.50 4.96 2.19 

Table 4.1 Assumed Velocity-Depth Model 
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l e n g t h i n t o an homogeneous halfspace the v e r t i c a l amplitude o f motion 

has f a l l e n to 0.19 of i t s value at the surface. For example a Rayleigh 

wave p e r i o d 60s at a depth of 250 km i s propagating w i t h about ZQP/o of i t s 

surface v e r t i c a l amplitude. This depth value i s regarded as the extreme 

l i m i t of p e n e t r a t i o n of the waves used i n t h i s study; t h i s i s an obvious 

l i m i t t o the i n v e r s i o n range o f depth. 

The second comment a r i s e s because the deeper la y e r d e r i v a t i v e s 

are much smaller than f o r shallower l a y e r s . For an homogeneous h a l f space 

the shallower depths t h e r e f o r e have greater e f f e c t on the summation f o r 

Y(W). For i n v e r s i o n over a l l frequencies i n t o a depth model the upper l a y e r s 

are b e t t e r resolved (because they are more heavily weighted by the 

d e r i v a t i v e s ) . This i s l a t e r of importance when d i r e c t "Hedgehog" i n v e r s i o n 

i s used. 

To summarise, the two sets of d e r i v a t i v e s should be regarded as 

two dimensional weights varying w i t h frequency and depth. Vi'hen an 

a t t e n u a t i o n model i s postulated which v a r i e s w i t h depth, the d e r i v a t i v e s 

weight the model, shaping i t and forming a r e s u l t which may be compared 

to the observed. 

4.4 Simple Q u a l i t a t i v e I n v e r s i o n o f the Q ( f ) Data 
Y 

Using the assumed v e l o c i t y - d e p t h s t r u c t u r e , and the r e l a t e d 
-1 

p a r t i a l d e r i v a t i v e s , makes i t possible t o i n v e r t Q ( f ) i n t o an a t t e n u a t i o n 
- 1 - 1 

model of Q i Qo with depth. For the s i x layered a t t e n u a t i o n s t r u c t u r e 
-1 

t o be used t h i s r e q u i r e s twelve independent values of Q . I t i s 
at p 

des i r a b l e t o reduce t h i s number to s i x by assuming a simple r e l a t i o n s h i p 
— 1 —1 

between and f o r a l l l a y e r s . Anderson et a l . (1965) and Kanamori 

(1970) have suggested the adhoc r e l a t i o n s 
= 2.25 Q""̂  4.37 CI P a 

€ ^ = Q';;'' ^.38 c2 
Burton and Kennet (1972) suggest using 
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because t h i s has a ph y s i c a l i n t e r p r e t a t i o n : no a t t e n u a t i o n a t t r i b u t a b l e t o 
a 1.2 the bulk modulus. The values of ) i (p™) and hence the r a t i o 

are l i s t e d i n Table 4 . 1 . 

-1 
Si 

Q al 

Not f o r g e t t i n g the i n f l u e n c e the p a r t i a l d e r i v a t i v e s have on the 

c a l c u l a t i o n of Q̂^ ( f ) f o r the r e a l earth we may now take equation 4.36 

-1 -1 
f u r t h e r . Using the c o n d i t i o n , CI, Q. = 2.25 Q gives 

p a 
Q" ' ' = 3.25 Q" ' ' 4 . 4 O 

A very simple q u a l i t a t i v e i n v e r s i o n i s now poss i b l e . The f i g u r e s 
~1 

3.1 to 3.6, and i n p a r t i c u l a r 3 . l8 and 3.19 f o r average Q ( f ) , show that 
~1 

Q_^(f) f o r higher frequencies i s about 0.003 but f o r lower frequencies i t 

may reach O.OO9. Using the approximation o f 4 . 4 0 t h i s gives 
Depth T Frequency 

Shallow • 0.001 0.002 0.003 High 

Deep 0.003 0.007 0.009 Low 

Obviously the t e n t a t i v e conclusion i s a reg i o n of greater 

a t t e n u a t i o n at depth, which i s only sampled by the p e n e t r a t i n g low 

frequencies. The p a r t i a l d e r i v a t i v e s have been ignored i n the above 

approximations, but the way i n which they weight the deeper l a y e r s ( p r e v i o u s l y 

described) w i l l make l a r g e r values o f .-1 at depth d i f f i c u l t to resolve. 

4.5 -1 Model I n v e r s i o n of the Q ( f ) data ——^ — ____ 
I t i s p o s s i b l e t o attempt i n v e r s i o n by t r i a l and e r r o r . A model 

may be p o s t u l a t e d , guided by the simple q u a l i t a t i v e i n v e r s i o n above, and 
~ 1 

the ( f ) i t would generate may be ca l c u l a t e d . I t was decided to model 
-1 -1 

because t h i s parameter i s more abundant i n the l i t e r a t u r e than . 

- 1 -
The computer program QRALEY (Appendix G) was w r i t t e n t o c a l c u l a t e 

,-1 Q ' ( f ) f o r any postulated model of Q„' w i t h depth and any simple r e l a t i o n s h i p 
~1 -1 

between and may be used i n t h i s program. 
A simple model (Ml) wras found which approximates the curve shape 

for the Q ( f ) values averaged f o r f i v e atmospheric explosions shown Y 
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-1 

i n Figure 3.19» that i s the model generates roughly constant i n the 

frequency range 0.03-0,09 Hz and Q"'' increases f o r lower frequencies. 

This model shows a high value, Q„ = O.OO8, f o r the deepest l a y e r . 

Model Ml was compared to four other models. A l l f i v e models 

are l i s t e d i n Table 4 ,2. The models a t t r i b u t e d to Teng, Anderson et a l . 

and Kanamori have been adapted ( t o f i t the l a y e r s i n t h i s study) from the 

Q values l i s t e d i n Ibrahim's (1971) paper. The model M2 represents a 
Gi 

simple decrease of a t t e n u a t i o n w i t h depth, t h i s phenomenon might be 

expected due to increased compaction of m a t e r i a l with depth. The c o n t r o l 

model Ml i s regarded as a reasonable p i c t u r e of the observed data. A l l 
f i v e models were compared f o r the three c o n d i t i o n a l equations between 

-1 -1 Q and Q„ s p e c i f i e d by equations 4.37-"^.39. The r e s u l t s are shown a p 
i n Figures 4.6-4.8. 

The models of Kanamori and M2 are untenable f o r a l l three 

c o n d i t i o n s . Decreasing a t t e n u a t i o n at low frequencies i s found by M2, 

while the Kanamori values are too l a r g e . Teng's model i s unsuitable given 
-1 -1 

condit ions 01 and 03 but using — i t i s a possible model, although 
-1 

the onset of in c r e a s i n g at low frequencies occurs at too high a 
frequency (O.O5 Hz). Anderson's model has p o s s i b i l i t i e s but the peak 

-1 

at low frequencies, r a t h e r than a smooth increase of , tends t o make i t 

unacceptable. 

4.6 Conclusions 
An expression has been obtained from which the s p e c i f i c a t t e n u a t i o n 

f a c t o r Q ( f ) f o r Rayleigh waves may be ca l c u l a t e d . 
-1 

For the c a l c u l a t i o n of Q ( f ) i t i s necessary t o assume a v e l o c i t y -
dk 

depth s t r u c t u r e , f o r which p a r t i a l d e r i v a t i v e s of the type -t~- are 

cal c u l a t e d . An a t t e n u a t i o n model f o r Q„ with depth i s then p o s t u l a t e d , 
-1 ^1 2 - I and a c o n d i t i o n of the type = ( r — ) Q , assumed. The d e r i v a t i v e s p i p ct i. 

are regarded as weights which shape the a t t e n u a t i o n model, forming a surface 
-1 -1 wave Q ( f ) from body y;ave Q J h ) . Y P 
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A model Ml was found.which approximates to the observed data. 

This model was compared to four other models, a l l of which were found t o 

possess very i n d i v i d u a l c h a r a c t e r i s t i c s . The model Ml v/as the best match 

to the data and c o n d i t i o n C3 

was r e t a i n e d because i t has p h y s i c a l meaning. 

However t r i a l and e r r o r model f i t t i n g of t h i s nature i s very 

inadequate because i t gives l i t t l e idea about the model accuracy. I t i s 

not possible to say by how much an i n d i v i d u a l layer i n the model may be 

perturbed before the r e s u l t i n g ( f ) i s incompatible w i t h t h a t observed. 

Also the accuracy of the observed data, expressed by the 95/'« confidence 

l i m i t s of f i g u r e s 3 . 2 0 t o 3 . 2 2 has been e n t i r e l y ignored. A d i r e c t method 

of i n v e r s i o n , using t h i s a d d i t i o n a l i n f o r m a t i o n , i s d e s i r a b l e . 
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CHAPTER 3 

5.1 'Hedgehog' - Di r e c t I n v e r s i o n 
5.1.1 I n t r o d u c t i o n 

Many data inversions - the matching of a p a r t i c u l a r depth 

dependent model to observed data at the surface of the earth - produce 

simple l i n e models. The i n v e r s i o n attempts t o show a simple one-to-one 

correspondence between surface r e s u l t s and. depth dependent v a r i a b l e s . 

This would only be pos s i b l e f o r the present data i f the inherent v a r i a b i l i t y 
-1 

i n the data, expressed by the confidence l i m i t s , was neglected. Any 
-1 -1 

i n v e r s i o n of Q_ must produce a p l o t of Q , vary i n g w i t h depth, and w i t h 
-1 

a range of Q values f o r any depth. I t i s important to r e a l i s e that 

e r r o r s alone need not e x p l a i n a range of Q at a p a r t i c u l a r deuth: i t 

i s r e a l i s t i c t o expect a l a t e r a l l y inhomogeneous earth. The narrow confidence 

l i m i t s obtained i n Chapter 3 have geophysical meaning and do not j u s t c o n t a i n 

experimental e r r o r s . 
-1 

To i n v e r t the surface wave data i t i s necessary t o p o s t u l a t e 

models i n some form of Q space. "The d i f f e r e n c e between Q= » and Q=1^-50 

i s not s i g n i f i c a n t at present, since one i s i n fact comparing r e c i p r o c a l s 

of these q u a n t i t i e s . " This was stated by Knopoff ( 1 9 6 9 ) and s u c c i n t l y 

explains why a l l models considered here are i n inverse Q space. 

5 . 1 . 2 "Hedgehog" 

-1 -1 
Any depth model i n Q space may be used to p o s t u l a t e at 

the surface by using the equations i n Chapter k. Once the po s t u l a t e d values 
fo r the surface have been obtained then a comparison may be made v j i t h 
the surface observed data. 

I t i s necessary to d i s t i n g u i s h between experimentally observed 
-1 -1 

data and t h e o r e t i c a l l y c a l c u l a t e d values. The symbols and , 

fo r observed and t h e o r e t i c a l values r e s p e c t i v e l y , make t h i s d i s t i n c t i o n , 
and as a f u n c t i o n of frequency 0 , {£.) w i l l become .. ( i = 1 NFA). 

^ o X Yoi 
The goodness of f i t f o r a p a r t i c u l a r model, compared.to the observed 

data, may be q u a n t i t a t i v e l y defined using the equations - 6 0 - • 



-1 

= a 

NFA 
1 

NFA 
i = 1 

'^"la-Yox 

AQ"''. Yoi 

i = 1 NFA 5.1 

5.2 

The q u a n t i t y AQ^^^ r e l a t e s t o the confidence l i m i t s determined f o r each 

value of the observable Q . . I f a' and c' are a r b i t r a r i l y set to 

values a and ff and an i n e q u a l i t y imposed on equations 5-1 and 5 » 2 , then 

these equations e i t h e r accept or r e j e c t a p a r t i c u l a r model (Burton and 

Kennett 1 9 7 2 ) . 

The Monte-Carlo technique may be used t o generate random models 

and equations 5 « 1 » 5 ' 2 used to select the acceptable ones. However, t h i s 

shows no u n i t y i n the inversion models. Nor does i t i n d i c a t e , except by 

the density o f acceptable models i n Q - depth space,, any breadth of f i t 

f o r a p a r t i c u l a r depth. 
The Hedgehog program, once a good model has been found by 

-1 
Monte-Carlo i n continuous valued Q space, then moves onto a mesh or 

-1 

network of d i s c r e t e values i n Q space. I f the knot i t has moved to i s 

acceptable then a l l adjacent knots are tested u n t i l a boundary between good 

and bad models i s reached. I n t h i s way the program determines a region 

o f connected i n v e r s i o n s o l u t i o n s t o the observed data and creates an 

area of f i t r a t h e r than i n d i v i d u a l p o i n t s . A f t e r completing one region the 

program r e t u r n s to the Monte-Carlo technique t o look f o r f u r t h e r s o l u t i o n s and 
regions outside those already found, u n t i l the e n t i r e region o f search has 
been exhausted or s u f f i c i e n t models t e s t e d . The region of search i s chosen 

-1 

by imposing geophysically r e a l i s t i c values on the 0 space f o r each la y e r 

of the model. 
The values of AQ . c a l c u l a t e d i n Chapter 3 are the 9 5 % 

Y o i 
-1 

confidence l i m i t s on Q ̂  . , and values were determined f o r 7 9 frequencies. 

A l t e r i n g a and exchanges the p r e c i s i o n t o which a model must f i t the •61. 



experimental data. I f a=1.0 then models must l i e w i t h i n the 9 5 % confidence 

l i m i t s . For other confidence l e v e l s the value of a depends upon the 

degrees of freedom f o r t h a t p a r t i c u l a r event. 

A t y p i c a l Hedgehog network N1 used i n t h i s work i s shown i n 
-1 - 1 - 1 Table 5 . 1 . The values of 6Q are used to increment from Q_|̂ .̂.̂  to "̂ HIGH' 

I n a l l cases Q was chosen as zero. I t i s possible t o improve r e s o l u t i o n 

of the i n v e r s i o n model by choosing a f i n e net, t h i s presents problems 

because a f i n e net i m p l i e s many knots and t h e r e f o r e many models t o be 

tes t e d . Monte-Carlo type i n v e r s i o n i s only possible because the computation 
-1 , -1 

time involved i n c a l c u l a t i n g Q̂ ^ and t e s t i n g against Q̂ ^̂  i s minimal, 

1 0 0 0 models can be tested i n k seconds, un one occasion a quarter m i l l i o n 

models were tested by the program i n 1 5 minutes, however t h i s d i d not 

f a c i l i t a t e i n v e r s i o n , because i t also r e j e c t e d the quarter m i l l i o n models! 

The p r e c i s i o n to which the models f i t the data, and the fineness of the 

net c r e a t i n g the models must be compatible. 

5.2 I n v e r s i o n 

5.2.1 The General Model 

The s i x layered v e l o c i t y - d e p t h model and p a r t i a l d e r i v a t i v e s 

of Chapter 4 are used. The r e l a t i o n 

-1 
i s used f o r the s i x l a y e r s t o reduce the number of Q v a r i a b l e s to s i x . 

-1 

I n v e r s i o n v/as attempted f o r three sets of Q . data: 

1 3NZA The average formed from the three atmospheric explosions 

at Novaya Zemlya (Figure 3«1S). 

2 2CA The average from the two atmospheric expl.osions at 

S Sinkiang Prov. China (Figure 3 . 1 ^ ) . 

3 5A The average of a l l f i v e atmospheric explosions (Figure 3 . I S 

The underground explosion was not included i n 3NZA because i t has been shown 
to be a d i f f e r e n t s t a t i s t i c a l p o p u l a t i o n (Chapter 3 ) . Table 3.1 shows 

- 6 2 -



Table 5.1 HEDGEHOG NETS 

N1 

— 1 
( Q Parameter Space) 

N2 

Layer Q"'' LOW 
a 

Q"'' HIGH 6Q"'' 

1 0.0 0.01 .001 

2 0.008 I I 

3 0.008 t i 

k 0.01 11 

5 0.01 I I 

6 0.02 0.002 

N3 

Layer LOW Q"̂'' HIGH 6Q"'' 

1 0.0 0.008 0.002 

2 I I I I 

, 3 0 . 0 1 ^ 0.003 

k 0.016 M 

5 I I I I 

6 0.02 0.004 

Layer Q""̂  LOl^ 'Q~''HIGH 
^ a 

5Q-^ 

1 0.0 .0105 .0015 

2 I I .0075 I I 

3 11 I I I I 

k I I .0105 I I 

5 I I .006 .001 

6 I I .02 .002 

Layer Q"'' LOW q~jHIGH 
1 0.0 .005 .002 

2 I I 11 I I 

3 1! .01 .003 

i f I I I I t l 

5 I I .016 .004 

6 11 .02 .005 

N5 

Layer Q"'̂  LOW • -1 Q HIGH a 
-1 

6Q 
1 0.0 .008 .004 

2 I I .008 .004 

3 I t .012 .006 

k u .012 .006 

5 I I .005 .002 

6 I I .020 .010 



t h a t these data sets only c o n t a i n u s e f u l i n f o r m a t i o n up to a c e r t a i n 

highest frequency. The frequency range used and t h e r e f o r e the number of 
-1 
Q . values f o r each group i s 

- 1 Q yOl 
Data Set 

Number of 
Stations Frequency Range Hz 

Number o f 
*• vox Values 

3NZA:. 81 .0 l i f7 - .0806 55 

2CA 63 .01^7-.0855 59 

5A . 0 l i f 7 - . 0 8 3 0 57 

For two reasons the removal of higher frequencies i s b e n e f i c i a l 

f o r d i r e c t i n v e r s i o n . The depth of p e n e t r a t i o n f o r surface waves depends 

on wavelength. Therefore high frequencies w i l l only contain i n f o r m a t i o n 

about the upper layeis of the ea r t h , whereas low frequencies contain 

i n f o r m a t i o n about both the upper l a y e r s and greater depths. Further, 
ak ak 

the shape of the weighting d e r i v a t i v e s •T',""""" , - j — — (see Figures 4 . 3 , 
- 1 

^%1 ' ̂ %1 
4 .4 ) used to c a l c u l a t e t h e o r e t i c a l for the models, would heavily bias 

the r e s o l u t i o n towards the upper l a y e r s , because of the large d e r i v a t i v e 

values at high frequencies. Figure 5»1 for the major d e r i v a t i v e as up 
b l 

to frequency .0623 Hz, shows more equal weighting f o r the various l a y e r s . 

To include high frequencies i s t o weight the i n v e r s i o n model towards the 

upper l a y e r s , at the expense of r e s o l u t i o n at depth. A spread of energy 

throughout a l l l a y e r s i s required f o r good i n v e r s i o n . 

5 .2 .2 I n v e r s i o n of 3NZA 

The models were tested against the data f o r several l e v e l s of 

p r e c i s i o n , also d i f f e r e n t nets were used to improve and confirm the 

r e s u l t s . The range of f i g u r e s 5*2-5.5 show the i n v e r s i o n models,found 

using net N1, f o r d i f f e r e n t confidence l e v e l s on the observed data. 

Figure 5« 2 accept ed models f i t t i n g w i t h i n 90% confidenc e l i m i t s , 

a narrow band of f i t , using a = 0 .833. Only two Monte-Carlo models, and 

no Hedgehog connected r e g i o n , are obtained out of the 80,000 random models 
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t e s t e d . 

Two independent regions of f i t are found using N1 and 95% confidence 

l i m i t s , these are shovm i n Figures 5.3 and 5 .4 . A f i t to very broad 

confidence l i m i t s , 99%t i*as t r i e d using nets N1 and N2. This produces 

Figures 5.5 and 5 .6 ; execution of the program was f i n i s h e d i n each case 

before the e n t i r e region had been delineated because f a r too many s o l u t i o n 

knots were being found to be of any use. The Hedgehog regions of Figures 

5.3 and 5-4 represent the best i n v e r s i o n of the data from the Novaya 

Zemlya atmospheric explosions. 

Three s o l u t i o n s , chosen as t y p i c a l examples from the two Hedgehog 

regions, are shown i n Figure 5 .7 . Table 5.2 l i s t s the three models. 

A l l these models show a la y e r of high a t t e n u a t i o n i n the upper mantle, 

as d i d Burton and Kennett using one event. This again supports the theory 

of a h i g h l y a t t e n u a t i n g zone corresponding to the Gutenberg low v e l o c i t y 

zone, without assuming any such low v e l o c i t y during model f i t t i n g . 

Table 5.2 Three Typical Solutions f o r 3NZA 

Model A 
Layer 

a 
1 .002 .00456 

2 .002 .00458 

3 .002 .00503 

4 .002 .00501 

5 .002 .00500 

6 .008 .01762 

Q 
Model B 

- 1 - _ - 1 
a 

.001 

.003 

.001 

.001 

.003 

.006 

Q 
3 

.00228 

.00687 

.00252 

.00251 

.00749 

.01322 

Model C 
Q - 1 

a 

.002 

.002 

.002 

.006 

.001 

.008 

Q - 1 

.00456 

.00458 

.00503 

.01504 

.0025 

.01762 

Depth t o 
Layer Base 

km 

14 

36 

58 

68 

123 

Model A shows the upper 120 km to be of uniform low a t t e n u a t i o n m a t e r i a l , 

o v e r l y i n g the zone o f high absorption. Model C shows a s i m i l a r d i s t r i b u t i o n 

but w i t h a s t r o n g l y a t t e n u a t i n g p e r t u r b a t i o n around 70 km. This type of 

model was generally c h a r a c t e r i s t i c of the second Hedgehog region shown 

i n Figure 5 .4 . 
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The other model, B, shows a more gradual onset of the absorption 

zone below 70 km. Also, Model B shows a region of s l i g h t absorption 

around 30 km depth. This region i s i n f l u e n c e d by the combined e f f e c t s of the-
-1 

Conrad and Mohorovicic d i s c o n t i n u i t i e s . Apart from any r e a l changes of Q 
i n these regions a d i s c o n t i n u i t y w i l l tend to increase the value of 

- 1 
observed Q . Any d i s c o n t i n u i t y w i l l s c a t t e r and d i f f r a c t energy, i n c r e a s i n g 
the path l e n g t h , and th e r e f o r e magnifying the e f f e c t i v e n e s s of any 

- 1 

s p a t i a l Q . Such e f f e c t s cannot be separated from the t r u l y d i s s i p a t i v e 

c h a r a c t e r i s t i c of the m a t e r i a l s and must be included i n these estimates. 

Model B shows a crust and uppermost mantle w e l l s u i t e d to the propagation 

of seism.ic energy, o v e r l y i n g a reg i o n below 70 km of in c r e a s i n g d i s s i p a t i o n 

u n t i l a "zone of low Q" i s reached. 

Burton and Kennett resolved a separate Hedgehog region which 

ishowed a zone of very high Q between 15 and 70 kms depth, t h i s i s because 
- 1 

the r e g ion of search was described i n Q ra t h e r than Q space. Comparing 

the f o l l o v / i n g sequencies of values explains t h i s . 
Q space Q 100 300 500 700 900 1100 

-1 
Q space ,01 .008 .006 .004 .002 0 

Equivalent Q Q 100 125 167 250 500 CO 

Models i n Q space give b e t t e r r e s o l u t i o n at the high Q end of the range; 

however the step from Q=100 to Q=500 i s f a r more s i g n i f i c a n t than from 500 

to 1100 and i s not s u f f i c i e n t l y w e l l resolved. Because the a t t e n u a t i o n 
~1 - 1 

f a c t o r per wavelength i s 71; Q models should p r e f e r a b l y be i n Q space. 

This procedure more accurately describes the p h y s i c a l phenomenon o f 

d i s s i p a t i o n . 

5.2.3 I n v e r s i o n of 2CA and 5A 

The i n v e r s i o n of these tv/o data sets produced much poorer r e s u l t s 

than f o r 3NZA. Using the net K3 and 50% confidence l i m i t s f o r 2CA produced 

Figure 5*8, N4 and 4 0 % confidence l i m i t s f o r 5A produced Figure 5 .9 . I n 
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b o t h cases t h e e n t i r e r e g i o n v/as not o b t a i n e d because t o o many adequate 

k n o t s were d i s c o v e r e d b e f o r e c o m p l e t i o n o f t h e r e g i o n . Hov/ever, u s i n g 

42 . 5 % and 30% c o n f i d e n c e l i m i t s f o r 2CA and 5A r e s j o e c t i v e l y , produced no 

s o l u t i o n s . 

The c o n c l u s i o n i s t h a t t h e r e g i o n o f search and t h e n e t s used 

a r e i n a d e q u a t e t o p e r f o r m s u i t a b l e i n v e r s i o n . E x a m i n a t i o n of F i g u r e 3 « l 8 f o r 
-1 

average Q from t h e tv/o e x p l o s i o n s i n China p r o v i d e s an e x p l a n a t i o n . YO 
There i s a minimum p o i n t around .038 Hz i m p l y i n g a r e g i o n o f v e r y l i t t l e 

d i s s i p a t i o n . The minimum co v e r s t h e frequency range . 0 3 - . 0 5 Hz, o u t s i d e 
-1 

t h i s range normal v a l u e s o f Q_̂^ a r e o b t a i n e d . The r u l e has a l r e a d y been 

s t a t e d t h a t the depth o f p e n e t r a t i o n a t a fre q u e n c y corresponds t o a 

wa v e l e n g t h , because t h e wave a m p l i t u d e h a s - f a l l e n t o 20% i t s s u r f a c e 

v a l u e . T h i s g i v e s a range o f depth p e n e t r a t i o n o f about 80-130 kms. 

Frequenci e s h i g h e r t h a n . 05 Hz o n l y p e n e t r a t e t o 80 km, and r e t u r n normal 

v a l u e s o f Q . The lower f r e q u e n c i e s which sample a l l zones o f t h e e a r t h 

above 130 km, r e t u r n anomalously low v a l u e s o f Q . . O b v i o u s l y l a y e r 5 
mm 

o f t h e i n v e r s i o n model ( 6 8 - 1 2 3 km) must c o n s i s t o f v e r y low Q . The 

n e t s N3 and N4 have not p l a c e d a s u f f i c i e n t c o n s t r a i n t on t h e Hedgehog 

search i n l a y e r 5 i and have a l l o w e d u n r e a l i s t i c a l l y l a r g e v a l u e s o f Q 

f o r t h e s e depths t o dominate t h e i n v e r s i o n . F u r t h e r t h e lower f r e q u e n c i e s , 

l e s s t h a n .03 Hz, which sample a l l depths o f t h e model must be sampling 
- 1 - 1 v e r y h i g h Q below 130 km t o produce t h e v a l u e s o f F i g u r e 3 . l 8 . 

A f u r t h e r i n v e r s i o n was a t t e m p t e d u s i n g t h e net N5. T h i s net 
— 1 

r e s t r i c t s t h e Q o f l a y e r ^ to a maximum v a l u e 0 . 0 0 5 , a l s o t h i s net i s 

co a r s e r t h a n those p r e v i o u s l y used. I n v e r s i o n o f 2C u s i n g 49.8% c o n f i d e n c e 

l i m i t s produced F i g u r e 5«10, and 33*2% c o n f i d e n c e l i m i t s on 5A produced 

F i g u r e 5«11» Some improvements are o b t a i n e d but t h e p i c t u r e i s s t i l l 

u n s a t i s f a c t o r y and t h e Hedgehog r e g i o n i l l d e f i n e d . 'Mien t h e d a t a from 

Southern S i n k i a n g i s i n t r o d u c e d we a r e l e d t o t h e c o n c l u s i o n t h a t t h e 

g e n e r a l model o f s e c t i o n 5.2 . 1 must be q u e s t i o n e d . 
- 6 6 -
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L o c a l v a r i a t i o n s of t h e c r u s t a l t h i c k n e s s and l a t e r a l h e t e r o g e n e i t y 

i n t r o d u c e d by t h e Himalayas w i l l i n f l u e n c e t h e i n v e r s i o n . The pa t h s from 

Southern S i n k i a n g t o CHG, SNG, JER and IST have a l r e a d y been o m i t t e d 

due t o p a r t i c u l a r l y anomalous b e h a v i o u r . So i t i s p o s s i b l e t h a t t h e 

v e l o c i t y - d e p t h model ( F i g u r e 4 . 1 ) i s i n a p p r o p r i a t e f o r t h e g e n e r a l r e g i o n 

o f t h e p r o p a g a t i o n paths around Southern S i n k i a n g . Also t h e assumed 
- 1 - 1 

r e l a t i o n o f Q t o Q ( e q u a t i o n 5 . 5 ) i s an o t h e r l i m i t a t i o n on t h e g e n e r a l a p 
i n v e r s i o n t e c h n i q u e which may be in a d e q u a t e f o r t h i s r e g i o n . 

A f u t u r e i n v e r s i o n which v a r i e s t h e parameters which a r e here 

f i x e d may w e l l p r o v i d e t h e s o l u t i o n . 

5.3 I n t e r p r e t a t i o n 

Backus and G i l b e r t ( 1968) p o i n t out t h a t t h e r e s o l v i n g power o f 

any gross e a r t h d a t a i s l i m i t e d . The u n c e r t a i n t y o f an e a r t h parameter 

f o r a l a y e r e d model w i l l i n c r e a s e i f an at t e m p t i s made t o i n c r e a s e t h e 

depth r e s o l u t i o n by u s i n g t h i n n e r l a y e r s . The d e l t a - t y p e r e s o l u t i o n 

f u n c t i o n s o f Backus and G i l b e r t were c a l c u l a t e d by Der et a l . ( 1 9 7 0 ) f o r t h e 

d e t e r m i n a t i o n o f shear v e l o c i t y i n t h e c r u s t and upper mantle from s u r f a c e 

-v/ave o b s e r v a t i o n s . Der et a l . concluded t h a t a f i v e l a y e r e d model f o r 

t h e upper 130 km o f t h e e a r t h gave a c c e p t a b l e r e s o l u t i o n and e l i m i n a t e d 

i n s t a b i l i t y due t o an ex c e s s i v e number o f l a y e r s t h e i n v e r s i o n model used 

here a l s o has f i v e l a y e r s and d a t a o b t a i n e d from t h e fundamental R a y l e i g h 

wave mode. I n c l u s i o n o f a t h i n f o u r t h l a y e r (10 km) i n t h e p r e s e n t 

i n v e r s i o n i l l u s t r a t e s c e r t a i n a s p e c t s o f t h i s r e s o l u t i o n p r o b l e m . The 
— 1 

Hedgehog s o l u t i o n s o f f i g u r e s 5*3 and 5 -4 show t h a t t h e Q v a l u e s i n 

the f o u r t h l a y e r a r e t h e most u n c e r t a i n , whereas Q_ i s c o m p a r a t i v e l y w e l l 

r e s o l v e d i n t h e r e m a i n i n g t h i c k e r l a y e r s . W i t h t h i s r e s o l u t i o n i n mind i t 
- 1 

i s p o s s i b l e t o c o n s i d e r t h e i m p l i c a t i o n s o f t h e Q v a l u e s i n t h e v a r i o u s 

l a y e r s . 
The major f e a t u r e s o f t h e t h r e e t y p i c a l s o l u t i o n s f o r 3WZA ( F i g u r e 

5 . 7 ) have a l r e a d y been d e s c r i b e d , but c e r t a i n d e t a i l s o f th e s e models may 
— 1 

not be a d e q u a t e l y r e s o l v e d . High Q around 60 km i n model C i s u n c e r t a i n , 
- 6 7 -



as i s t h e d i s t i n c t i o n between models A and B. A l l o f t h e models show 
-1 

c l e a r l y r e s o l v e d h i g h v a l u e s .f o r Q a t depth, and model A may be r e g a r d e d 
-1 

as t h e g e n e r a l c o n t i n e n t a l Q model which excludes any e x c e s s i v e d e t a i l . 

The i n v e r s i o n has p r o v i d e d s u b s t a n t i a l evidence f o r a zone o f d i s s i p a t i o n 

below about 120 km. I f t h e u s u a l l y accepted l ow v e l o c i t y zone (Press 1970a) 
--] 

had been i n c l u d e d t h e r e s o l u t i o n o f t h e d i s c o n t i n u i t y i n Q would have 

been f u r t h e r enhanced. 

Press (1970b) f a i l e d t o f i n d low d e n s i t y a s s o c i a t e d w i t h low 

shear v e l o c i t y i n t h e e a r t h , and concluded t h a t h i g h d e n s i t y ( 3 . 5 gm/cc) was 

the r u l e over s u b s t a n t i a l i n t e r v a l s between depths o f 70 km and 370 km. 

Both i n c i p i e n t m e l t i n g o f t h e r o c k s and i n t e r s t i t i a l water c o n t e n t may 

p r o v i d e an e x p l a n a t i o n f o r a zone o f low Q and lov/ v e l o c i t y a s s o c i a t e d 

w i t h h i g h d e n s i t y . The r e s u l t s o f Born, i l l u s t r a t e d i n t h e i n t r o d u c t i o n , 

show t h a t a v e r y s m a l l p e r c e n t a g e o f i n t e r s t i t i a l water o c c u r r i n g as a 

f r e e phase i n t h e r o c k causes a s i g n i f i c a n t i n c r e a s e i n t h e decrement 
— 1 

(decrement i s p r o p o r t i o n a l t o Q ) . I n c i p i e n t m e l t i n g w i l l have a s i m i l a r 

e f f e c t . S p e t z l e r and Anderson ( 1 9 6 8 ) examined t h e NaCl-H^O b i n a r y system 

and found t h a t a, 3, Q and Q v a r y s l o w l y as t h e e u t e c t i c t e m p e r a t u r e 

i s approached from belov/, and t h e n suddenly drop a t t h e e u t e c t i c by 9«5/' ') 

13.5%, 48% and 37% r e s p e c t i v e l y ( 1 % NaCl). The shape o f t h e l i q u i d i n c l u s i o n s 

d e t e r m i n e s t h e amount o f me l t necessary t o o b t a i n t h e r e q u i r e d v e l o c i t i e s , 

0 . 1 % m e l t maybe s u f f i c i e n t and t h i s would have a n e g l i g i b l e e f f e c t on d e n s i t y . 

I f t h e oceanic geotherra i s assumed, m e l t i n g i s not p o s s i b l e above 

90 km (Anderson and Sammis 1970) u n l e s s water i s p r e s e n t t o reduce t h e 

s o l i d u s m e l t i n g t e m p e r a t u r e . The c o n t i n e n t a l geotherm g i v e s much s m a l l e r 

t e m p e r a t u r e s a t c o r r e s p o n d i n g depths ( a p p r o x i m a t e l y 250°C l e s s ) and t h e r e f o r e 

i m p l i e s t h e s o l i d u s t e m p e r a t u r e i s o n l y reached a t a g r e a t e r d e p t h . Lambert 

and W y l l i e (1970a , b) have i n v e s t i g a t e d a p e r i d o t i t e mantle model w i t h 

0 . 1 % by weight o f v/ater and came t o t h e c o n c l u s i o n t h a t t h e " b e g i n n i n g o f 

m e l t i n g s h o u l d occur at about 60 km f o r normal oceanic geotherraal g r a d i e n t s , - 68 -



and at about 110 km f o r normal s h i e l d geotherms". 

M i n e r a l o g i c a l v a r i a t i o n s may cause a low v e l o c i t y zone but 

i n c i p i e n t m e l t i n g i s Green and Ringwood's ( 1970) p r e f e r r e d e x p l a n a t i o n . 

The r e g i o n o f anomalously h i g h d i s s i p a t i o n which i s here found t o s t a r t a t 

the expected l i t h o s p h e r e - a s t h e n o s p h e r e j u n c t i o n , combined w i t h a low v e l o c i t y 

zone, makes i t d i f f i c u l t t o conceive o f an a l t e r n a t i v e e x p l a n a t i o n t o 

i n c i p i e n t m e l t i n g and i n t e r s t i t i a l water c o n t e n t . T h i s l e n d s s u p p o r t 

t o Ringwood's ( 1 9 ^ 9 ) concepts o f t h e c o m p o s i t i o n o f t h e c r u s t and upper 

ma n t l e . 

Ringwood's p y r o l i t e model f o r t h e upper mantle i n c o n t i n e n t a l 

r e g i o n s proposes a zone o f d u n i t e - p e r i d o t i t e over p y r o l i t e , t h e 

t r a n s i t i o n o c c u r r i n g around 100-200 km. P a r t i a l m e l t i n g causes t h e low e r 

m e l t i n g - p o i n t components t o segregate upwards, and t h i s i s o b v i o u s l y 

i n f l u e n c e d by v a r i a : t i o n s o f t e m p e r a t u r e w i t h d e p t h . V a r i a t i o n s i n seismic 

v e l o c i t y may occur because o f these chemical and p h y s i c a l zoning e f f e c t s . 

However, these e f f e c t s a r e not s u f f i c i e n t t o e x p l a i n t h e l a r g e shear wave 

v e l o c i t y v a r i a t i o n s , and n e g a t i v e v e l o c i t y g r a d i e n t s , which occur f o r t h e 

low v e l o c i t y zone. 

I n c i p i e n t m e l t i n g would cause a low v e l o c i t y zone. However at 

depths o f 100 km t h e p r e s s u r e causes t h e degree o f p y r o l i t e melt t o be 

v e r y s e n s i t i v e t o t e m p e r a t u r e , and t h e r e f o r e u n s t a b l e magmas might r e s u l t . 

Water may s t a b i l i s e t h i s mechanism. A s m a l l q u a n t i t y o f water ( 0 .1%) v / i l l 

l ower t h e m e l t i n g p o i n t and make i t d i f f u s e . A mechanism w i t h a d i f f u s e 

m e l t i n g p o i n t i s s t a b l e because a l a r g e t e m p e r a t u r e v a r i a t i o n w i l l o n l y 

cause a s m a l l change i n t h e degree o f p a r t i a l m e l t . Such a zone o f 

i n c i p i e n t m e l t i n g e x p l a i n s t h e anomalous d i s s i p a t i o n found by' t h e i n v e r s i o n 

f o r depths around 120 km, and why i t may occur i n c o n j u n c t i o n w i t h a low 

v e l o c i t y zone. 
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CHAPTER 6 

C o n c l u d i n g Comments 

The i n v e r s e problem o f seismology has been d e s c r i b e d - b y many 

people ( K e i l i s - B o r o k and Yanovskaja I967) but i t i s s t i l l v e r y t o p i c a l . 

Some measure of m o t i o n a t t h e s u r f a c e o f t h e e a r t h i s o b t a i n e d , t h e m o t i o n 

presumably caused by a p a r t i c u l a r s ource, and t h e problem i s t o o b t a i n 

the v a r i a t i o n w i t h i n t h e e a r t h o f t h e e l a s t i c parameters k and [i ( b u l k 

modulus and r i g i d i t y ) , t h e d e n s i t y p and t h e d i s s i p a t i o n c o n s t a n t Q. These 

a r e t h e f o u r fundamental q u a n t i t i e s o f seismology. From these t h e 

v e l o c i t i e s o f b o d i l y waves (P and S) may be determined and r e l a t e d t o 

t r a v e l t i m e s on t h e seismograra. An u n d e r s t a n d i n g o f t h e o f t e n i g n o r e d 

second a x i s o f t h e seismogram, a m p l i t u d e s , r e q u i r e s knowledge o f t h e 

a t t e n u a t i o n c o n s t a n t Q and the g e n e r a t i n g source. However, v e l o c i t i e s and 

d e n s i t y a r e o f t e n known t o a few per cent whereas Q i s r a r e l y known so w e l l -

but i t i s s t i l l an e q u a l l y fundamental and i n t r i n s i c p r o p e r t y o f r o c k s which 

i n f l u e n c e s t h e p r o p a g a t i o n o f se i s m i c -waves as c h a r a c t e r i s e d by t h e seismogram. 

For example dynamic damping (Q) a l l o w s us t o c a l c u l a t e a m p l i t u d e v a r i a t i o n 

w i t h d i s t a n c e from t h e source as a f u n c t i o n o f frequency. On t h e o t h e r 

hand s t a t i c p r o p e r t i e s o f r o c k s e x e m p l i f i e d by creep a l s o r e l a t e t o the 

i n t e r n a l f r i c t i o n Q (L o m n i t z 1957), and creep i s very i m p o r t a n t on t h e 

g e o p h y s i c a l t i m e s c a l e i n r e g i o n s o f l a r g e t e c t o n i c s t r e s s - p l a t e s u b d u c t i o n 

zones a r e an obvi o u s example. F u r t h e r , a q u a n t i t a t i v e knowledge o f t h e Q 

ca u s i n g a m p l i t u d e - d i s t a n c e v a r i a t i o n by damping would h e l p us t o e s t i m a t e 

source f u n c t i o n s o f v a r i o u s events and perhaps t h e r e b y e l u c i d a t e t h e source 

mechanism. Source e l u c i d a t i o n i s i m p o r t a n t t o seismology because such 

knowledge i s necessary f o r earthquake p r e d i c t i o n and c o n t r o l , and i t i s 

d i r e c t l y r e l e v a n t t o t h e e a r t h q u a k e - e x p l o s i o n d i s c r i m i n a t i o n problem. 

H e t e r o g e n e i t y o f t h e e a r t h i s a l s o o f g r e a t i m p o r t a n c e and t h i s 
-1 

has appeared i n s e v e r a l v/ays i n t h i s work. The average v a l u e s o f f o r 

th e a tmospheric e x p l o s i o n s i n Novaya Zemlya and China b o t h show l a r g e r 
- 7 0 - . 



- 1 v a l u e s o f Q ̂  a t t h e low e r f r e q u e n c i e s , i m p l y i n g v e r t i c a l h e t e r o g e n e i t y 
i n t h e form o f a s t r o n g l y d i s s i p a t i v e l a y e r a t dept h . Such a zone o f "low 
Q" may be caused by i n c i p i e n t m e l t i n g s t a b i l i s e d by t h e presence o f s m a l l 
q u a n t i t i e s o f w a t e r , t h i s i s congruous w i t h Ringwood's ( 1 9 ^ 9 ) i d e a s c o n c e r n i n g 
the low v e l o c i t y zone o f c o n t i n e n t a l r e g i o n s at t h e c o r r e s p o n d i n g d e p t h . 
Also t h e a t t e n u a t i o n of R a y l e i g h waves f o r those p r o p a g a t i o n p a t h s r a d i a t i n g 
from Novaya Zemlya i s g r e a t e r f o r a l l f r e q u e n c i e s t h a n f o r t h e p a t h s 
i n v e s t i g a t e d f o r t h e e x p l o s i o n s i n Southern S i n k i a n g P r o v i n c e , an example 
o f l a t e r a l v a r i a t i o n . " F u r t h e r , t h e a t t e n u a t i o n - d e p t h models a t t r i b u t a b l e 
t o s e v e r a l a u t h o r s appear t o be v e r y dependent on t h e data source or 
r e g i o n used. 

The e x i s t e n c e o f a widespread low Q zone has wider i m p l i c a t i o n s 

i n g e n e r a l g e o p h y s i c s . I f p l a t e t h e o r y i s t o be accepted t h e n a d i s c o n t i n u i t y 

between t h e m o b i l e l i t h o s p h e r e and t h e asthenosphere i s a necessary 

p r e r e q u i s i t e . A d i s c o n t i n u i t y caused by i n c i p i e n t m e l t i n g , which i m p l i e s 

low shear s t r e s s , would f a c i l i t a t e s l i d i n g m o t i o n . T h i s d i s c o n t i n u i t y would 

be expected at d i f f e r e n t depths & r oceanic and s h i e l d environments because 

t h e g eothermal g r a d i e n t s d i f f e r . Kanamori (1970) has used s u r f a c e wave 

phase v e l o c i t y d a t a t o show t h a t t h e major d i f f e r e n c e between t h e oceanic 

and s h i e l d environments must l i e v / i t h i n t h e upper 200 km. Using t h e d e f i n i t i o n 

t h a t t h e l i t h o s p h e r e ends where t h e shear v e l o c i t y drops below 4 . 5 km/sec 

has l e d t o t h i c k n e s s e s t i m a t e s of about 70 km f o r t h e suboceanic l i t h o s p h e r e 

and t w i c e as much f o r t h e s u b s h i e l d l i t h o s p h e r e (Kanamori and Press 1970, 

Press 1 9 7 0 a ) . The d i s c o n t i n u i t y i n Q around the depth of 120 km i s perhaps 

a c l e a r e s t i m a t e o f t h e t h i c k n e s s o f t h e l i t h o s p h e r e under c o n t i n e n t a l r e g i o n s . 

There i s scope f o r e x t e n d i n g the present t e c h n i q u e i n t o o t h e r r e g i o n s 

v,'here t h e a l l i m p o r t a n t assumption o f t h e r a d i a l l y symmetric e x p l o s i o n 

source f u n c t i o n would be e q u a l l y u s e f u l . The French t e s t s i t e i n t h e P a c i f i c 
- 1 

now g i v e s t h e o p p o r t u n i t y t o det e r m i n e oceanic Q and t h e t h i c k n e s s o f t h e 

suboceanic l i t h o s p h e r e . The l a r g e underground e x p l o s i o n CANNIKIN i s o f 
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s u f f i c i e n t y i e l d (5 Mt) t o g i v e r e c o r d s v/ith good s i g n a l - t o - n o i s e . 

CANNIIvIK i s i d e a l l y s i t u a t e d i n t h e A l e u t i a n I s l a n d Arc t o i n v e s t i g a t e t h e 

l a t e r a l v a r i a t i o n s o f Q b o t h p a r a l l e l and p e r p e n d i c u l a r t o t h e arc and over 

oceanic and c o n t i n e n t a l p a t h s . Such d a t a should be u s e f u l f o r t h e 

u n d e r s t a n d i n g o f t e c t o n i c processes o c c u r r i n g a t a r c s . 

I t i s a l s o apparent t h a t t h e l a t e r a l v a r i a t i o n s i n d i c a t e d by t h i s 

vYork, and t h e e x t r e m i t i e s o f t h e low Q zone, need r e s o l v i n g i n g r e a t e r 

d e t a i l . Perhaps body waves w i l l p r o v i d e t h i s r e s o l u t i o n . F r a s i e r and 

F i l s o n ( 1 9 7 2 ) have de t e r m i n e d P V/ave Q and o b t a i n e d d i s t i n c t l y d i f f e r e n t 

r e s u l t s f o r d i f f e r e n t p a t h s . Douglas et a l . ( 1972) have shown t h e e f f e c t s 

o f anomalous d i s s i p a t i o n m a n i f e s t i n p a r t i c u l a r seismogram r e c o r d s . 
- 1 

Douglas et a l . a l s o s t a t e t h a t w i t h a knowledge o f tQp ( t r a v e l t i m e t and 
- 1 - 1 

Qp t h e average Q f o r a p a r t i c u l a r p a t h ) t h e source f u n c t i o n o f e x p l o s i o n s 
' . - 1 and earthquakes may be estim.ated; t h e d i f f i c u l t y i s tQp i s not u s u a l l y 

known. I t i s d i f f i c u l t t o e s t i m a t e t h e source f u n c t i o n i t s e l f , but a si m p l e 

source parameter i s a v a i l a b l e as t h e s u r f a c e wave magnitude s c a l e H . The 
s 

a m p l i t u d e A(T) o f a s u r f a c e vmve at p e r i o d T i s measured i n t h e t i m e domain 

d i r e c t l y from t h e seismogram and used i n e s t i m a t i n g M . The M v a l u e s are 
s s 

i n f l u e n c e d by s e v e r a l phenomena; two o f major importance a r e t h e n a t u r e 

o f t h e source spectrum g e n e r a t i n g the waves and h e t e r o g e n e i t y o f the e a r t h 

e x p e r i e n c e d by those waves. Obv i o u s l y t h e r e w i l l be c o n s i d e r a b l e d i f f e r e n c e s 

between earthquake and e x p l o s i o n s p e c t r a ( M a r s h a l l 1 9 7 0 ) . R e g i o n a l v a r i a t i o n s : 

i n s u r f a c e wave a m p l i t u d e s have a l s o been demonstrated by M a r s h a l l and 

Basham ( 1 9 7 2 ) . These v a r i a t i o n s were m a i n l y a t t r i b u t e d t o d i s p e r s i o n 

e f f e c t s i n t h e d i f f e r e n t p aths sampled and so they i n t r o d u c e d a s t r i c t l y 

t i m e domain p a t h c o r r e c t i o n t e r m P(T) t o compensate t h e M v a l u e s between 
s 

d i f f e r e n t r e g i o n s . A term a l l o w i n g f o r g e o m e t r i c a l s p r e a d i n g and d i s s i p a t i o n 

w i t h d i s t a n c e must a l s o be i n c l u d e d . M a r s h a l l and Basham used near s u r f a c e 

events and measured A(T) from the most prominent p e r i o d i n t h e r e c o r d which 

would t h e r e f o r e be around 2 0e, and so t h e i r d i s t a n c e dependent term c o u l d 
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assume a c o n s t a n t v a l u e o f 300 f o r Q. But deep fo c u s earthquakes appear 
-1 

v e r y r i c h i n l o n g p e r i o d s and t h i s work has shown t h a t Q i n c r e a s e s f o r 
~1 

f r e q u e n c i e s around 0 . 0 2 Hz ( 5 0 s ) . A d i r e c t use o f t h e v a l u e s found 

here xvould be t o adapt a magnitude s c a l e f o r deep f o c u s earthquakes t o 

i n c l u d e a d i s s i p a t i o n c o r r e c t i o n term, dependent on t h e f r e q u e n c y . 

The a t t e n u a t i o n of b o d i l y waves needs f u r t h e r r e s e a r c h . More 
-1 -1 i n v e s t i g a t i o n s are r e q u i r e d i n t o t h e r e l a t i o n s h i p between Q and Q 
Oj P 

u s i n g P and S waves. T h i s i s d i f f i c u l t because f o r a g i v e n f r e q u e n c y t h e 

wavelength o f S ?/aves i s much s h o r t e r t h a n f o r P 'waves, and t h e r e f o r e even 
-1 ' 

i f s p a t i a l Q i s t h e same f o r , b o t h , S w i l l be a t t e n u a t e d f a r more w i t h 

d i s t a n c e t h a n P. 

I n t h i s c h a p t e r an a t t e m p t has been made t o i n d i c a t e t h e g e n e r a l 

s i g n i f i c a n c e o f t h e r e s u l t s o b t a i n e d r e l a t i v e t o e a r t h s t r u c t u r e . However 

t h e g e n e r a l need and u s e f u l n e s s o f i n c r e a s e d knowledge o f Q i n many 

f i e l d s o f r e s e a r c h i s s t i l l v e r y much app a r e n t . 
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APPENDIX A 

The WWSSN Recording S t a t i o n s Used f o r Each Event 

A l l t h e WWSSN s t a t i o n s used f o r each event a r e l i s t e d . For an 

event t h e d i s t a n c e between each r e c o r d i n g s t a t i o n and t h e hypocentre i s 

expressed i n degrees, r a d i a n s and k i l o m e t r e s . These a n g u l a r d i s t a n c e s , 

A°, were c a l c u l a t e d u s i n g the program GEDESS (Young and Gibbs, I 9 6 8 ) . 

The g e o m e t r i c a l s p r e a d i n g t e r m used t o c o r r e c t t h e a m p l i t u d e s 

a t each s t a t i o n i s a l s o l i s t e d . The te r m i s (E s i n A) where E, t h e 

r a d i u s o f th e e a r t h , i s t a k e n t o be 6371 km. 

The maps i n F i g u r e s A.I t o A.4 show t h e d i s t r i b u t i o n o f r e c o r d i n f 

s t a t i o n s around each event. 

A l i s t i s i n c l u d e d expanding t h e s t a t i o n a b b r e v i a t i o n s f o r a l l 

t h e MSSN s t a t i o n s used. T h i s l i s t a l s o i n d i c a t e s the r e g i o n where t h e 

s t a t i o n i s s i t e d . 
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SOVAYA i t H l Y * 27/9/62 ATKCSPHEhlC 26 ST4IICNS 

28 UfA ' 7? " 4 0 . T • 2.055 

STAHON DATA HO. DELTAD OELTAR 

*L0/CrC7 c r o 5 70.10 1.2235 
Ai,U/0010 C02 7 36.60 0.6388 
ARt/0011 CC29 114.60 2.0001 
e t c / c o i 5 C035 65.90 1.150 2 
o ! p / i . c n CC37 91 .80 1.6022 
3KS/CC13 CC39 63.10 1.1886 
W-A/tOlS C041 6...4C 1.1240 
lWG/0021 C043 94.60 1.6546 
CAR/rOZ-. CC45 87.50 1.5272 
CJ>»/OC JO CCi9 61.40 1.0715 
UAL/0032 CC51 71 .20 1.2427 
lf<R/004<j CC57 103.70 I.B099 
t-CN/005t CC61 59.20 1.C332 
LPfa/i;06C C063 113.90 1.9879 
LM/COti C065 71.00 1.2392 
PtG/CCBt CC73 100.30 1.7 5{ 5 
>."Jt/CCS2 CC17 44.80 0.7819 
kA6/tC94 C075 96.70 1.6877 
Ij L / 0 1 1 5 C013 43.10 0.7522 
lKH/0119 CC77 86.10 1.5027 
LJP/C029 tC4 7 24.30 0.4241 
C!:L/C04i CC55 65,30 1.1397 
1ST/005C CCG9 35. JO 0.6126 >.tV/005^ CC59 9.00 0.1571 
r^-N/0G55 CCOl 21 . 5 0 0.3752 
HOS/C06 7 CC67 5J.50 1.0210 
K j k / c c e i C071 17 . 2 0 0.3002 .lES/0i23 CC79 

• 
57.70 1.0C71 

KOVAVA ZtKLVA 2i./!C/62 AlfCSfHfJIC 27 STATIChS 

hSTAT F 27 NFA 1 7S 40 T « 2.060 

STATION DATA NO. DELTAO OELTAR 

DISTANCEIKUSI 

7794.8 
4C69.7 
12742.9 
7327.7 
10207.7 
7572.4 
7160.9 

10E4I.3 
9729.6 
6627.4 
7917.1 
11520.9 
65E2.7 
12*65.1 
7894.8 
11152.8 
4?ei.5 
107 52.5 
4792.5 
9573.9 
2702.0 
7261.0 
3902.9 
10C0.8 
2390.7 
65C4.9 
1912.5 
6415.9 

SORT(E»SIN(OELTARI! 

77,40 
61.63 
76.11 
76.26 
79.80 
76.68 
75.80 
79,68 
79.78 
74.79 
77.66 
7e.67 
73.98 
76.32 
77.61 
79.17 
61.00 
79.55 
65.98 
79.73 
51.20 
76.08 
6C.53 
31.57 
4e.32 
73.70 
43.40 
73.38 

CISTANCEIKMSI SORTIE»SINtOElTAR)l 

A<E/10H 
tAU/OOM 
oEC/0015 
6hP/,CC17 
11LA/CC19 
e u c / t j j i 
CAR.//024 
CAL/0022 
uut/C03e 
COL/C043 
L0H/C05E 
l P B / t C 6 C 
IJB/C0{3 
KAL/00< 5 
KAN/CC6e 
•'JS/CC67 
NhA/CC7t 
KJR/CC61 
C5C/C0t5 
PHG/tcet 
0UE/CC92 
SCP/OICI 
wes/0123 
ALU/CCC7 
BKS/(Clf 
tOP/CC29 
K0N/C05E 

CC31 J15,70 2.0193 
CC81 67.50 1.17B1 
CCE3 67.00 1.1694 
CCE5 92.90 1.6214 
CC£5 65.60 1.1449 
tC9l 95.90 1.6738 
CC93 i.5464 
tC«7 72.30 1.26 19 
CC99 66,40 1.1539 
ClOl 66.40 I.1589 
CI 03 60.10 1.0489 
CI 04 114.90 2.0054 
CIC5 72.10 1.2584 
C1C6 46.50 0.8116 
C1C7 69.30 1.2095 
C1C8 59.60 1.0402 
CIC9 68.60 1.1973 
C l i o 17.20 0.3002 
c m 71.40 1.2462 
0112 99.50 1.7383 
C113 43.70 0.7627 
CU4 61.60 1.C751 
C115 58.80 1.0263 
C021 71.20 1.2427 
CCf 7 69.00 1.2043 
CC95 24.60 0.4294 
C1C2 21.90 0.3822 

126(5.2 
75C5.7 
7450.1 
10320.0 
7294.4 
10663.6 
96»1.9 
eC39.4 
72E3.3 
7363.3 
6682.8 
12776.3 
8C17.1 
5170.6 
nc5.e 
6627.2 
7628.0 
1912.6 
7939.3 
11075.0 
4859.2 
6849.6 
6528.3 
7917.1 
7(72.4 
2725.4 
2*25.2 

75.77 
76.72 
K.58 
79.77 
76.17 
7'..61 
7«..81 
77.91 
76.41 
76.4i 
74.32 
76.02 
77.86 
67.98 
77.20 
74.13 
7 7.02 
42.4C 
77.71 
7<..26 
66.34 
74.86 
7 3.82 
77.66 
11.12 
51.50 
46.75 



*.<.u/rCC7 
•JEC/cci; 
KMC / t C l 7 
b K S / l C U -
h i A / I C1-; 
GOH/rc'.c 
&OL/.:c«i 
I S T / O c S C 

L P ; / - o t i 
l i i 6 / r o t = 

I J L / O J l i 
U l . / O l l ? 
V 4 L , / C i ^ I 
.(IN/012'. 
t f tR. /7 '?24 
l A H / 0 ; t i ; 
L0N/Cr5= 
K l ) ' , / ' . C67 

coi>/cc2'; 

2 ' . / 1 2 / ( , 2 *. I c C J P H t R I C 2o S T S T I C K S 

OEUAO 

T » 2 . 0 6 4 

CC25 63 .50 1 .1C«3 
tC23 71 .20 1.2427 
C033 116.20 2.0281 
CUb 67.50 1.1781 
CI 1 7 93,30 1.6264 
C l l H 69,80 1,200 8 
C l l l 66.90 1 ,1502 
0122 30.70 0.5356 
C!23 66,40 1.1589 
0125 35,30 0.616 1 
C125 22,70 0.39 6 2 
012 9 115.50 2.0159 
C150 e-).70 1.5656 
C131 72.20 1.2601 
•:132 47.3U 0.6255 
C13f> 44.20 0.7714 
C137 67.60 1.5289 
C133 35.00 0.6109 
CIBS 99.50 1.7366 
C120 8 * . 10 1.5551 
C127 43.00 0.7 50 5 
C123 59.90 1.0455 
C I J J 59.90 I.f 455 
CI 35 43.80 0.7645 
C121 25.30 0.4416 
£124 102.50 1.7690 

O I S T A N C E I K M S I 

7Ct0.9 
7917.1 

12920.8 
7E05.7 
1C374.5 
7« 50.2 
7227.7 
3413.7 
7363.3 
3925.2 
2S24.1 

12C43.C 
9974.2 
eC2S.3 
52E9.5 
4914.8 
9740.7 
3E9l.e 

HCt3.9 
99C7.S 
41£1.4 
6 6 6 0 . 6 
t 6 6 C . 6 
4670.3 
2ei3 .2 
U397.5 

SORT (E«SI K(DEITARI I 

75,51 
7 7,66 
75,61 
76,72 
7?,75 
7 7,07 
76,26 
57.03 
76.41 
6C.6g 
49,58 
75.83 
7^.82 
77.88 
6£,43 
66,65 
7C,78 
6C,45 
79,27 
79.81 
6 S.92 
74.24 
74.24 
66.41 
52.18 
7t.87 

HOVAYA ZEKLYA 

NSTAT . 18 

STATION 

ATL / C 0 1 2 
l)At/0014 
fcLA/C019 
CfG/002e 
CUP/Ce29 
tSK/(03e 
fLU/0039 
mC/0045 
IST/00 50 
JEK/C05 1 
liON/0055 
HAT/COf4 
»tSH/tC71 
c i f / o c e a 
iH I/01C4 
sru/oic9 
TAb/OllC 
lOR/0126 

7/11 /68 INDEBGRCLKO IS STATICNS 

NfA - 79 W=t . 4 0 

DATA NO. DEUAD 

2.120 

C143 69,93 
C144 67,51 
C145 65,57 
C146 59.85 
C14T 24.57 
C14S 29.23 
C149 65 . 6 0 
CI 50 60.17 
CI 52 34.70 
C151 42.91 
CI 53 21 . 9 0 
€154 53.51 
C155 37.24 
CI 56 69 . 6 7 
C15e 43.64 
C159 31.68 
ei60 35 . 6 6 
C161 J4.47 

1 . 2 2 0 5 
1 . 1 7 8 3 
1 , 1 4 4 4 
1 . 0 4 4 6 
0 . 4 2 S B 
0 . 5 1 0 2 
1 . 1 4 4 9 
1 . 0 5 0 2 
0 . 6 0 5 6 
0 . 7 4 S 9 
0 . 3 8 2 2 
0 . 9 3 3 9 
0 . 6 5 0 0 
1 . 2 1 6 0 
0 . 7 6 5 2 
0 . 5 5 2 9 
0 , 6 2 2 4 
0 . 6 0 1 6 

D I S T A N C E I K H S I 

7775.9 
7EC6 .e 
7291.0 
6656.0 
2732.1 
3250.2 
7294 .4 
6(90.6 
3858.5 
4711 .4 
2435.2 
5950.0 
4140.9 
7746.9 
4E74.6 
3522.7 
3965.2 
3632.9 

S 0 R T ( E « S I N ( D E L T A R 1 I 

71,36 
76.72 
76.16 
74.22 
51 . 4 7 
55 . 7 8 
7 t . l 7 
74 . 3 4 
6C.22 
f ! . B 6 
4E.75 
71.57 
62.09 
77.29 
66 . 4 3 
5 7 .84 
6C . 94 
6C.05 



I M l l K Y l l / c / 6 7 

NSTAT « 24 

STATlUN 

24 STATICKS 

NfA • 7( 

UATA NO. n i S T A N C E I K M S I SOKTIE » S l K ( D t l ' ' A B l l 

KSK/0222 
T J L / O i l t 
Swt/0114 
$IU / i l C 9 
Shl/ClC4 
MG/CICC 
PI0/<C91 
NUK/CCel 
ESK/tC3e 
AIU/CC13 
T A i / c n ? 
i l U / 0 l C 2 
NJR/CC79 
N A I / C C I 4 
hSL/tC6£ 
»,ON/D0 5i 
K t V / v - O E i 
C0f / C C 4 C 
CCP/IC29 
tOL/CC26 
CMC/CC23 
lj4G/0014 
AuU/CClC 
A A t / O l CI 

ICCC 
1CC6 
1CC7 
ICC8 
icci 
IC12 
K14 
IC I S 
IC33 
1C40 
K C 5 
I C l l 
1C19 
1C21 
1C23 
1025 
1C27 
1C31 
1C35 
l C j 6 
1C37 
1C39 
1C41 
1C42 

4 2 . 0 0 
6 7 . 8 1 
3 4 . 4 1 
5 5 . 1 8 
3 2 . 0 4 
5 i . 3 5 
6 9 . 8 9 
4 5 . 6 3 
6 9 . 2 2 
4 9 . S j 
5 3 . 6 7 
2 < . ' n 
S i . . 3 3 
6 3 . 5 6 
6 J . d r t 
5 1 . i 8 
4 3 . 1 5 
6 7 . 0 4 
5 C . S 8 
6 5 . 6 2 
7 0 . 1 9 
3 o . l 0 
5 5 . 2 2 
5 4 . K6 

0. 7330 
1. U 3 5 
0 . 6 0 0 6 
0 . 9 6 3 1 
0. 5 5 9 2 
1. r27 1 
1.219B 
0.7t15 
1.0336 
0.8718 
0.'. 350 
O.'.Ooi 
0.9133 
1.1093 
1.2196 
0.69>3' 
3.7514 
1.1701 
O.tSbO 
1.1453 
1.2250 
0.6301 
0.9638 
0.95(5 

4670.2 
7540,1 
3e,-6,; 
6135,7 
35£2,7 
6;«3,e 
7771,4 
4151,4 
ttt5,C 
5554.2 
59Et.7 
3225 .6 
5E18 .B 
7CC7.5 
7770.3 
5 6 90,9 
47£6,9 
74E4.E 
56E7 .6 
7;?6 .6 
7£C4.f 
4C14.1 
6 140.2 
6IC0.1 

< E . 2 9 
7 £ , a i 
6 t , r c 
7 2 , 3 2 
5 f , 1 4 
7 3 , 6 4 
7 7 . 3 5 
f ( . 3 C 
7 3 . 9 8 
6 ? , 9 3 
7 1 , 6 C 
E E , 5 8 
71 ,01 
7 E , 5 3 
7 7 . 3 4 
7 C . 4 5 
6 E . 95 
7 ( . 5 9 
7 ( . 3 r 
7< . le 
7 7 . 4 2 
' . 1 . 2 7 
7 S . 3 4 
7 2 , 1 8 

svG/oo6e 1022 34,Rl 
t M G / 0 0 7 6 1 03 8 23.27 
JF5/P051 102B 44.17 
I 5 T / 0 0 S 0 1029 4 4 . 9 9 

CHINKY 2 9 / 9 / 6 9 39 S1ATICNS 

(iSTAT « 39 NFA • 79 kFL » 40 

STATION DATA KC, OtlTAC 

AAE/CCCl 1043 54.86 
AAH/0002 1044 97.16 
AL0/CCC7 1045 103.29 
ARE/OOU 1047 150.62 
ATL/0012 1048 106.02 
ATU/C013 1 04 9 49.95 
BEC/C015 1051 103.50 
BiC s/coie 1052 96.55 
BI.A/CC19 1053 101.93 
CAR/0C24 1055 124.62 
C0R/C030 1058 90.10 
OAV/CC33 1C59 46.35 
DUG/C036 1061 96.94 
fLO/CC29 1062 100.68 
CnH/co«o 1063 67.04 
CE0/C041 1064 99.65 
IST/CCEO 1 066 44.99 
JFR/OOEl 1067 44.17 
ICEV/C052 1 066 43.05 •(AT/C064 1 072 37.62 
NAI/0074 1074 63.56 
KTG/CICO 1077 58.65 
TOL/0116 108C 67.61 I / e m 1061 53.57 
AOt/OClO 1 046 55.22 
IiAG/0C14 105C 36ao 
B3C/C021 1 054 132.47 
CKG/C026 1056 23.27 
ML/C028 1 057 65.62 
JCT/0035 1 06C 106.64 
FKC/0045 1065 27.69 
lAH/0056 1 C69 15.33 
KBL/C0E7 1070 17.39 
IDN/005S 1071 88.54 
KAN/C066 1073 37.73 
NDR/C079 1075 52.33 
OUE/0092 I 076 21.17 
STU/C1C9 1076 55.16 TAB/0110 1079 33.30 

0.6075 
0.4061 
0.7709 
0.7652 

3670.7 
2587.5 
4911.5 
500 2.7 

6 0 . 3 1 
5 0 . 1 7 
6 6 . 6 3 
6 7 . 1 1 

0.9575 
1.6956 
1.8027 
2.6323 
1.6504 
0.8718 
1.8064 
1.6651 
1.7790 
2.17 50 
1.5725 
0.6090 
1.6919 
1.7607 
1.1701 
1.7427 
0.7852 
0.7709 
0.7514 
0.6601 
1.1093 
1.0 271 
1.1635 
0.9 350 
0 .9638 
0.6301 
2.3120 
0.4061 
1.1453 
1.6961 
0 .4633 
0.2676 
0.3035 
1.5453 
0.6585 
0.9133 
0 .3695 
0.9631 
0.5812 

OlSTANCEIKMSl 

<1CC.I 
10803.7 
1I4E5.3 
167TC .4 
11786.9 
5EE4.2 

115CE.7 
1013E.9 
11334.1 
13eE7.1 
10016.7 
51E3.9 

10775.2 
11217.3 
74E4.5 
111C2.E 
5CC2.7 
4911.5 
41E6.9 
42CE.< 
7C67.5 
tE43.E 
7E4C.I 
5956.1 
6140.2 
4C14.1 
1413C.0 
2E(1.5 
7296.6 
12060.2 
3079.C 
1704.6 
1933.7 
9645.2 
419!.« 

5£ ie . e 
23E4.C 
6135.7 
31C2.6 

SCPTIElSl MCEITAFII 

72.18 
79.51 
78.74 
55.73 
78.25 
69.83 
76.71 
79,56 
76,95 
72,41 
79.82 
67,90 
79,53 
19.10 
76.59 
79.23 
67.U 
66.63 
65.95 
62.50 
76.53 
73.84 
76.81 
71.6C 
72.34 
61.27 
68.55 
50.17 
76.18 
17.70 
54.41 
41.04 
43.64 
79.81 
62.44 
71.01 
47.97 
72.32 
59.14 



ALEUTIAN ISLANDS 2 9 / 1 C / 6 5 ICkG SHCT 9 STATICKS 

NSTAT . 9 NFA - 79 ^ F l . 4 0 T - 2 . 3 6 5 

STATION DATA NC. D E I T A C CELTAR D I S T A N C E I K H S t S 0 R 1 ( E » S I M D E I T A P 1 ) 

B L A / C C 1 9 
etc f 0027 
COL/OOJe 
a O / 0 0 3 9 
H M R / 0 0 4 8 
K A T / 0 0 6 4 
N D R / 0 C 7 9 
0 0 0 / 0 0 6 2 
P X 0 / 0 0 6 6 

2 C C I 
20C2 
2CC3 
2 0 0 4 
2 0 C 5 
2CC5 
2CC7 
2oce 
2 0 C 9 

5 7 . 7 0 
3 5 . 0 0 
2 1 . 6 9 
6 1 . 1 3 
6 2 . 8 5 
3 2 . 5 5 
4 5 . 9 4 
6 7 . 7 7 
6 6 . 6 1 

1 . 1 8 1 5 
0 . 5 109 
0 . 3 7 8 5 
1 . 0 6 6 9 
1 . 0 9 7 1 
0 . 5 5 8 1 
0 . 8 19 3 
1 . 1 8 28 
1 . 1 6 2 6 

7 5 2 7 . 9 
3 8 9 1 . 8 
2 4 1 1 . 6 
6 7 9 7 . 3 
6 9 8 9 . 7 
3 6 1 9 . 4 
5 2 1 9 . : 
7 5 2 5 . 7 
7 4 C 6 . 7 

7 6 . 7 8 
6 0 . 4 5 
4 6 . 5 2 
7 4 . 6 9 
7 5 . 3 0 
5 8 . 5 5 
6 8 . 2 3 
7 6 . 7 9 
7 5 . 4 7 

tUAKE , 17/6/07 11 S I A T I C N S 

S T A T I O N 
OlSTANCECKHSI S O R T ( E « S I N 1 0 E L T A R I I 

S H A / 0 1 0 3 
a U I / 0 0 9 3 
c s c / o o e 5 
OXF/OOf'3 
N N A / 0 0 7 S 
M P / 0 0 5 3 
C E O / 0 0 4 1 
m ) / C 0 3 7 
D J G / 0 0 3 t 
T / ! N / 0 1 1 8 
I U C / 0 1 1 9 

1 0 1 0 
1013 
1015 
101 6 
1 0 2 0 
1 0 2 5 
103O 
1032 
1 0 3 4 
1 0 0 4 
1 0 0 3 

3 8 . 4 1 
2 6 . 5 9 
4 1 . 1 9 
4 1 . 3 9 
2 6 . 5 3 
5 8 . 2 2 
6 0 . 1 7 
4 5 . 3 8 
4 5 , 1 0 
4 5 . 5 5 
3 7 . 0 5 

0 . 6 7 0 4 
0 . 4 6 4 1 
0 . 7 1 6 9 
0 . 7 2 2 4 
0 . 4 9 7 9 
1 . 0 1 5 1 
0 . 8 7 5 5 
0 . 7 8 5 8 
0 . 7 6 7 1 
0 . 7 9 6 9 
0 . 6 4 5 8 

4 2 7 1 . 0 
2 9 5 6 . 7 
4 5 6 0 . 1 
4 6 0 2 . 4 
3 1 7 2 . 4 
6 4 7 3 . 8 
5 5 7 8 . 5 
5 0 1 2 . 7 
5 0 1 4 . 9 
5 0 7 7 . 2 
4 1 2 0 . 9 

5 2 . 9 1 
5 3 . 4 0 
6 4 . 7 7 
6 4 . 9 0 
5 5 , 1 5 
7 3 . 5 9 
5 9.,95 
6 7 . 1 7 
6 7 . 1 6 
6 7 . 5 0 
6 1 . 9 5 
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Figure A.2 
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World Wide Network of Standardized Seismo^^raph S t a t i ons Used 

I n T h i s Study-

S t a t i o n 
Number S t a t i o n Name S t a t i o n 

Abbr. 
1 Addis Ababa, E t h i o p i a AAE 
2 Ann Arbor, Michigan AAM 
7 Albuquerque, New Mexico ALQ 

10 Aq u i l a , I t a l y AQU 
11 Arequipa, Peru ARE 
12 A t l a n t a , Georgia ATL 
13 Athens, Greece ATU 
14 Baguio, P h i l i p p i n e s BAG 

Bermuda, Colombia BEC 
17 Balboa Heights, Panama BHP 
1 8 Berkeley, (Strawberry) C a l i f o r n i a BKS 
1 9 Blacksburg, V i r g i n i a BLA 
21 Bogota, Colombia BOG 
24 Caracus, Venezuela CAR 
26 Chiengmai, Thailand CHG 
27 Coppermine, Canada CMC 
28 Col l e g e , ( F a i r b a n k s ) Alaska COL 
2 9 Copenhagen, Denmark COP 
3 0 C o r v a l l i s , Oregon COR 
32 D a l l a s , Texas DAL 
33 Davao, P h i l i p p i n e s DAV 
35 Ju n c t i o n , Texas JCT 
36 Dugway, Utah DUG 
38 Eskdalemuir, Scotland ESK 
39 F l o r i s s a n t , M i s s o u r i FLO 
40 Godhavn, Greenland GDE 
4 i Georgetown, Washington, D.C. GEO 

- 7 5 -



s t a t i o n 
Numbei- s t a t i o n Name S t a t i o n 

Abbr. 

h 3 Golden, Colorado GOL 

h 3 Hong Kong, China HKC 

k 8 Honiara, Guadalcanal, Solomon I s . HNR 

5 0 I s t a n b u l , Turkey IST 

5 1 Jerusalem, I s r a e l JER 

5 2 KevG, F i n l a n d KEV 

5 3 Kipapa, Hawaii KIP 

5 5 Kongsberg, Norway KON 

5 6 Lahore, P a k i s t a n LAH 

5 7 Kabul, Afghanistan KBL 

5 8 Longmire, Washington LON 

6 0 La Paz, B o l i v i a LPB 

6 1 La Palma, E l Salvador LPS 

6 3 Lubbock, Texas LUB 

S h Matsushiro, Japan MAT 

6 5 Malaga, Spain •MAL 

6 6 Manila, P h i l i p p i n e s MAN 

6 7 Madison, Wisconsin MDS 

6 8 Songkla, Thailand SNG 

7 1 Meshed, I r a n - MSH 

7 ^ Nairobi, Kenya NAI 

7 6 Nhatrang, South Vietnam NHA 

7 8 Nana, Peru NNA 

7 9 Nord, Greenland NOR 

8 1 N u r m i j a r v i , F i n l a n d NUR 

8 2 Ogdensburg, New Jer s e y OGD 

8 3 Oxford, M i s s i s s i p p i OXF 

8 5 Goldstone, C a l i f o r n i a GSC 

8 6 Port Moresby, New Guinea PMG 

- 7 6 -



s t a t i o n oi. ̂  • S t a t i o n Statxon Name - — — — Number — ~ _ — Abbr. 

9 1 Porto, P o r t u g a l . PTO 

9 2 Quetta, P a k i s t a n QUE 

9 3 " Quito, Ecuador QUI 

9 4 Rabaul, New B r i t a i n RAB 

1 0 0 Kap Tobin, Greenland KTG 

1 0 1 s t a t e College, Pennsylvania SCP 

102 Seoul, Korea SEO 

1 0 3 Spring H i l l , Alabama SHA 

104 S h i r a z , I r a n SHI 

1 0 9 S t u t t g a r t , Germany STU 

1 1 0 T a b r i z , I r a n TAB 

114 S h i r a k i , Japan SHK 

1 1 5 Toledo, Spain TOL 

1 1 7 T r i e s t e , I t a l y TRI 

1 1 8 T r i n i d a d , B.W.I. TRN 

1 1 9 Tucson, Arizona TUC 

1 2 1 V a l e n t i a , I r e l a n d VAL 

1 2 3 Weston, Massachusetts WES 

124 Windhoek, South A f r i c a WIN 

1 2 6 Lormes, France : LOR 

2 2 2 Kirkenes, Norway KRK 

- 7 7 -



APPENDIX B 
-1 

The Estimations of Q_ from Seismic Rayleigh Waves 

The v a l u e s of the s p e c i f i c a t t e n u a t i o n f a c t o r determined at 7 9 

f r e q u e n c i e s are l i s t e d for eight events, the values from the earthquake 

merely demonstrate the u n s u i t a b i l i t y of such an event. Confidence 

l i m i t s at the 9 5 ? ^ l e v e l are a l s o quoted. 

For the eight i n d i v i d u a l events the i n t e r c e p t of the r e g r e s s i o n 

l i n e i s a l s o l i s t e d . So for each amplitude-distance plot the r e g r e s s i o n 
l i n e i s e n t i r e l y determined. 

-1 

Three s e t s of average v a l u e s are a l s o included. The events 

averaged are 

1 The three atmospheric explosions at Novaya Zemlya 

2 The two atmospheric explosions at S Sinkiang Prov., China. 

3 A l l f i v e atmospheric explosions. 
~1 

Graphs of a l l these v a l u e s , and confidence l i m i t s , have 

been described i n Chapter 3 . 

- 7 8 " 
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APPENDIX C 

The Instrument Response 

Each Rayleigh v/ave t r a i n used i n t h i s work was recorded by a 

long period, v e r t i c a l component instrument of the World-Wide Standard 

Seismograph Network (WWSSN). I t i s necessary to c o r r e c t these seismograms 

for i n s t r u m e n t a l e f f e c t s which i n f l u e n c e both amplitude and phase. The 

c o r r e c t i o n s applied to the seismogram i n the time domain for i n s t r u m e n t a l 

m a g n i f i c a t i o n and group delay time - which must n e c e s s a r i l y be introduced 

have been described by Brune, Nafe and O l i v e r (196O). The group delay 

time, t ^ , at angular frequency us i s 

t 
u ' d w 

where i s the phase s h i f t caused by the instrument. T h i s u s u a l l y 

amounts to several,seconds and may s i g n i f i c a n t l y a f f e c t the measured group 

v e l o c i t i e s . 

In the frequency domain the complex seismogram spectrum A(u) i s 

co r r e c t e d for i n s t r u m e n t a l e f f e c t s by using the complex i n s t r u m e n t a l t r a n s f e r 

f u n c t i o n l ( u ) and d i v i d i n g at each frequency to form 

I(w) contains both amplitude and phase information and may be 

obtained by s e v e r a l methods, but not a l l are p o s s i b l e or convenient i n 

the present case. I f the seismograph system constants are known then l(cd) 

may be c a l c u l a t e d a l g e b r a i c a l l y . Each seisraogram contains a c a l i b r a t i o n 

p u l s e - the system response to a step of a c c e l e r a t i o n - t h i s may be F o u r i e r 

analysed and l ( w ) obtained d i r e c t l y . T h i s l a t t e r process i s d i f f i c u l t 

because i t i s d i f f i c u l t to d i g i t i s e sharp c a l i b r a t i o n p u l s e s to s u f f i c i e n t 

accuracy. F u r t h e r , the c a l i b r a t i o n pulse i s introduced while the seismometer 

i s o p e r a t i o n a l and recording ground motion, and t h e r e f o r e must co n t a i n 

noise superimposed onto the c a l i b r a t i n g p u l s e . A l t e r n a t i v e l y the blanket 

response quoted by the WWSSN for a l l seismographs may be assumed. But 
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e x a m i n a t i o n o f c a l i b r a t i o n p u l s e s on s e v e r a l f i l m c h i p s from d i f f e r e n t 

s t a t i o n s shows g r e a t d i f f e r e n c e s i n a m p l i t u d e and phase response f o r 

d i f f e r e n t i n s t r u m e n t s . An i n d i v i d u a l c o r r e c t i o n f o r each seismogram i s . 

r e q u i r e d . M i t c h e l l and Landisman (19^9) advocate a " l e a s t - s q u a r e s i n v e r s i o n " 

t e c h n i q u e t o de t e r m i n e seismograph c o n s t a n t s and hence I ( C J ) , but t h i s 

i s t o o t i m e consuming when 200 seismograms are i n v o l v e d . An a l t e r n a t i v e 

t e c h n i q u e proposed by Espinosa, S u t t o n and M i l l e r (1962, 1965) was 

e v e n t u a l l y chosen. 

Espinosa e t a l . (1965) have de t e r m i n e d a set o f analog s t a n d a r d 

t r a n s i e n t responses t o a st e p o f a c c e l e r a t i o n which would be shown by a 

v a r i e t y o f i n s t r u m e n t systems, each w i t h s p e c i f i e d c h a r a c t e r i s t i c parameters. 

Appendix V I o f Espinosa et a l . c o n t a i n s a computing program w r i t t e n by 

Brune which o b t a i n s I ( w ) by ch o o s i n g t h e s t a n d a r d t r a n s i e n t response, from 

a l i b r a r y o f 78, which best matches t h e t r a n s i e n t observed on the seismogram. 

A l e a s t squares d e v i a t i o n i s c a l c u l a t e d between s i x p o i n t s measured from 

t h e observed t r a n s i e n t and t h e analogous p o i n t s on t h e s t a n d a r d l i b r a r y 

t r a n s i e n t s , t h e seismograph parameters c o r r e s p o n d i n g t o t h e best f i t t i n g 

t r a n s i e n t are t h e n used t o c a l c u l a t e I ( w ) . 

The s i x necessary measurements are shown i n F i g u r e C.I which 

i s t a k e n from Espinosa et a l . (1965) . The t i m e p o i n t s P̂  t o Pg are 

measured from t h e i n i t i a l break t i m e o f t h e c a l i b r a t i o n p u l s e . A l l t h e 

measurements are made from a b a s e l i n e which t a k e s i n t o account t h e l a t e r a l 

m o t i o n o f t h e r e c o r d i n g pen on the drum. I t i s a l s o necessary t o know t h e 

mass o f the seismometer ( k g ) , t h e motor consta n t o f the seismometer i n 

newton/mA and t h e c a l i b r a t i o n c u r r e n t i n raA. A l l t h e i n s t r u m e n t s have a 

seismometer mass o f 11.2 kg and t h e motor c o n s t a n t and c a l i b r a t i o n c u r r e n t 

a r e marked on each f i l m c h i p i n t h e a p p r o p r i a t e - u n i t s . 

Brune's program was adapted and i n c o r p o r a t e d i n t o t h e s u b r o u t i n e 

WWSSN and i s l i s t e d w i t h the program TSAP ( B u r t o n and Blarney 1972). The 

measurements t o P^ were taken when t h e R a y l e i g h wave t r a i n was d i g i t i s e d 
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and t h e same d i g i t i s i n g u n i t s o f measure were used. These measurements 

are s c a l e d t o t h e a p p r o p r i a t e a b s o l u t e v a l u e s w i t h i n t h e s u b r o u t i n e WWSSN. 

Four t y p i c a l i n s t r u m e n t a l m a g n i f i c a t i o n curves c a l c u l a t e d by 

t h i s method are shown i n F i g u r e C .2 . These cor r e s p o n d t o t h e s t a t i o n s 

AAE, COP, MDS and QUE when t h e y r e c o r d e d t h e event NZA 2 V l 2 / 6 2 . 

A c c o r d i n g t o t h e f i l m c h i p s t h e nominal m a g n i f i c a t i o n a t 20s p e r i o d f o r 

t h e s e s t a t i o n s i s 750, 750? 1500 and 3000 r e s p e c t i v e l y . These a b s o l u t e 

v a l u e s o f m a g n i f i c a t i o n have been i g n o r e d i n F i g u r e C.2 t o i l l u s t r a t e 

t h e d i s c r e p a n c y between i n s t r u m e n t s o f t h e p o s i t i o n o f t h e peak p e r i o d 

response. T h i s shows a s u r p r i s i n g v a r i a t i o n between systems vihxch a r e 

supposedly s t a n d a r d . A b l a n k e t WWSSN i n s t r u m e n t a l response would have 

hi d d e n t h i s source o f e r r o r and have been i n a p p r o p r i a t e i n work r e q u i r i n g 

a m p l i t u d e d e t e r m i n a t i o n s f o r a wide range o f r e c o r d i n g s t a t i o n s . 
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APPENDIX D 

Least Squares f i t t i n g o f "t h e b e s t " s t r a i g h t l i n e 

The "best l i n e " a p p r o p r i a t e t o t h e e x p e r i m e n t a l data 

The v a r i a t i o n o f a m p l i t u d e w i t h d i s t a n c e f o r R a y l e i g h waves has 

a l r e a d y been expressed i n a l i n e a r form. An a m p l i t u d e term (log^Q(A V E s i n A)) 

p l o t t e d as t h e o r d i n a t e v a r i a b l e a g a i n s t a d i s t a n c e terra ~ A £ l o g ^ ^ e 

or a b s c i s s a v a r i a b l e y i e l d s v a l u e s o f the s p e c i f i c a t t e n u a t i o n f a c t o r 
-1 - 1 

Q . The g r a d i e n t o f the p l o t i s t h e n e g a t i v e v a l u e o f . For each 
o f t h e 3 events analysed t h e r e are n. s t a t i o n s or n. p a i r s o f p o i n t s 

3 J 

(X., Y ^). I f a and b a r e t h e best e s t i m a t e s o f the g r a d i e n t and i n t e r c e p t 

formed from these p o i n t s t h e n 

I . = aX. + b 1 = 1 n D.1 
^ ^ 0 

The method used t o dete r m i n e a and b depends on what i s known about 

t h e e r r o r s i n arid Y^. Adcock ( l 8 8 0 ) determined a and b by m i n i m i s i n g 

" t h e sum o f the squares o f t h e normals from t h e n p o i n t s t o t h e r e q u i r e d 

l i n e " . However, t h i s i s a s p e c i a l case and has t a c i t l y assumed t h a t t h e 

v/eights w(X.), w(Y.) assigned t o X., Y. a r e equal. 
X X X X 

o t h e r methods are p a r t i c u l a r l y a p p l i c a b l e t o c e r t a i n t y p e s o f 

da t a . The papers by M c l n t y r e et a l . (1966) and Brooks et a l . (1968) 

assume knowledge o f e r r o r s or s t a n d a r d d e v i a t i o n a t each p o i n t , t h a t i s 

f o r each p o i n t (X., Y.) t h e v a l u e s (Cy , cTv ) are a l s o known. For t h e i r 
X X i ^ i 

87 86 

a p p l i c a t i o n , d e t e r m i n a t i o n o f t h e best i s o c h r o n f o r Rb / s r i s o t o p e 

r a t i o s , each r a t i o i s i t s e l f t h e s u b j e c t o f an experiment and so t h e 

e r r o r s (c-^. , cry- ^ w e l l d e t e r m i n e d a t each p o i n t . Adjustments t o o b t a i n 

the best l i n e are t h e n made a l o n g t h e d i a g o n a l t o t h e r e c t a n g l e o f s i d e s 

a-jj. 1 o'y. a t each p o i n t . 

There a r e many p o s s i b l e s i m p l i f y i n g assumptions, l i k e t h e above, 

which can be made. The paper by D York (1967) d e p i c t s the g e o m e t r i c a l 

i m p l i c a t i o n s o f many o f t h e s e assumptions. For example t h e o f t e n used 

assumptions t h a t t h e a r e e x a c t l y known (w(X^)^, » ) i m p l i e s t h a t a l l -82-



a d j u s t m e n t s made t o o b t a i n t h e r e q u i r e d l i n e a r e n e c e s s a r i l y p a r a l l e l 
t o t h e y a x i s . 

York (1966) has o b t a i n e d a " l e a s t squares c u b i c " e q u a t i o n f o r 

t h e g r a d i e n t a when b o t h X^ and Y. a r e s u b j e c t t o e r r o r s . 

a / ,•; - 2a / 1 n i - «I \ w n _ \ -A.-J-. 
X 

and 

,/v ) - / X X X - a > W.U. - > • ̂  . 

W 

X 

«(X. )co(Y. ) 
X X 

+Z."^iU^V^ = 0 D2 

^ a^w(Y. ) + a)(X. ) D3 
X X 

?W.x. 
— X X X 
X = -j;^ D̂ f 

i X 
^V.Y. 
X X 

" i " - X • D6 

V. = - Y D7 

Ob v i o u s l y e q u a t i o n D.2 i s not r e a l l y a c u b i c , but an e s t i m a t e o f a i n 

e q u a t i o n D.3 reduces i t t o one. E q u a t i o n D.2 may t h e n be s o l v e d f o r t h e 

g r a d i e n t . 

I t i s u s e f u l t o r e w r i t e e q u a t i o n D.3 as 
w(Y.) 

D8 
w. ^' i ~ V'^Y )x 

We expect v a l u e s no g r e a t e r t h a n .01 f o r t h e s p e c i f i c a t t e n u a t i o n f a c t o r , 
- 1 

, o f R a y l e i g h waves; t h i s i s o f course equal t o t h e g r a d i e n t f o r t h e 

e x p e r i m e n t a l d a t a . F u r t h e r , i t has a l r e a d y been shown t h a t e r r o r s i n t h e 

a m p l i t u d e term are f a r g r e a t e r t h a n i n t h e d i s t a n c e t e r m f o r t h e data 

used. E q u a t i o n D . 8 becomes 

W 
w(Y^) 

10 Y ^ J . 1 . 
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w i t h uiY. ) «co(X. ) D.10 
X X 

t h e r e f o r e 

\ ~ w(Y^) 

The e r r o r s caused by t h i s a p p r o x i m a t i o n are o b v i o u s l y n e g l i g i b l e f o r t h e 

p r e s e n t case. 

R e t u r n i n g t o e q u a t i o n D.2 we note t h a t t h e f i r s t two terms a r e 

o f o r d e r 10 ^ and 10 ^ r e s p e c t i v e l y and c o n t a i n t h e term l / t i i ( X ^ ) , t h e se 

may be s a f e l y n e g l e c t e d w i t h r e s p e c t t o t h e t h i r d t e r m which i s o f o r d e r 
_2 

10 . E q u a t i o n D.2 t h e r e f o r e becomes 

P ( a ) ( Y . ) ) ^ v / a,(Y.)u': - ̂  - ^ w(Y.)U,V. D.12 
X ^ 

and u s i n g c o n d i t i o n D.10 the second term may a g a i n be n e g l e c t e d g i v i n g 

S cj(Y. )U.V. 
X X X X ^ ^7 

a = " — — — p— D. 13 
Jaj(Y.)U. 

X X X 

T h i s r e s u l t i s t h e one which would be o b t a i n e d f r o m t h e s i m p l e 

r e g r e s s i o n o f "y" on "x". The w e i g h t s (j(.Y^) were a l l set t o u n i t y 

because f o r t h e e x p e r i m e n t a l l y d e t e r m i n e d v a l u e s o f a m p l i t u d e t h e r e was 

no reason t o do o t h e r w i s e . 
R e g r e s s i o n Formulae 

The d e r i v a t i o n o f f o r m u l a e r e l e v a n t t o r e g r e s s i o n c a l c u l a t i o n s 

are t o be found i n many books on s t a t i s t i c s , f o r example J T R a c t l i f f ' s 

"Elements o f M a t h e m a t i c a l S t a t i s t i c s " ( I 9 6 7 ) . The f o r m u l a e used i n t h i s 

work a r e l i s t e d below. 

The p o i n t s on t h e r e g r e s s i o n l i n e c o r r e s p o n d i n g t o (X., Y.) 

a r e ( x , y. ) w i t h x. = X., t h e l i n e i s 
XX* X 3? X X* X 

X X 

y±r = ^ ^ i r ^ D.l^f 
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I n a d d i t i o n t o the p r e v i o u s n o t a t i o n t h e r e g r e s s i o n f o r m u l a e 

ar e w r i t t e n i n terms o f v a r i a n c e s ( v a r ) and c o v a r i a n c e s ( c o v ) whenever 

p o s s i b l e , because t h e a b b r e v i a t i o n s VAR and COV are used d u r i n g 

c a l c u l a t i o n s i n t h e computer s u b r o u t i n e LSTSQR. 

Formulae a r e l i s t e d i n t h e o r d e r i n which i t i s reasonable t o 

c a l c u l a t e them f o r computing purposes. 

v a r ( X ^ ) = i ~ D.15 

v a r ( Y ^ ) ' \ - D.16 
0 

?u.v. 
cov(X., Y^) = D.17 

3 

cov(X.,Y.) 
a = — r i - D . I 8 

v a r ( X ^ ) 

b = Y^ - a Z D.19 

t h e product-moment c o r r e l a t i o n c o e f f i c i e n t , r 

cov(X,, Y.) 
r = 1' X 

A a r ( X . ) v a r ( Y . ) • ^'20 
X X 

t h e r e s i d u a l sum o f squares about t h e r e g r e s s i o n l i n e , RSS 

KSS = X^^i - ^ i r ^ ^ = ( l - r ^ ) n var (Y.) • D.21 
( l - r 2 ) v a r ( Y . ) 

v a r a = (^.p),,,(,,J D.22 

SX.^ 
var b = var a — i - D.23 

0 c o n f i d e n c e l i m i t s on a and b r e q u i r e S t u d e n t ' s " t " w.ith n.-2 degrees o f 

freedom a t t h e a p p r o p r i a t e c o n f i d e n c e l e v e l and are 

a + t V v a r a D.24 
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and 

b _+ t Vvar b 25 

t h e s c a t t e r about the c a l c u l a t e d r e g r e s s i o n l i n e i s 

^ i r = ^ ^ i r ^ ^ i ^ JTTZ • D.26 

The s u b r o u t i n e LSTSQR i s i n c o r p o r a t e d i n t o t h e program AVD t o d e t e r m i n e 

v a l u e s o f t h e s p e c i f i c a t t e n u a t i o n f a c t o r and c o n f i d e n c e l i m i t s . Values 

of t h e c o r r e l a t i o n c o e f f i c i e n t , r , i n d i c a t e how r e a s o n a b l e a f i t a 
l i n e g i v e s t o t h e d a t a . For zero c o r r e l a t i o n between t h e X and Y 

X i 

4 ( 1 - r ^ ) D,27 

i s d i s t r i b u t e d as S t u d e n t ' s " t " w i t h (n.-2) degrees o f freedom. ( M i l l e r 

and Kahn, 1962, p112.) The s i g n i f i c a n c e o f r f o r each l i n e i s c a l c u l a t e d 

i n t h i s way. " 

The v a l u e s o f Q"^ and c o n f i d e n c e l i m i t s are l i s t e d i n Appendix B 
f o r each event. 
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APPENDIX E 

The Comparison of Two Rejgression L i n e s 

For t h e two r e g r e s s i o n l i n e s (j=:1 or 2 ) 

^ l i r = ^ ^ l i r " N 
^2±T = ^ 2 ^ 2 i r ^2 

w i t h n^, n^ p o i n t s each i t i s o f t e n necessary t o compare them t o determine 

i f t h e o b s e r v a b l e s (X.., Y.-) come from t h e same p o p u l a t i o n , have t h e 

same g r a d i e n t a. and t h e same i n t e r c e p t b.. I f a l l t h r e e comparisons 

show e q u a l i t y t h e n t h e two l i n e s a r e s t a t i s t i c a l l y t h e same l i n e . 

For a m p l i t u d e - d i s t a n c e p l o t s these comparisons w i l l have 

g e o p h y s i c a l s i g n i f i c a n c e . The f i r s t comparison w i l l demonstrate i f t h e 

energy from an ev e n t , a t two f r e q u e n c i e s or over two p a t h s , has sampled 

s i m i l a r environments. The f u r t h e r t e s t s i n d i c a t e i f t h e a t t e n u a t i o n d i f f e r s 

and i f t h e event s i z e ( o r energy between f r e q u e n c i e s ) d i f f e r s . 

S t a t i s t i c s for making these comparisons are d e s c r i b e d by K A Brownlee 

(1965) and t h e r e l e v a n t t e s t s and for m u l a e a r e l i s t e d below. 

For each r e g r e s s i o n the r e s i d u a l sums o f squares may be 
e s t i m a t e d as 

n 

X 
cov(X.,Y.) 

= n var (Y .) - 7̂ - ••.'"̂  E.4 
J 3 v a r ( X ) 

J 
and t h e mean squares e s t i m a t e d as 

J 

I f t h e two s e t s o f data are samples from t h e same p o p u l a t i o n t h e n t h e two 

va l u e s S^ a r e e s t i m a t e s o f t h e same v a r i a n c e or. and F i s h e r ' s v a r i a n c e 

r a t i o "F" t e s t may be performed t o t e s t t h i s h y p o t h e s i s . 

F = - r NFTEST E.6 
4 
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I f t h i s t e s t i s passed o i s e s t i m a t e d by 

2 (n^-2)S^+(n2~2)S2 
'™~nipTT'np2~~" E.7 

I f t h e g r a d i e n t s are equal t h e n a^-a^ i s n o r m a l l y d i s t r i b u t e d about zero 

w i t h v a r i a n c e 
2 

cr v a r ( a . - a _ ) = —-2__™___. — — 2 _ — 
1 2 n ^ v a r ( X ^ ) n 2 v a r ( X 2 ) E.8 

and t h e v a r i a b l e 

NATEST E.9 ^n^var(X^) ̂  n^variX^) J 

i s d i s t r i b u t e d as t w i t h (n^+n^-^) degrees o f freedom. T h i s v a r i a b l e 

g i v e s t h e second t e s t . 

I f a^ and a r e t h e same t h e n a j o i n t e s t i m a t e may be o b t a i n e d , 

a = 
n^cov(X^,Y^) + n2Cov(X2,Y2) 

n ^ v a r ( X ^ ) + n2var(X2) E. 10 

As might be expected t h i s e q u a t i o n i s s i m i l a r t o t h e analogous e q u a t i o n 

( D . l 8 ) f o r t h e g r a d i e n t o f a s i n g l e r e g r e s s i o n l i n e , f o r the comparison o f 

two such l i n e s t h e analogy must, occur t h r o u g h o u t . 

The v a r i a n c e o f t h e j o i n t g r a d i e n t i s 

2 
va r ( a ) = 

n ^ v a r ( X ^ ) + n2 v a r ( X 2 ) E.11 

and o- i s e s t i m a t e d from t h e new r e s i d u a l sum o f squares 

RSS = n ^ v a r ( Y ^ ) 
n ^ ( c o v ( X ^ , Y ^ ) ) ' 

v a r ( X ^ ) 
s i m i l a r t e r m ~ i 
i n X^, Y^ E.12 

which has n^+n2-3 degrees o f freedom, the analogy w i t h t h e e q u a t i o n s D.20 

t o D.22 i s a g a i n o b v i o u s . 

I f t h e g r a d i e n t s a r e e q u a l i t i s p o s s i b l e t o t e s t f o r complete 

e q u a l i t y o f t h e l i n e s , which depends on e q u a l i t y o f t h e i n t e r c e p t s . The 
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s t a t i s t i c t o be t e s t e d i s 

(b -b ) - a(X -X ) 
_™ ___ NBTEST Eft 13 

L 1 2 
which i s d i s t r i b u t e d as t w i t h n^+n^~3 degrees o f freedom. The new S 

i s d e t e r m i n e d from t h e new RSS o f e q u a t i o n E.I2ft 

These s t a t i s t i c s a r e used i n the computer programs C2L and CNLft 

The terras NFTEST, NATEST and NBTEST are used i n these programs t o b o t h 

i n d i c a t e t h e r e s u l t o f a p a r t i c u l a r t e s t and as a s w i t c h f o r subsequent 

t e s t s . The v a l u e s 0, 1 or 2 a r e ass i g n e d t o NFTEST i n d i c a t i n g t h a t t h e 

t e s t was f a i l e d , passed or not performedft O b v i o u s l y , i f t h e v a l u e s 0 

or 2 a r e o b t a i n e d t h e n subsequent t e s t s may be s w i t c h e d o f f . 

The Average G r a d i e n t f o r S e v e r a l R e g r e s s i o n L i n e s 
-1 

The average Q v a l u e s s u b s e q u e n t l y d e t e r m i n e d f o r s e v e r a l 

e v e n t s ( n ^ e v e n t s ) r e q u i r e d e s t i m a t i o n o f t h e average g r a d i e n t f o r s e v e r a l 

r e g r e s s i o n l i n e s . Such averages were d e t e r m i n e d i r r e s p e c t i v e o f t h e 

i n d i v i d u a l p o p u l a t i o n v a r i a n c e s ( t h e r e s u l t s o f NFTEST) a l t h o u g h any 

d i s c r e p a n c i e s were n o t e d . 
The f o r m u l a e o f Brownlee were g e n e r a l i s e d t o g i v e 

Hj, - Eft 1^ 

w i t h v a r i a n c e 
2 

v a r ( a ) = °" 
Eft 15 

n.. v a r ( X ^ ) 
3 

and o- i s now e s t i m a t e d from t h e t o t a l o f t h e r e s i d u a l sums o f squares " 

V ^ J Z_ v a r ( X . ) ^'^^ 
3 
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which has y— )-1 degrees of freedom, 
j 

These formulae are used i n the program QBAR which i s l i s t e d i n 

Appendix'G along with the programs C2L and CNL. 
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APPENDIX F 

F1 Proof 1 

To obtain the r e l a t i o n between the imaginary part of a bodily-

wave v e l o c i t y and the s p e c i f i c a t t e n u a t i o n f a c t o r : 

For a body wave we have the wave propagation term 

exp [ i ( w t - kx) j F1.1 

where " i s angular frequency, t i s time, k the wave number and x i s the 

d i s t a n c e t r a v e l l e d . The phase v e l o c i t y a = w/k and so we have 

exp [i(tot - ~ ) ] F1.2 

and ignoring time dependence 

exp f ] F1.5 

I f the v e l o c i t y a i s complex of the form 

a = + I (6 a) 

then we have 

exp - X 

a)x( 0,^-1(6 a)) 

F1.4 

n-iwx 
= exp a 

_ 0 _ 

exp 

a t t e n u a t i o n c o e f f i c i e n t . Y . i s 

-wxl(6a) 
a o 

- ail( 6a) 

F1.5 

F1.6 

But the a t t e n u a t i o n c o e f f i c i e n t , i n terms of the s p e c i f i c a t t e n u a t i o n 

f a c t o r Q" i s 

Y 
-1 
a 

a F1.7 

where f i s frequency, and so ^ 
Q" a 

I ( 6 a ) = F1.8' 
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F2 PJoof 2 

D i s p e r s i o n and d i s s i p a t i o n are c a u s a l l y l i n k e d . To obtain 

the r e l a t i o n between the r e a l part of a body wave v e l o c i t y and the s p e c i f i c 

a t t e n u a t i o n f a c t o r : 

Futterman's ( 1 9 6 2 ) equations r e l a t i n g the r e a l and imaginary 

p a r t s of the r e f r a c t i v e index n ( u) are (Futterman's equations A - 1 3 and 

o 

R(n(o) - n(«)) = 2 p/• ~ w F2.2 
0 w 

For a body wave v e l o c i t y a (compressional wave) with R and I p a r t s we may 
wri t e 

where 

6a = R(6a) + 1 ( 6 a) F2.^ 

and using Futterman's formulation 

R ( a ( o ) - a(oo)) = i . j > r l i ^ J ^ dco F 2 . 6 
Jo 

Futterman makes the assumption that there i s no a t t e n u a t i o n for 
i n f i n i t e f r e q u e n c i e s , that i s 

a (00) = F2.7 

and so 

R(a(w^) - a(co))'= R(6a( co^)) - F2.8 

R(a ( o ) - a(co)) = R ( 6 a ( o ) ) F2.9 

I f we make the assumption that the d i s p e r s i v e e f f e c t of d i s s i p a t i o n i s 

very small then 

a ( 0)^ ) ~ a( o ) F2.10 
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and equation F 2 . 6 i s adequate to estimate R(6a(w)) which gxves 

R ( 6 a ( ( . ) ) = ^ p f i l M j i l l do; F2.11 
'I 0 

but 

I ( 6 a ( ( o ) ) = F2.12 

R ( 6 a(a))) = f / " " do, ^ 2 . 1 3 

t h e r e f o r e 

Jo w 

R ( 6 a(a))) = I n F 2 . l 4 

The lower bound frequency i s i n s e r t e d to e l i m i n a t e the s i n g u l a r i t y . 

S i m i l a r l y , for shear waves of v e l o c i t y 3 

- 1 

R(6 3 ( u ) ) = -£-2-. I n % F2.15 
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APPENDIX G 

Computer Program L i s t i n g s 

T h i s appendix contains the l i s t i n g s of s i x programs used i n t h i s 

study. The l a r g e program TSAP, which determines s p e c t r a l amplitudes 

and group v e l o c i t i e s , i s l i s t e d by Burton and Blarney ( 1 9 7 2 ) . The major 

subroutine HH of the Hedgehog i n v e r s i o n program was developed by 

Mr B L N Kennett and Dr V P Valus. Many of these programs produce graphs 

using a Stromberg-Carlson kOGO p l o t t e r ; s e v e r a l of the r o u t i n e used 

to produce graphs a r e taken or adapted from Young and Douglas ( 1 9 6 8 ) . 

A l l of the programs are w r i t t e n i n F o r t r a n IV for the AIRE IBM 3 6 0 / 7 5 

comput er. 

The l i s t i n g of each program s t a r t s with a comprehensive block 

of comment ca r d s . These cards d e t a i l the purpose, method of use and 

the output of the programso only a b r i e f d e s c r i p t i o n of each program 

i s given here. 

The s i x programs a r e : 

1 AVD 

T h i s program takes the t h e o r e t i c a l equation for the v a r i a t i o n 

of Rayleigh wave amplitude with d i s t a n c e from an event and f i t s a simple 

r e g r e s s i o n l i n e to the observed data. The v a r i a t i o n of Rayleigh wave 

amplitude with d i s t a n c e i s such that 

AMPLITUDE TERM = Q,"'' x DISTANCE TERM + CONSTANT 

th e r e f o r e the gradient of the r e g r e s s i o n l i n e estimates Q . Confidence 
~1 

l i m i t s on are c a l c u l a t e d . So that the v a r i o u s r e g r e s s i o n l i n e s may 

be compared the program c a l c u l a t e s the r e g r e s s i o n l i n e parameters for 

fut u r e use, these a re: the mean and va r i a n c e of the a b s c i s s a and or d i n a t e , 

and the covariance. 
2 CNL 

3 C2L 



k QBAR 

These three programs use the theorj"- and formulae of Appendix E. 

The data are the r e g r e s s i o n l i n e parameters provided by the program AVD. 

The program CNL uses the r e g r e s s i o n l i n e data at each frequency 

from a s i n g l e e xplosion. The r e g r e s s i o n l i n e at one frequency i s compared ' 

to the l i n e s at every other frequency; t h i s process c y c l e s through a l l 

the f r e q u e n c i e s i n turn . 

C2L compares the r e g r e s s i o n l i n e data at one frequency from one 

explosion with the corresponding data at the same frequency from a second 

explosion. The data for two d i s t i n c t explosions are t h e r e f o r e compared 

at a l l the a v a i l a b l e matching frequencies. 

The l a s t program of t h i s s e t , QBAE, determines the average 

gradient for s e v e r a l r e g r e s s i o n l i n e s . Average and confidence l i m i t s 

are t h e r e f o r e obtained f o r each frequency using s e v e r a l explosions i n s t e a d 

of one, t h i s i s i r r e s p e c t i v e of the y i e l d of the i n d i v i d u a l explosions, 
5 QPALEY' 

T h e o r e t i c a l c a l c u l a t i o n s of the s p e c i f i c a t t e n u a t i o n f u n c t i o n 

( f ) of E a y l e i g h waves are c a r r i e d out by t h i s program for a chosen 

l a y e r e d model. The model must comprise values of the body wave v e l o c i t i e s 

and s p e c i f i c a t t e n u a t i o n f a c t o r s for each of the NOL l a y e r s , that i s a^, 

I ' ^ a i ' V i=1...N0L. 

Three frequency dependent terms must a l s o be known. The group 

v e l o c i t y U ( f ) must be known for the l a y e r e d model at each frequency of 
d k dk 

i n t e r e s t . D e r i v a t i v e s of the wavenumber, ___£_ and o , must be 
o l o l 

known at each frequency and for each l a y e r . F i n a l l y , a c o n d i t i o n may be v/r i t t t 
-1 -1 in t o the program uniquely r e l a t i n g Q and QQ . The theory from which a p • 

"1 
Q ^ ( f ) i s c a l c u l a t e d i s given i n Chapter k. 

6 HEDGEHOG 
The Hedgehog procedure i n v e r t s the observed ''Rayleigh wave s p e c i f i c 

-1 
a t t e n u a t i o n f a c t o r Q_^^J^f), which i s frequency dependent, i n t o a depth 
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- 1 - 1 
dependent a t t e n u a t i o n model for Q and Q . A v e l o c i t y - d e p t h model 
and v a l u e s of U ( f ) , '̂̂ o , ^^o , s i m i l a r to those used i n the modelling 

o l o l 

for QRALEY must a l s o be assumed. 

The Hedgehog process described by Burton and Kennett ( 1 9 7 2 ) 

d i f f e r s from u s u a l Monte-Carlo techniques i n that a f t e r obtaining an 

acceptable model by a random process the next model i s not s e l e c t e d 

at random but i s chosen by an organised process - the aim being to d e l i n e a t e 

a region of connected s o l u t i o n s r a t h e r than an assortment of haphazard 

and unconnected s o l u t i o n s . 
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* * < E * « ; * * * 3 * « * « * 4 : » - ^ r i j i * A < . « S c t ( < # < t * , * 4 # ^ 

COMMON / G R F F / T l T L E ( 2 C ) t XHAX, XWIN.YMAX, YMIM, iHOX, INOY, INDi 
I J J O T , A M S T R l . I F , X L I M I T , Y L I M I T , 5 C A L X , SCALY 

D I M E N S I O N A K T P X ( ' , C , S S ) , U N T R < ( 4 0 , 9 9 l , F A ( 9 y | , F U ( ' j ' i l , T I T L E A ( ' , 0 l , 
1 D e L 1 A K O ) , O E L T A R ( 4 0 ) , G E T ' 1 S P ( ' t C i ) . D I S r ( ^ O I , S T A T N ( i i O I , 

3 TEMf O ( 9 9 ) . C " l ( ? 9 ) , QL M ( ?9 I , IfvT (99 I , I ? n L IM(.99 I . 
4 XcSAM 9 9 ) , YBARI 99 ) , VARX (991 > VARY (99 ) , CtjVXY ( 99 1 R E A L I M T . I N T L I H 

R E A L * B T I T L E . S T A T N . T I T L E A 
R E A L * » O U K V Y , B L A N K 
DATA d L A N K / S H 

C A L L S C L I B R 

P I = ' i . O « A T A N ( l .01 
O T O K = P 1 / 1 8 0 . 0 
E = 6 3 7 1 . 0 
DO 9 9 0 1 = 6 , 2 0 
T I T L E ( I ) = BLAf>IK 

9-yO C O N T I N U E 

C A L L D A T l l ^ n n L E I 1 6 ) ,DU^'^'YI 
c 
c 
C INPUT DATA 
c 
C 

996 DEAO ( S . 1 , E N U = 9 ? 9 ) ( I l I L E ( I ) . 1 = 6 . 1 5 1 

P R I N T 2 , ( 1 1 T L E ( n . 1 = 6 . 1 6 ) 
? F O R M A T d H l , / / , 1 C X , 1 C 4 8 , 2 C X , A 6 . / / ) 

READ 1 0 , \ S T A T , N F A . N F L . T 
10 F u R M A T ( 3 1 l O . F 1 C . 5 ) 

PRINT 1 5 . N S I A 1 , N F A , N F L . T 
15 FOr<MAT( l o X , - N S T A T = • , 1 5 , SX , • NF A = ' , 15 , 5 x , ' NF U = ' , I 5 , 5 X , ' T = ' , F 6 . 3 1 

C 
READ 2 0 . i T A T H I l ) , c ) E L T S { l ) , T I T L E A( 11 

20 F O R M A T ( A b . f 12 , 5 , 2 X . A 8 ) 
READ 2 5 . ( F A ( 1 ) , A I ' T R X ( 1 , I ) , [ = 1,NFA1 

25 F 3 R M A T ( 2 t l 5 . 7 ) 
READ 2 5 , ( F U d l . L H T R M I . I ) , I = 1 , NFUJ 
0 0 30 J = 2 . N S T t . T 
READ 2 C , S T A I K ( J I , 0 t L T 4 ( J ) , T t T L E A l J l 
RLAO ' . S , ( AMTR X( J , 1 ) , I = 1 . K F A ) 
READ 1 5 . ( C^'TR >( J , I 1 .1 =1 , ^FUI 

« 5 F U k M A T ( 1 5 X . E 1 5 . 7 ) 
30 CONTINUE 

C 

C 

C GEC ' - iETRICAL S F R E A U I N G CORRECTION ( G E O M S P ) . 

C 
DO U C J ^ l . N S i A T 
D F L T A R I J ) = D T O R » D t L T A l J l 
D l S T I J ) = D F L T A f . ( j ) » t 
G E O K S P I J ) =SCPT( E * S I M 0 E L T A R 1 J» ) 1 

110 CUNTINUf 
P R I N T ^6 

A6 F O R M A T ( / / , 1 C X , • S T A T I C N ' . 1 1 X , ' O A T A N U . • , 1 1 X , ' O E L T A D ' . 1 2 X . ' D E L T A R ' , 
l l l X , 'UISTANCfc ( K C S ) • . I C X , • S O R T ( E * S t N ( U E L T A R ) I ' , / / ) 

PRINT ^ , 7 , I S T A l N ( J ) , T I T L e A ( J ) , 0 E L T A ( J ) , 0 E L T A R ( J I , U l S T ( J I , & E n M S P ( J ) , 1J = 1 .NSTAT ) 

c'^' ^ ^ • « - F ^ - 2-1 2^ . F 6 , 1 2X . FB . 1 .1 2X , F 12 , 21 
C 

C GROUP V E L O C I T Y SET LP IN MATRIX U^'TF.X S . T . F R E Q U E N C I E S 
C ^ 
C ARE SAME AS FCR A M P L I T U D E S . 
C 
C 

DJ 60 J = 1 , N S T A T 
DO 70 ,1=1 ,NFU 
T t M P U i 1 ) = L f I R X ( J , I ) 

70 CONTINUE 
n a 80 1=2 .NFU 
U M T R X ( J , ^ « l - 2 ) = ( T L * ' P U ( I ) - < T e M P d ( [ - l ) 1 / 2 . 0 
U^Tkx ( J . / » I - 1 ) = Tt,WPU( ! ) 

80 C J N T I N U E 
60 C C N T I \ u e 

00 6 5 J = l . N S T A T 
P P I N T 6 t i , S I A T - N ( J ) 

6 6 . FUK>1AT ( U U , / / .1 CX .AH , / , 1 e x . ' • / , I OX , < 1 . I NOt X / . F R E Q U E N C Y 3 . 
l A ^ P L I T U U t ' i .GROCP V L L C C I T Y ' . / / ) 

PR I NT , U .( A ( I ) . A."'TRX( J , I ) .U^!TP,X( J , 1) , 1 = 1 ,NFA ) 



67 F O R M A T I i ( 1 6 , F 8 , 5 , 2 f c l 3 . b l I 
6ti CONTINUE 

C . 
C 

C C A L C U L A T E A M P H T U D t / C I S T A N C L TERMS F O R EACH I R E u U E N C Y 
C 
C 

E L G I O = O . ^ ?'i2<; 
F A C 1 = P I * £ L G 1 0 
00 90 I = l ,Nr-A 
F A C 2 = F A C 1 « F A ( I I 
DO IOC J = 1 , N S T A I 
X2( J , I M F A C 2 * C I ST( J ) / LMTRXI J . l 1 

i n o CONTINUE 
90 CONTINUE 

0 0 12U I = r , N F A 
00 130 J = l , N S T A T 
Y 2 I J , 1 l = A L O G l C i A M T R x ( J . l ) 1 t A L O G I T ( G E O M S P ( J ) J 

V l ( J I = y 2 ( J , l ) 
13P CONTINUE 

PRINT 1 2 5 , F A ( n 
125 F O R M A T ( I H L , / , 1 C > , ' A C F L I T U D E / D l S T A N C E PLOT AT FREOULNCY = ' , F b . 5 , ' ( 

PR INT 1 2 6 , ( J , M t J I , Y l ( J ) , J = 1 .NSTAT I 
12o F 0 R M A T ( 3 ( I 5 , 2 E 1 5 . 7 1 I 

PUNCH 1 2 7 , F A ( I ) 
127 F 0 R M A T i F l : ; . 7 , -HZ AM F L l TUOC/D I ST ANC E F A C T O R S ' ) 

C PUNCH 126 , (X I ( J I , Y l ( J l , J ,1 ,STATN( J l . T 1 T L E A ( J l , J ^ l .NSTAT 1 
128 F O R K A T i 2 E 1 5 . 7 , 1 5 X , I 5 , ' A / C ' , 2 X , I 3 , 2 X , A 8 , ' i X , A 8 l 

C : 
C 

C I N V E R S E 0 L E A S T SOUARES V A L U E S . 
, C 

C ' B E S T L I N E F I T ' 
C : 
C 

C A L L L S T S C R I X I , Yl iNSTAT , CMK I ) , INT( I I , R , X 6 A R ( I 1 ,YBAR( I I , OL IM( 1 1 , 
1 I N T L I M l I ) . S D Y T P C , T , V A R X ( I I , V A R Y ( 1 ) ,COVXY( I I I 

OMK I 1= -CM1( I I 
A N S T P l - l . C 
Y H A X = 6 . 0 
Y H I N = 1 . 0 

C C A L L C A R G R F ( X i , Y l , N S T A T ! 
C 

C A L L T S P ( 1 3 0 . ' i 8 . A 2 1 
CALL CA020H 
Pis INT 7 0 C 

7 0 0 f J R M A T ( • F R E w U t N C Y ( H 2 l = • ! 
CALL C 1 0 2 C F ( F A ( I 1 , 7 . ' . l 
C A L L tNOFME 

120 CONTINUE 
C 

C A M P L I T U O C / O I S T A N C E F I C T S SUMMATIUW OVER ALL F R t O U E N C I E S . 
00 l A O J = l , N S T A T 
X K J I - O . O 
Y K J M O . C 
D O 150 1=1 .NFA 
X 1 ( J 1 = X 1 ( J M X 2 ( J , I I 
Y 1 ( J 1 = Y 1 ( J I + A I ' T R X ( J . I 1 » A C T R X ( J . I I 

150 CONTINUE 
X 1 1 J ) = X 1 ( J I / N F A 
ANFA^NFA 
Y 1 ( J 1 = 0 . 5 * A L 0 G 1 C ( Y 1 ( J I I + A L O G I O ( G E O M S P ( J ! / S O R T ( A N F A I 1 

I f O CONTINUE 
P R I N T 135 

1 3 5 F 0 R K A T ( 1 H 1 . / / , 1 C X , ' A I ' F L I T U D E / D I S T A N C £ PLOTS S U M M A T I O N ' . / / ! 
PRINT 1 2 6 , ( J , X 1 ( J 1 , Y 1 ( J 1 , J = 1 , W 5 T A T I 
PUNCH 136 

136 F O R M A T ( 1 5 X , ' A f P L I T u O E / D I S T A N C E PLOTS SUMMATION'! 
K=NFA + 1 
PUNCH 1 2 8 , ( X 1 ( J I . Y 1 ( J 1 , J . K , S T A T N ( J 1 , T I T L E A ( J 1 , J = 1 , N S T A T I 
C A L L L 5 T S 0 R ( X l , Y l , N S T A T , C M l ( K I , I N T ( K ) , R , X B A R ( K I , Y B A R ( K I , w L I M ( K I , 

1 I N T L I M { K 1 , S O Y T P C , T , V A R X I S I . V A R Y ( K I . C O V X Y ( K l 1 
0 M 1 ( K I = - 0 « 1 ( K I 

• • A N S T R l ^ l . C 
Y H A X = 6 . 0 
YMIN=1 .0 
C A L L C A R G R F ( X 1 . Y l . N S T A T I 

C 

C A L L T S P ( 1 3 C . 1 8 , A 2 I 
C A L L C 4 0 2 0 H 
P R I N T 7C1 

7 0 1 . F O R M A T ! ' A H P L n o C E / O I S T A N C E PLOTS SUMMATION'! 
CALL ENDFHE 

C 
C 

C- SUMMARY OF I N V E R S E I. V A L L E S AND CONFIDENCE L I M I T S . 
c • • 
C 

P K I N T 2 , ( T I T L E ( 11 . 1 = 6 , 1 6 ! 
PRINT 1 5 , N S T A T , N F A , N F L . T 
P R I N T 160 

16C F 0 R M A T ( / , 2 ( ' F I ! E 0 . ( H Z 1 I N V E R S E O A L I M I T S I N T E R C E P T A L I 
I M I T S • l . / l 

P K I N T 1 7 0 . ( I , F A ( I I ,CM1 (1 I , O L I M ( 1 I . I N T ( I I , I N T L I r t ( I I , I = 1 ,NFAJ 
170 FURMAT.l 2( 1 6 , F < ; . 5 , F 1 3 . 5 , F 9 . 5 , F 1 1 . ' . , F 8 . « . , l O X ) ) 

C _ — • — — 
C 
C PUNCHOUT 
C 
C 



c 
C 
C 

c 

PUNCH 1 . ( T I T L E ( 11 ,1 »fc . 1 5 ) 
PUNCH i n . ' . F A 

PUNCH I S O , ( F A ( 1 ) ,CM1 I I ) , C L I M d I , I N T ( 11 , I N I L I K ( I ) , l . I - l . N F A ) 130 F O R H A T d U I . 7 , ' ; x , ' , t l 5 . 7 . I 5 1 
C A L L O G R A P H I F A . C f l . L L I P . N F A l 
PUNCH 1 , ( T ) T L E I I ) .1 ' 6 . 1 5 ) 
PUNCH I C . N F A 

PUNCH 1 9 C , ( F A ( I I , N S T A T , X E A R i n . Y i i A R d ) . V A R X I I ) . VARY! 1 ) . C O V X Y ( I 1 , U . I = l , N F A l 
190 r O R M A T ( F 7 . E , 1 2 , 5 E 1 3 . E , I 5 ) 

GO TO 9 9 a 
9 9 9 C A L L F I N I S H 

RETURN 
END 

SUBkUUT INE LSISCR ( X . Y . N , A . B . R . X B A R , Y U A R . S D A T P C . S D B T P C S O Y T P C . r . l V A R X , V A k Y . C O V X Y ) 

D E T E R M I N E S T H E S l^ iPLE L I N E A R R E G R E S S I O N L I N E - ' T H E B E S T L I N E ' 

C 

DIMENSION X ( N ) , Y ( N ) 
C 

SUMX=0,0 
S U K Y = 0 . 0 
S U H X X = 0 . 0 
SUHYY=C.O 
SUMXY=0.0 

c 
DO 10 1=1 ,N 
SUMX=SU"X + X ( I ) 
S U M Y = S U ' ^ Y * Y ( I ) 
SUMXX = SUMXX*X (I ) *X ( 1 ) 
SUMYY = SU'^VY*Y ( I 1»Y( 1 ) 
SUMXY = SUHXY + X ( I ) * Y ( I ) 

10 CONTINUE 
c 

EN=N 
t N 2 = L N - 2 . C 
Xi)AR = SUHX / fcN 
Yc!AR = SU.MY/EN 
VAi<X = S L « X X / e r j - X E A R « x e A R 
V A R Y = S U X Y Y / E N - Y E A R * Y e AR 
Cl)VXY = S U J ' . X Y / E N-XbAR»Y6AS 
SDX=SORT(VARX) 
SDr=SOt \T ( VA'^Y I 

c 
4 = C 0 V X Y / V A R X 
B = V B A K - A « X B A K 

R = A » S J R T ( V A R X / V A R Y ) 
c 

R R = R * R 
F SS = t . ( « V A k Y * ( l . C - R P . ) 
P A R A M = R S S / ( £ N 2 » t N t V A R X l 

C 
S U Y T P C = T t S O R T ( R 5 S / t N 2 l 
S0ATPC=Ti=5CRT (PARAV ) 
S O D T P C = T ' ' S O - ! T I ( F A s A V f S L f ' X X ) / E N l 

c 
STUDT = SQkT ( ( k l i * fcN2 ) / ( 1 , 0 - R R I ) 

C 

c 
C PRINTOUT 
C 

c 

20 

Pf^INT 2 P , X B A k , V A P x <;nt v c . n 
I R . S T U U T . S D Y T P C • ^ ^ * ' ' ' ^ ' ' ' < ^ ' ' 5 D V . A , S D A T P C . B . S 0 S T P r 

FORMAT ( / / t X . ' (»EAN "F 
I 'STANU.ARD D E V I A T I O N CF v'- ' I" ^ r ' ^ ' i E OF X = ' , F 1 1 s ,=v 
2 'VARIANCfc OF Y = ' , f i r % i I v ' ^ c ^ ^ " ^ ' " " < - ' ^ E A ' - ^ J F Y =- F i r \ 

c 

c 
C 
c 
c 

.51 

RETURN 
END 

SUB, \ ( .UT lNt CGl-AFH (X , Y ,Z , M 
C 

C GRAPHS VALUES OF U , Y ( I I , CONF I DC NCE L 1 i l l TS , i ( 11 , AT F h E O U E N C I t S X ( l l . C 

C R F J U I R I S THE EKCGPAf " 
C 
c 
c 

C 

c 
COMMON / o R F f / T I T L E ( 2 C I , 

A A . D O U G L A S ) 

XHAX, XMIN,VMAX, YMIN. INUX, INDV. , N 0 . 



I I D O T . A N S T R l , I F , X L I M I T , Y L I M I T . S C A L X , SCALY 
DIMENSION X ( N l , y < M , Z ( M , Y L I ' ' ( 2 1 , X A T L 1 M ( 2 I 
k E A L » 8 T I T L E 
IN0=1 
IOOT=0 

A N S T R U l . O 
I F = 3 
XMAX=0.0 
X M I N = 0 . 0 
Y M A X = 0 . 0 1 7 5 . 
YM1N=0.0 
C A L L C A R G R F ( X , V , M 

C NOW QVERGkAPH THE 5 P . C . L I M I T S . 
C N E W CARGRF P A H A C E T E B S . 

IDOT=32 
A N S T R l - 2 . 0 
0 0 1 9 0 1 = 1,N 
Y L I H ( 2 ) = Y ( I l t Z ( I ) 
V L i M ( l l = Y ( I ! - Z ( i ) 
X A T L I M ( 2 1 = X ( I I 
X A T L I M ( n = X ( I 1 
C A L L C A k G f i F I X A T L l M , Y L I ! ' . 2 1 

190 CONTINUE 
RETURN 
END 

C NEK CARGRF 

C 

^ FROM THE 

5r THE OPTIONS ARE SET flv n c 
C SET BY USING THE COMMON -
^ COMMON / G K F F / T I T I ^ l y r , 

C T H F T I T , r- . , . _ 
IND, 

THE T I T L E ARRAY C A R R I E S INFORMATION FOR ANNOTATING THE OUTPUT 
GRAPH. T H I S ARRAY MUST eE SET UP AS FOLLOWS -C 

C T l T L E d l - I 

C .: I C C N T A I N S 24 H O L L u R I T H CHARACTERS G I V I N G THE U N I T S C T I T L e ( 3 l - I C F THE A B S C I S S A E C 

C T I T L t ( ^ l I C C M A I N S 16 H O L L E R I T H CHARACTERS G I V I N G THE U N I T S C T J T L E ( 5 1 lOF THE ORDINATE 

C 

C 

C T I T L E I e i - ! 
C 
C 
C 
C 

C T J I L t d t l 
C 
c 
c 
c 
C . lUNUSED 
C T I T L E ( 2 0 I - I 
C 
C XMAX 
c 
c 
c 

C 

C INDX I S AN I N C I C A T C C FCR PLOTTING THE A B S C I S S A E 
C IN0X=1 A&5C1S5AE CN L INEAR S C A L E 

IN0X = 2 Ab5ri<;<:*r r . , -

— - « „ 

X H A X I S E T BCTH E t U A L I F PROGRAM TO CHOOSE T H E A D S C I S S A E 

X M I N J S C A L t . C T H E R h l S E SET TO CHOSEN L I M I T S OF A B S C I S S A E S C A L F 
YHAX I S E T BCTH ECUAL I F PROGRAM TO CHOOSE THE ORDINATE S C A L F 
YHIN l O T H E R h l S E SET TO CHOSEN VALUES OF ORDINATE S C A L E 

OX I S AN I N C I C A T C R FCR PLOTT ING T H E A B S C I S S A E ON A L O G S C A L E 
IN0X=1 A&5C1S5AE CN L INEAR S C A L E 

C IN0X = 2 A B S C I S S A E CN LOG SCALE 

•C I N D Y I S A S I M I L A R INDICATOR F O R THE ORDINATF S C A L E C 

C N , 8 . CONTENTS OF ARRAYS ARE M O D I F I E D U S I N G LOG S C A L E C 

C I N O I S AN I ^ D I C A T C R FOR CONTROLLING F K A M E C A L L S -
C 1ND=1 C A K G R F CALLS A D V F L M AND PLOTS ON A NEK FRAME 
C =2 CARGRF P L C T S CK THE CURRENT F R A M E 
C 

C lOOT I S THE SC' iO20 CODE OF THE R E O U I R E O P L O T T I N G SYMBOL C 

C A N S T R l I N D I C A T E S I.HETHER THE PLOTTED POINTS HAVE T O BE J O I N E D U P 
C ANSTR1 = 1. P C I N T S NCT J O I N E D 
C- = 2 . P C I N T S J C I N E D 
C 
C I F S P E C I F I E S T Y P E CF OLTPUT 
C 1F = 1 OUTPLT CN M C K C F I L M 
C =2 O U I P L T ON HARD COPY 
C =3 OUTPLT CN BCTH H C R O F I L M AND HARD COPY 
C 
C REWRITTEN BY J . B . . Y C U N G FOR THE IBM 3 6 0 / 7 5 ON 0 3 / 0 ' , / 7 2 . C 
C 

S U 3 R 0 U T I N F C A R G R F ( x , V , M 

DIMENSION X ( N I . Y(N1 



COMMON / G U F F / T I T L E ( 2 0 1 . XMAX. X H I N , YHAX, Y M I N , INOX, INDY. l U D , 
l I D O r , A N S I R l , I F , X L I M I T , V L I M I T . SCALX, SCALY 

REAL«a T I T L E , C A I E 

RfcAL*A I N S T R l , J C I N / ' . H J C I h / . B L A N K / A H / 

I N T L G E K " ! . P L A C E X . P L A C E Y . X P L O T I , XPLOT 2 , Y PLOT 1 , V P L U T 2 . XPOS , YPOS 
C 

c 
CALL CATIMIOATE .T I T L E 1 1 7 ) 1 
1 F ( I F ) 2 , 2 , 1 

1 1F{ 1 F - < . 1 3 . 3 . 2 
2 I F = 3 
3 I F ( I N D . N i . . 2 j ! K D = l 

1 F ( I N n x . N F . 2 1 1 N D X = 1 
I F ( I N O Y . N C . 2 ) 1 N C Y = 1 
I F ( tUOT .( ,T . 6 3 ) I CCT = <.8 
1 N S T R 1 = J 0 I N 
I F I A N S T R l . e C . 1 . 11NSTR1 = &LANK 

C 
GO TO ( 3 0 . 1 0 1 . 1 K D X 

10 PUSXT = PGSMIN( > , M 
DO 20 1 = 1 . N 
I F ( X ( ! ) , L T . P L S X T ) X ( I ) = P C S X T 
X I I ) = A L 0 G 1 0 ( X ( I 1) 

2 0 CONTINUE 
3 0 GO TO ( 6 0 , 4 0 ,1 KOY 
W . PUSr,T = POSHIN( Y . N ) 

DO 50 l = l , N 
I F ( Y ( 1 ) . L T . P O S Y T ) Y ( I ) = P C S Y T 
V ( I ) = A L O G 1 0 ( Y I I ) ) 

5 0 CONTINUE 
C 

6 0 GO TO ( 1 0 C . 2 0 C 1 . I N D 
C 

c 
100 1 F ( X M A X - X K I N ) 1 1 C , 1 2 C , 1 1 C 
1 1 0 XMX=XKAX 

XMN=XM1N 
GO TP 130 

1 2 0 CALL A M A X I X . N .XCX) 
CALL A M I N I X . N . X F ' N ) 

1 3 0 I F ( Y M A X - Y K I N 1 1 4 C . 1 5 C . 1 ' . 0 
l A O YMX=YHAX 

V>iN = YMIN 
• GO T O ; 1 6 0 

1 5 0 CALL A M A X I Y . N , Y f X ) 
CALL A M I N I Y . \ . Y C N ) 

160 CALL AOVF ,LM( IF ) 
C 

c 
2 0 0 CALL S C A L E N I X . X L I M l T , S C A L X , P L A C E X , X F A C T R . N , X M X , X M N I 

CALL S C A L c N I Y . Y L I M I T , SCALY, P L A C E Y . Y F A C T R . N . Y M X . Y M N l 
X P L 0 T 1 = ( X ( 1 ) - J L 1 M I T ) * S C A L X « - 1 2 3 . 
Y P L O T l = 9 2 3 . - ( Y l l ) - Y L I » ' l T ) * S C A L Y 
I F ( N . N E . 2 ) IDCT=1 » * » 
l F t N . G T , e 3 ) I C O T = 0 * * * 
CALL P L 0 T ( X P L C T 1 , I D C T , Y P L 0 T 1 I 
DO 2 3 0 1 = 2 , N 
I F ( N . N t . 2 l I D C T = I » * * 
I F ( N . G T . 6 3 ) 1C01=C * • « 
X P L 0 T 2 = ( X ( I ) - X L I M I T ) « S C A L X + 1 2 3 . 
YPLOT2 = 9 2 3 . - ( Y( 1 ) - Y L I M T ) *SCALY 
CALL P L 0 T ( X P L C T 2 . 1 D C T . Y P L 0 T 2 ) 
1 F ( I N S T R l - J C I N ) 2 2 0 , 2 1 C , 2 2 0 

2 1 0 CALL V E C T C R ( X P L C T 1 , Y F L C T 1 . X P L 0 T 2 , Y P L 0 T 2 I 
2 2 0 V P L O T l = Y P L 0 T 2 

X P L 0 T 1 = X P L C T 2 
2 3 0 CONTINUE 

C 

CO TO ( 3 C C , 4 C C ) , 1 NO 
c 
c 

3 0 0 CALL V E C T O R I l 1 5 . ^ 2 3 , l C C i , 9 2 3 I 
CALL V E C T O R ( 1 2 3 , 9 3 1 , 1 2 3 . 4 3 ) 
DO 3 1 0 1 = 1 , U 
XPDS = 2 0 3 * ( I - l ) * e C 
YPOS = ' i 3 t ( I - l ) * 8 C 
CALL V E C T O R I X F O S . 9 2 3 . X P O S . 9 3 1 ) 
CALL V E C T 0 R ( 1 1 5 . Y P O S . 1 2 3 , V P O S ) 

3 1 0 CONTINUE 
DO 3 7 0 1 = 1 . 3 
X L I M = X L 1 H 1 T * F L C A T ( 1 - 1 l » X F A C T R * 4 . 
GO TO ( 3 3 0 . 3 2 C ) , 1 N D X 

3 2 0 X P O S = 9 2 t l I - l ) « 3 2 0 
CALL T S P ( X P O S , 4 E , 9 4 2 ) 
CALL C 4 0 2 C E I U . » * X L I f , 1 1 , 4 ) 
GO TO 3 4 0 

3 3 0 XPUS = 2 C t P L A C E X * B t 1 1 - 1 ! * 3 2 0 „ 
CALL TSPIXPOS . 4 t . 9 4 2 1 
CALL C 4 0 2 0 F ( X L i C , 1 3 , P L A C E X I 

3 4 0 YP0S = 9 1 5 - ( I - 1 l ' '-22C 
YL IM = Y L | M 1 H F LOAT (1 - 1 ) * Y F A C T R * 4 . 
GO TO ( 3 6 C . 3 5 C ) . ( N O Y 

3 5 0 CALL T S P ( 2 B , 4 C , Y P J S ) 
CALL C 4 0 2 C e ( l C . « * Y L I C , l l . 4 1 
GO TO 37U 

3o0 CALL T S P ( 1 2 . 4 t . Y P 0 S ) 
CALL C 4 0 2 0 F ( V H I ' . 1 3 . F L A C £ V ) 

3 7 0 CONTINUE 
C 



c 
C 

« 0 0 RETURN 
END 

CILL'T''J!L'^-''-'''^^'GC TO 400 
C A L L H 0 R A M ( T I T L E ( 1 1 . ^ 4 I 
C A L L T S P ( 4 8 , 4 8 , J 9 1 1 
FAlS"- i ' " ' ' " ' T ' l L E ( 4 ) . 1 6 l 
C A L L T S P ( 1 3 C , 4 8 , 2 3 I 
C A L L H 0 R A H ( T n L E ( 6 l , 8 0 ) 

C 
c 
c 
c 

c 
c 
c 
c 

SUBROUTINE S C A L E N ( X , X L I P I T , S C A L X . I P L A C C . F A C T O R . N . X K A X , X M I N ! 
C 
C COMPUTES S C A L I N G V A L C E S FOR CARGRF 
C 
c 

DIMENSION X ( N I 
DOUBLE P R E C I S I O N X R G . R . F A C T . S 

C 

XRG=XMAX-XMIN 
I F I X R G . L T . . C O C C O O O O C l I X R G = 1 . 0 0 0 

C 
R=O .ODO 

1 l F ( X R G . L T . ( l C . 0 C C * » f i « . C C C O O O O 0 0 U ! uO TO 2 

GO TO 1 

2 F A C T = ! 1 0 . C 0 C * « ( R - 1 , 0 D C 1 * . 0 0 0 0 0 0 0 0 0 1 2 5 1 
S=^O.ODO 

3 I F ( X R G . L E . F A C T * ( 2 . 0 0 0 * * 5 1 1 GO TO 4 
S = S * - 1 . 0 0 0 
GO TO 3 

4 FACTOR = I F A C T * ( 2 . 0 D O * « S I I * 1 0 . 0 0 - 2 

X L I M I T = F L O A T ( I F I X ( X M K / F A C T O R I 1»FACT0R 
I F ( X H I N . L T . X L I M I T I X L I V I T > X L I M l T - F A C T O R 
S C A L X = 8 0 . / F A C T O R 
I P L A C E = 1 2 , - R 
I F I I P L A C E . L T . I I I P L A C E = 1 
RtTURN 
E N D 

FUNCTION POSHIN ( X . M 

F I N D S HINIMLH P C S I T I V E VALUE OF ARRAY X 

DIMENSION X ( N I 

DO 1 K 0 = 1 . N 
1 F ( X ( K O l . L E . O . O I G O TC 1 
GO TO 5 

1 CONTINUE 
P R I N T 6 

6 FORMAT! 132H lAh ARRAY F R O - WHICH THE SMALLEST P O S I T I V E VALUE MAS P.E 
l O U E S T E D FOR GRAPHING k.AS ALL N E G A T I V E YOUR JOB HAS THEREFORE BEEN 
2 T E P M I N A T E D l 

C A L L F I N I S H 
C A L L E X I T 

5 KP=KO 
2 I F ( K C f - N 1 3 , 4 , 4 
3 KU=KW+1 

I F l X I K O l . L E . C . O l G C TC 2 
l F ( X ( K P I - X ( K C l l i , 5 . 5 

4 P0SMIN=X!KP1 
RETURN 
END 

SUBROUTINE AHAX ( X . N . X H A X I 

F I N D S MAXIMUM VALUE CF ARRAY X 

C 

c 
C 
C 

DIMENSION X f N l 

K y = 1 
2 KP = KU 
5 I F ( K O - N l 3 . 4 , 4 
3 KO = KO + 1 

I F ( X ( K P 1 - X ( K a ! 1 2 . 5 . 5 
4 XHAX = X ( K P 1 

RtTURN 
END 

SUBROUTINE AMIN ( X . N . X P I M 

F I N D S HlNiMLM VALUE CF ARRAY X 

DIMENSION X (N I 

KO = 1 
5 KP = KO 
2 l F ( K 0 - r j l 3 , 4 , 4 
3 KO = KO • I 

I F ( X ( K P 1 - X ( K 0 1 ) 2 , 5 . 5 
4 XMIN = X ( K P 1 

RETURN 
END 



CNL 
c 
c 
c 
c 
C MAIM MULTIPLE C C f P A R l S C N OF RHGRESSICN L I N E S . 
C * t c * * « J( 4 < i : J ' * * « * * X - * * * * * * 
C 

C 

c 
C 

C CCMPARFS RESIDUAL V A R 1 A N C E S . C P A C I f N T S x INTERCEPTS FOR REGRFSSION L I N F S 

C REFCRCNCe 
C « * * * « » » » * 

C 

C K . A . B P O K N L t E " S T A T I S T I C A L THEORY 4 METHCCOLOGY' P 3 4 9 — (WILEY 65 1 
C 

C 

C A T Y P I C A L RFGRESSION L INE I S OF THr FCRC 
C 

C ' Y = AX + (5 • 
C 

C V VASJABLS WITH FPPCRS 
C X I N O t P F N O t N T V A R I A a u H . N O CfPCRS 
C A GRADIENT 
C B INTEP.CEPT 
C 

c 
C Two SUCH L I N F S A R E TO B5 COMPARt0 ,EACH L I N E HAS N POINTS 
C 
c 
C PRINTS OUT MATRICES OF COMPARIStN WHICH CONTAIN TFE NUMBERS 0 , 1 OP 2 
C 

C CaMPARISON=0 TFST F A I L E D SAC C O f P t R I S C N 
C CJMPARISCN=1 TEST PASSiO GCCD COMPARISON 
C. C0MPAR1SGN=2 TEST NOTCCNOUCTED NC COMPARISCN 
C 

c 
C NFTFST TFST FCR EQUALITY CF RESIDUAL VARIANCES CF L I N E S 
C N6TEST TEST FOR ECOALITY CF GRADIENTS OF L INES 
C NBTEST TEST FOR EQUALITY CF INTERCEPTS OF L I N E S 
C 
C 
c 
c 
C INPUT ; 
C * » * • « 

C 
C 1 T I T L E ! I I 
C 

C / T I T L E FOR THE DATA BEING FROCtSSFC 
C 

C 2 F T A B L 1 , F T A B L 2 , T A , T B 
C 

C F T A B L l = FTASL2 = F ( N - 2 i N - 2 1 F I S H E R ' S ' F « 
C TA = T ( ? N - 4 ) STUDENT'S ' T ' 
C T B = T ( 2 N - 3 ) STUDENT 'S ' I ' 
C 
C 3 NFA 
C 

C THE NUMBER OF REGRCSSI IN L I N E S (THF NUMBER CF FRFCUENC1E5) 
C 
C 4 A BLOCK CF N=A C A ? n 5 , £ A C H CAPC C C K T A I M N G 
C 
C FRf |J( I I , N , X 6 A R ( I ) , Y ^ A R ( 1 ) .VARXI I ) f V A P Y d 1 ,CCVXY( I ) 
c 
C FREJ FREQUENCY HZ 
C H NUMBER OF POINTS FC^. L I N E , H E N C E DEGREES OF FREEDOM 
C XBAR MEA.i CF ' X ' 
C Y3AR KEAN CF ' Y ' 
C VARX VAftlANCr OF ' X > 
C VARY VARIANCE OF l Y ' 
C CnVXY COVARIANCE OF ' X ' i ' Y ' 
c 
c 
C * * t e : * * * * * * « « * * * * * i f t * * * * * * < • - * * * * * * * * * * * * * ! ^ « * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 
C OUTPUT 
C * * * * * * 

c 
C PRINTOUT 
C * * * * » * » » 

C 
C 1 T H : I N P L T DATA 
C 2 THE NFTEST MATRIX CCMPAf lSCN OF VARIANCE 
C 3 THE NATEST MATRIX CCCPAi^ISCN CF GPAOIENTS 
C 4 THE N B T t S T MATRIX CCMPAPISCN OF INTERCEPTS 
C 
C 
C , ( : * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * S ' * 4 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
Q * * * * < - . « * * * ) C : * * f t * * * * * * * f r * * * * * * « t * * * * * f t * * * * * * * * * * * * * * * * * * * # * * * * * * * * * * * 

c 
c 
c 

DIMENSION FRF J ( 7 ?) ,X!?AP ( 7 9 ) , YPAK( 79 ) , VARX ( 7 9 ) , V A R Y ( 7 9 ) , CCVXY( 7 9 1 , 
1 A ( 7 9 ) , H ( 7 9 ) , V R S S ( 7 9 ) , 
2 N F T r S T ( 7 9 , 7 9 l , N A T t S T ( 7 9 , 7 9 ) , N f ! T E S T ( 7 9 , 7 9 ) , 
3 T I T L E I Z O ) 

R.-AL«e T ITLE,DUMMY 



CALL t . t T I M I T ! T L P ! 1 6 ) .OUMMYI 

C 

C INPUT DATA 
C 

c 
9 9 3 ' < r A O ( 5 , 1 0 , l M - = . 9 9 9 1 ( T I T L S d l , 1 = 6 , 1 5 1 

PRINT ' ^ 5 , ( T I T L F ( I ) , I = 6 , 1 6 I 
" L A D 5 , F T A P L l , F T ' i B L 2 , T A , T B 
P F I N T 5 , F T A u L l , F T A B L 2 , T A , T B 

,5 F C R M A T ( 4 F 1 0 . 51 
10 F O R M A I d O A r t l 

REA'1 2 r , N F A 
PRINT 2C',NPA 

2 0 F O R M A T d x . l S I 

^ n A D 3 0 , ( F . . r 0 ( n , N . X R A R ( n . Y P A R ( , , , v * R X ( I l , V A R Y ( , , , C O V X Y ( I , , 

I ' ' ' ' " " ' I ' i u N F i r ' ' ' " ' " ' • ' ' " ' ' ' • " ' ' ^ ' ' ' ' " V X Y m , 

C 

30 F O R M A T ( r 7 . 5 , n ' , 5 F n . 5 | 
31 F 3 f ' M A T d x , F 7 . 5 , I 3 , 5 E 1 3 . 5 ) 

c 

m 5 0 1 = 1 , N F A 
t'O 4 0 J = l . f i FA 
N F T F S T d , J ) = 2 
MAT3 :STd , J ) = 2 
N B T : S T ( I , J ) = 2 

40 C C N T I N U K 
5 0 C T N T I N U C 

0 0 6 0 1 = 1 , N F A 

CALL RFGR(N,X5ARd I ,YBAR( 1) , VAR X( I 1 , VAr Y ( 11 ,COVXY ( I 1 1 A( I ) , B I I I , 
1 V = S S ( I 1 1 

6 0 CONTINUE 

DO 80 1 = 2 , N F A 
K = I - 1 
DO 7 0 J = l , K 

CALL F T L S K V R S S d l ,VRSS( J l , F T A B L 1 , F T A B L 2 , N F T E S T ( 1 , J I , N 5 I Z E . F I 
I F ( N F T ' S T d , J l . E 0 . 1 1 CALL C L I N G S ! 

1 TA , T 6 , N , I I , XBAR ( I I , XBARl J l , Y 8 i R I I 1 , YBARI J ) , V A R X d l , V A R X ( J l , 

2 VARY( I 1 ,VARYIJ) , 
3 COVXYI I 1 ,COVXY( J ) , V R S S ( I ) , \ iRSS( J l ,ANtW .VARA, 
4 N'T5ST( I , J l , N B T t S T d , J l I 7 0 CONTINUE: 

so CONTINUE 
p ^ r i T -JS, ( T i T L f ; d 1 ,1 = 6 , 1 6 1 

85 F f R M A T d H l , / , 1 0 X , 1 0 A 6 i 2 0 X , A B , / l 
P R I f j T 90 

9 0 f O « M ; T ( 4 P X , ' F T r S T M A T R I X ' , / I 
DO ICO 1 = 1 , N F A 
P f . INT 1 1 0 , ( N F T E 5 T d , J ! , J = l , I l 1 0 0 CONTINUF 

1 1 0 F G P M A T d C X , 7 9 1 1 1 
P ^ I N T 8 5 , ( T I T L E d ! , 1 = 6 , 1 6 1 
P R I N T 120 

1 2 0 FOt K A T ( 4 0 X , ' A T I ST ( G R A D I E N T S ! M A T R I X ' , / ! 
DO 130 1 = 1 , N F A 
P F I N T l l O . l N A T E S T d , J 1 . J = 1 , I I 

1 3 0 CONTINUE 
PR'.t iT e 5 . ( T l T L F I I I , 1 = 6 , 1 6 1 
PRINT 140 

1 4 0 F n R M A T ( 4 0 X , ' B T E . ST ( I N T C R C t P T S l M A T R I X ' , / I 
DO 1 5 0 1 = 1 , N F A 
P r U l T 1 1 0 , ( N 9 T E 5 T d , J 1 , J = 1 , I 1 

1 5 0 CCNTINOF 
c 

GO TO 998 
9 9 9 RETURN 

END 
C 
c 
c 
c 

c 

THE VARIANCE CF THE PESICUAL SUM OF SgUARES 

SUBROUTINE R EGR ( N , XfJA R, YP AR , VARX , VARY ,CCVXY , A. 8 , VPSS 1 

C FOR THE REGRESSION L I N E ' Y = AX « C ' T H I S CALCULATES 
C 

C A THE GRADIENT 
C P THE INTERCEPT 
C VRSS 
c 
C GIVEN 
C 

C N THE NUMBER OF L I N E POINTS 
C XEAR MEAN CF ' X ' 
C YEAR MHAN OF ' Y ' 
C VARX VARIANCE CF ' X ' 
C VARY VARIANCC OF ' Y ' 
C COVXY CnVARIANCE CF ' X ' K ' Y ' 
c 
C 

* < r * t ft* A * ft* ft*** )Jr* B e t * * * j ; r « * « < « « * * ; ( - * * f r * # ft** 

c 
c 

A=COVXY/VARX 
B = VBAC,-A*XB AR 
FN=N 
n N 2 = E N - 2 . C 
PSS=EN*VARY-HN*A«COVXY 

SS = RSS/EN2 



kf-TUPN 
f:NO 

c 
c 
c 
c 

SUbP-OUTINE F I H S K V l , V Z , F T A [ U 1 , F T A B L Z , N F T F S T , N S I Z P , , F I 
C 

c 
C T H I S SUBROUTIMi. PERFCRHS F I S F c R ' S ' P ' TCST CM TKE VARIANCES VI 4 V 2 
C S L T S N F T c S T TJ C I F T E S T F A I L U O . T O 1 1"= TFST P « S S t O 
C 

c 
C * * * * * * * * t ^ ^ * * ^ * * ; * * * * ' ? * * * * * * * * * 
c 
c 

I F ( V I . G T . V 2 I G U TO 1 
F = V ? / V 1 
•<SIZE = 2 
F T f i L i L l = F T A E . L 2 
r,Q T O 2 

1 F = V 1 / V 2 
N S I Z E = 1 

? I F ( F . L T . F T A E L 1 I G O TO 3 
N F T r S T = 0 
G O T O 

3 N F T r S T ^ l 
RETURN 
END 

C 
c 
c 
c 

SUB^.OUTIME C . L ! N F f . l T A , T ' 3 i N l , N 2 , x a A R l , X E A P 2 , Y e A K l , Y F A R 2 , V i R X l , V A R X 2 , 
I V A R Y l . V A R Y 2 , C a v X Y l , C 0 V X Y 2 , V R S S l iVF.SS2 ,A , VARA ,MAT E S T , NET f S T ) 

C 
c 
c 
C COMPARES TnP R L G R E S S I O M L I N E S 
C * * * » * * * * * * * * * * * * * ; > ; ( * * * * * * * * * * * 
c 
C F I R S T T H E PROGRAM CCMPARES T F E GRADIENTS O F TWO L I N E S . I F THESE 
C ARE S T A T I S T I C A L L Y THE SAME I T THEN COMPARES THE I N T E R C E P T S 
C 

C I T A S S I G N S THr VALU'^S 0 , 1 CP 2 T C NATE ST ICCMPAP E G R A C I E N T S I ANO 
C TO N B T E S T ( C O M P A K F I t i T E R C E P T S ) 
C CCMPARI SCNi^O T E S T F A I L E D EAD COf'PARISON 
C . rOMPARISCN=1 T E S T P A S S E D GCOO C C M P A R I S O N 
C CC.MPARI SCN = 2 T E S T N C T CCNCUCTED K O C C H P A P I S C N 
C 
c 
c 
c 
c 
c 

NATEST=0 
N B T E S T = 2 
EN1=N1 
F N 1 2 = E N l - 2 . 0 
EN2=N2 
C N 2 2 = E N Z - 2 . C 
SQXX1=EN1«VARX1 
SgxX2=FN2*VARX2 
SQYY1=,= N1*VARY1 
SQYY2 = EN2»V' .RY2 
S Q X Y l = F N ! * C a v x Y l 
S Q X Y 2 = E N 2 * C C V X Y 2 

C 
V P S S = ( E N 1 2 « V F S S l t E N 2 2 « V R S S 2 ) / I E M 2 + FN22 ) 
S = S i ; R T ( V ^ S S ) 
A T E S T = ( A 1 - A 2 ) / ' ( S * ( ( 1 . 0 / S Q X X 1 H ^ ( 1 . 0 / S C X X 2 1 M 
A T £ S T = A b S ( A T F S T 1 
I F ( A T E . S T . L T . T A I N A T E S T - I 
I F I N A T E S T . E C . O ) RETURN 
ND T E S T E D 
SQXY=SQXY1 + SCXY2 
S Q x x = S t ; x x i + S Q x x 2 
A=SOXY/SOXX 
R £ 5 = : ( E N 1 2 + F N 2 2 ) * V R S S 
V A R A = R S S / ( I E N l + e N 2 - 3 . 0 ) * S U X X ) 

C 
S = S « R T ( V A k A * S C ! X X ) 
D I F = X B A R l - X e A R 2 
t J T E S T = ( Y S A P 1 - Y B A P 2 - A * 0 I F ) / ( S * SQR T ( ( 1 . 0 / E M I + I 1.0 / EN2) <•( ( C I F *D I F I 

1 / S 3 X X ) 1 ) 
B T E S T = A H S ( f i T E S T ) 
I F ( P T F S T . L T . T D 1 N B T f 3 T = l 
RETURN 
END 



C . 2 L 

c 
c 
c 
c 
C MAIN CLTIPARISar i C F P & I R t O RECr- r S S I C N V M U F S F O " NFA PAl f t fO I I M L S . 
C ft * * * * * * * * * * 
c 
c 
c 
c 
C COMPAPfS K E S n u A L VARI AiMCES. G R A D I E K T S ^ I N T E R C E P T S F O R R ^ G R t S S I O N L I M E S 
C 
C R E F E R E N C E 
C » * « » « * * * « 
c 
C K . A . B R O W N L F E " S T A T I S T I C A L T h E C R Y 4 K L T F C D O L C G Y ' P 3 4 9 - - ( W I L E Y 6 5 ) 
C 
c 
C A T Y P I C A L R E G R E S S I O N L I ' J E I S O F THE F C R f 
C 
C • Y = AX + B • 
C 
C Y V A R I A B L E WITH ERRCRS 
C X I N D E P E N D E N T V A R I A B L E , N O ERRCRS 
C A G R A O I E N T 
C e I N T E R C E P T 
C 
c 
C Two SUCH L I N E S A R E TO RE C O M P A R E D , T H E L I N E S HAVE M AND N 2 P O I N T S 
C 
c 

_C P R I N T S OUT R E S U L T S O F C ^ M P A R I S C ^ WHICH ARE THE N U M B E R S 0 , 1 OR 2 

c 
C C O M P A R I S C N = 0 T E S T F A I L E D EAC CCN-PeRISCN 
C C C H P A P I S U N = 1 T E S T P A S S E D GCCD C O M P A R I S O N 
C C0MPARISCN=2 T E S T NOT C C K D U C T E D NC C O M P A R I S C N 
c • 
C 
C N F T E S T T E S T F O R E Q U A L I T Y CF R E S I D U A L V A R I A N C E S C F L I N E S 
C N A T E S T T E S T F O R 3WUALITY O F G R A D I E N T S OF L I N E S 
C N6TEST T E S T F O R E O U A L I T Y OF I N T E P C E F T S CF L I N E S 
C 
c 

* * * * < * : * * * * * * * * * * * * * * * * * « * * * * • * * * * * * * * * * * < * * * * • * * * * * * * * * < * * * * * * * * * * 
c 
C INPUT 
C * * * * * ' . 
c 
C 1 T I T L E ( I ) 
C 
C A T I T L E FOR THE R E G R E S S I C N CATA 
C 
C 2 NFA 
C 
C THE NUMHER OF P A I R S OF L I N E S TO BE CCMPARED 
C 
C 3 A B L O C K O F N F A C A R D S , E A C H C A R D C C N T A I M N G 
C 
C F P t O l J ) , N ( I 1 , K 3 A R t I , J l , Y E A R ( I , J ) , V S B X ( I , J l , V SR Y ( I , J 1, C CVX Y( I , J ) 
C 
C FPEQ F R E Q U E N C Y HZ 
t N NUMBER O F POINTS FDR L I N E , H E N C E D E G R E E S OF FREEDOM 
C X B A P , MEAN O F < X ' 
C YEAR yEkli C F ' Y ' 
C V A R X VARIANCE O F 'X> 
C VARY VARIANCE CF ' Y ' 
C COVXY COVARlANCe O F " X " 4 ' Y ' 
c 
c 
C THE CARDS 1 - - 3 4 f £ R E P E A T E D FOR THE SECCND BLOCK CF DATA TO fOm 
C NFA P A I R S G F L I N E S 
C 
c 
C F T A r ' , L l , F T A B L 2 , T l A , T B 
C 
C F T A b L l = F ( N l - 2 , N 2 - 2 ) F I S H E R ' S • F ' 
C F T A B L 2 = F ( N 2 - 2 , N l - 2 ) F I S H E R ' S ' F ' 
C TA = T l t i l t N ? - ! , ) S T U D E N T ' S ' T ' 
C TB = T ( N l t N 2 - 3 ) S T U D E N T ' S ' T * 
C 
C 
C * * * * * * * * * * * * * * # * * * * * * * * * * * * * * * * * * * * * * * * * * * • « * • « * * * * * * * * * * * * * » • # * * * 
C 
C O U T P U T 
C « * * • * * 
c 
C P R I N T O U T 
C * * * * * * * * , 
C 
C 1 THE INPUT DATA 
C 2 A TABLl OF F R E Q U E N C Y V A L U F S , G R A O I E N T L I N E 1 , G P A C I E N T L I N E 2 , 
C F E S U L T S O F F T E S T , A T L S T AND B T E S T A N D T H E NEW R E S U L T A N T G R A D I E N T 
c ( I F F O F M E D I AND C C N P I U E N C E L I M I T S O N I T 
c 
c 
c 

c 



c 
c 

O I H f N S l r N F H E I J ( 7 0 1 , 

1 N ( 2 I , >tnAR(? ,791 ,VBAB ( P . V ) ) , V A K X ( 2 i ? " ? ! , V A R Y i 2 , 7 9 ) , 
2 C n V K Y ( 2 , 7 q | , A ( ? , 7 ' ) ) ,H (2 , 7 9 ) , V R S S ( 2 ,791 , 
3 ANEWI7'?) ,VAN'=W(79) . C C N L I M t T q ) , 
« N F T E S T ( 7 ' ) I , N A T E S T ( 7 ' ) | ,NBTrST ( 79 l , 
5 T I T L r ( 2 , 2 D ) 

R F A L * d T I T L E , D U M M Y 
9 9 8 DO 'iO 1 = 1 , 2 

C A L L D A T I M ! T I T L E I I , 1 6 ) . D U M M Y ) 
C 
c 
c I N P U T D A T A 
c 
c 

READ ( 6 , 1 0 , £^11 = 9 0 9 ) ( T I T L E d . J ) , J = 6 , 1 5 ) 
PRIMT h 5 , I T ITL"" ( I , J ) , J = 6 , l b ) 

10 FORMAT! lOAf l l 
READ 2 0 , N F A 
P R I N T 2 0 , N F A 

20 F O R M A T ! I X , 1 9 ) 

I^EAD 3 T , < F R E C ( J ) ,N( I ) , XBARI I , J ) lYBAR ( I , J l , V A R X ( I , J l , V A R Y ( I , J l , 
I C O V X Y I I , J l , J = l , N F A 1 

PR I N T 3 1 , ( F R E i ; ( J ) >N( I ) , XBAR( I , J l ,Yi3AP ( I , J l ,VARX( I , J 1 , V AR Y ( I , J 1 , 
I C O V X Y I I , J 1 , J = I i M F A l 

30 r O I < M A T ( F 7 . 5 , I 3 , ! i E 1 3 . 5) 
31 FCRMATI 1 X , F 7.;>, H , 5 F 1 3 . 51 
'tO CONTINUE 

f EAD S C F T A B L l , F T A d L 2 , T A , T S 
P R I N T b O . F T A B L l , ' = T A B L 2 , T A , T 8 

50 F D R H A T C A F I O . S I 
C 

no 60 J = 1 , N F A 
N F T F S T ( J l = 2 
N A T E S T t J 1=2 
N e T E S T ( J l = 2 
A N E W ! J l = C . O 
V A U E h l J)=^C.O 

. CONLIM.l J I = j . O 
60 CONTINUE 

P R I N T 6 i , ( T I T L E (1 , I I ,1 =6 ,161 
PRINT 6 6 , (T I T L f ( 2 , 1 ) , 1 = 6 , 1 6 1 

65 FOkMATI I H l , / , 10X,1,0A8 , 2 0 X , A q ) 
6 6 F n « M A T ( 1 0 X , l ' 3 A 8 , ? ' : i X , A 3 , / / l 

P R I N T 67 
* 6 7 F 9 F " , A T ( 2 ' 5 X , ' F R E Q U E N C Y A l A2 H F T E S T . NATEST NB 

I T E S T NEW GRADIENT i E M I T S ' , / I 
no 90 J = l , N F A 
D O 70 1 = 1 , 2 

C A L L R E G R I N d ) , X 5 A K ( 1 , J ) , Y34R ( I , J 1 , VARX ( I , J ) , VARYI I, J 1 , CCVXY( I , J 1 , 
l A l I , J ) , B ( I , J l , V f 5 S ( 1 , J ) ) 

70 CONTINUE 

C A L L F T E S T ( V ° S 5 ( l . J l , V R S S ( 2 . J l , F T A B L 1 , F T A B L 2 . N F T E S T I J ) , N S I Z E . F ) 
J F ( N F T ' : - S T ' ( J l . F u . l ) C A L L C L I N E S 

U T A , T B , N ( 1 1 ,N(21 , XriAR (1 , J ) , X E i R ( 2 , J l , Y 3 A F ( 1 , J ) , Y E A R ( 2 , J ) , 
2 V A R X ( 1 , J 1 , V A P X ( 2 , J I , V A R Y 1 1 , J 1 , V A F Y ( 2 , J 1 , C 0 V X Y ( 1 , J 1 , C 0 V X Y ( 2 , J I , 
3 V R S S l l , J ) , V R S S ( 2 , J ) , A N E r i ( J l , V A N £ w [ J l , 
A N A T E S T ! J ) , i .BTEST < J ) I 

! F ( N P T E S T ( J ) . E g . l ) C C N L I M ( J ) = T B » S C R T ( v A N t w ( J l ) 
PRINT P O , J , F R E 0 ( J 1 , A ( 1 , J 1 , A ( 2 , J 1 , N F T E S T ( J l . N A T E S T C J l , N B T E S T ( J 1 , 

lAN£r / ( J ) . C C N L I M ! J l 

90° C ' O S E " ' ' ' ' ' " ' ' ' ' " - ^ ' ' ^ ' ^ " ^ ' " ' ^ ^ ' ^ - ^ ' 
G O T O 998 

9 9 9 R E T U R N 
E N D 

c 
c 
c 
c 
^ SUBROUTINE R E G R ( N , X E A R , Y B A R , V A R X , V A R Y , C C V X Y . A , 3 , V R S S I 

C FOR THE R E G R E S S I O N L I N E ' Y = AX * B- T H I S C A L C U L A T E S 

^ A THE GRADIENT 
^ B THE I N T E R C E P T 
t V R S S THE VARIANCE OF THE R E S I C U A L SUM OF SQUARES 

C G I V E N 
C 

f N THE NU-'IBER OF L I N E POINTS 
t XBAP MEAN CF ' X ' 
C YRAR MEAN CF ' Y ' 
C VARX VARIANCE OF ' X ' 
C VARY VARIANCE OF ' Y ' 
C COVXY COVARIANCE CF • X' 4 ' Y ' 

C 
c 
c 
c 
c 

!!!!!*********************'**'*»**«************«*»***»»»,********.* ******«**********,^»^^,„^^^^^^^ 

A = C 0 V X Y / V A K X 
n = Y B A S . - A * X B A R 
E N = N 

E N 2 = E N - 2 . 0 
R S S = E N * V A R Y - E N * A * C O V X Y . 
V R S S = P S S / E N 2 
F C T U R N 
E N D 



c 
c 
c 
c 

c 

c 

SUBROUTINE F TF S T ( VI , V2 i F T A B L 1 , F T A B L 2 , NFTEST , NS U E , F } 

E Q U A L I T Y OF VARIANCES 
* * * * * * * * * * * * * * * * * * * * * 

C T H I S SUBROUTINE PERFORMS F I S H E R ' S ' f T E S T ON THE VARIANCES V I A V2 
C S E T S N F T E S T TO 0 I F T E S T F A I L E D . T O 1 I F TEST PASSED 
C 
c 
C * « * * * * * * * * * * f t 4 * * * * * * * * * * * * * * * * * # * * * * * « * * < * * * * * * * * * * * * * * * * * * * * * * * * * 

*«:********* * * * ********************** ********************* 
c 
c 

I F ( V 1 . G T . V 2 I GO TO 1 
F = V 2 / V J 
N S I 7 . E ^ 2 
F T A D L 1 = F T A B L 2 
GO TO 2 

1 F = V 1 / V 2 
N S I Z E = 1 

2 1 F ( F . L T . F T A B L l I G3 TO 3 
N F T E S T = 0 
GO TO A 

3 N F T E S T = l 
A RETURN 

END C 
C 
c 
c 

c 
c 
C COMPARES TrtO P .FGRESSICN L I N E S 
C * * * * * * * * * * * * * * * * * * » * * < , * » 

C CCMPARIS3N=0 T E S T F A I L E D E J C C O " P A R I s r N 

c 
c 

NATEST=0 
NBT3S1=2 
C M = N1 
E N 1 2 = F N 1 - 2 . C 
EN2=N2 
E N 2 2 = E N 2 - 2 . 0 
SUXX1 = EN1*VAP,X1 
SQXX2=EN2*VAPX2 
Sk,'VYl = E N l * V A R Y l 
SQYY2=EN2*VARY2 
S>JXYl=rK i»CCVXYl 

- SQXY2=EN2*CCVXY2 

V R 5 S = ( E N 1 2 * V R S S l * E N 2 2 * V R S S 2 1 / ( E M 2 + EN221 
S = S a R T ( V R S S I 
A T n S T = ( A l - A 2 ) / ( S * ( ( 1 . O / S O X X 1 ) + ( I . 0 / S C X X 2 ) ) I 
A T E S 1 = A B S ( A T E S T ) 
I F ( A T E S T . L T . T A I NATCST^ l 
I F I N A T E S T . E C . O ) RETURN 

MBTFST=0 
S l j X Y = S Q X y i t 5 0 X Y 2 
SQXX=SUXX1+S0XX2 
A=SQXY/SQXX 
R S S = ( E N 1 2 + L N 2 2 ) t V R S S 
V A R A = K S S / ( ( t N l + F N 2 - 3 . 0 ) * S a X X ) 

S = S Q R T ( V A R A * S Q X X I 
D I F = X B A R 1 - X P A R 2 
B T E S T = ( Y B A » 1 - Y B A R 2 - A * D I F ) / ( S t S U x T I ( 1 . 0 / E M ) + ( 1 . 0 / E N 2 H ( ( D 1 F « 0 I F ) 

1 / S Q X X J l l 
B T E S T = A B S ( B T E S T J 
I F I B T E S T . L T . T B I N B T E S T ^ l 
RETURN 
END ' 



Q B A R 

AVERAGE GRABIPNTS FOR A S^T OF R r r c r c c i r i . i i . i ^ r 
* * * * * * * * * * * * * * . . „ . „ „ .J ;L^ : , : := /J ,^^c^^uNFs-~- -^^^^^^^ 

QI I S THE S P E C I F I C ATTENUATICN FACTCR F C F R A Y L E I G H HAVES 

C R E m : S S ? c r r . N E s ' " ' * ' " ''''''' ^^^^^'^^ OF 

FOR NDATA BLOCKS OF DATA ( EVENTS 1 , EACH « l P r K r r K'TA ik. i»,r = , 
R E G R E S S I O N L I N E PARAMETERS ( FR CM AMPL t T G L E - D I ST ANC ^ P n r f A T 
F R E Q U E N C I c S l THF P R H G R A M r A , r, „ . T . / h , . i l * ' ^ ' ^ ^ PI-^TS AT NFA 

C 
c 
c 
C - . ,^ , i r r _ n A 1 p L 1 I U L L - U I ST ANC E PLOTS AT NFA 
C F R E Q U E N C I c S ) THE P R O G R A M C A L C U L A T E S N F A iVERAGH GRADIENTS (AVERAGE 
C INVERSE Q V A L U E S i U I . A T NFA F R E Q C E N C l t S ) CONFIDENCE L I M I T S ON THF 
C AVERAGES ARE ALSO O B T A I N E D . 
C 
c 
C NOTE 
C * * » * 
C 
C T H I S PROGRAM R E Q U I R E S THE S L B P G U T I N E 
C 
c 
C 
c 
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^ # * * ^ < 
c 
C INPUT 
C * * * * * 

SUBI^nuTINE P E G R ( N , X B A R . Y B A R , V A R X , V A P Y , C C V X Y , A , e , V R S S I 

c 
C 1 NDATA 
C 
c 
C 2 TA 
C 

THE NUMBER TF BLOCKS OF DATA(EVENTS 1 TO BE AVERAGED 

I T ^ - n - ^ R P ^ n J c . ? : ^ ^ ' " " ^ C C N F I D i N C E L I M I T S CN THE AVERAGE 01 

C FDR F A f H I ' u . ^ J u f ; ^ ? " ^"-^ ° ' T^^E f^U^BER OF POINTS 
L FOR EACH L I N E . M I N t S THE NUMBER OF E V E N T S , M I N U S CNE 

C 
C 3 T 1 T L E ( I , J ) 
C 
C 
C 
C 4 NFA 
C 

A T I T L E FOR ONE BLCCK OF R E G R E S S I O N CATA (FOR ONE EVENT 1 

C THE NUMBER OF R E G R E S S I O N L I N E S PER EVENT (FOP F R E C U E N C I E S F ) 
• C NFA MUST BE THE SAME FCR EACH EVENT 

C 5 A BLOCK CF NFA C A R D S , E A C H CARD CCNT&INING 

C F ( J l ,N< n , X B A R ( I , J ) , Y S A R ( I , J) , V t R X l I , J l , V A R Y ( 1, J l , C C V X Y ( I , J I 

C F FREQUENCY HZ 
C N NUMBER OF POINTS FOR L I N E , H E N C E D E G R E E S OF FREEDOM 
C XBAR MEAN OF ' X ' 
C YCAR VEAM CF ' Y " 
C VARX VARIANCE OF ' X ' 
C VAJ<Y VARIANCE OF ' Y * 
C COVXY COVARIANCE OF "X" i ' Y ' 

C THE CARDS 3 - - 5 ARE R 5 P E A T E D FOR EACH OF THF NCATA BLOCKS ( E V E N T S ) 
C TO FORM NFA AVCRAGES 

C # * * * * * * * * * * * * * « * * * * * * * * * * * * * * * * * * * * * * * * s 

C OUTPUT 
C * * * * * * 

C PRIivlTCUT 
C * • * » * * * » 
c 
C I THE INPLT DATA 

2 A T A B L F OF F R E O U F N C Y , A V E R A G E CI ANC C C N F I C E N C E L I M I T S C 
c 
c 
C PUNCunuT 

c 
C ' F ' L E ' ^ U N C " ^ ^ ^ ^ ^ ^ ^ C C N F I D E N C H L I M I T S AT F R E Q U E N C I E S 

C * * * * < > ' » * * * « • ' » * « » * * * * * * * * * * • * * * * * * * * * » » » * * * „ , , « » * » * , , , 
t * « * * * < • < • * * * * » « * * ; * * * * » * * * * » * * * * > , • « * » « < . „ , , , » , « , 

D I M F - J S I O N " = ( 8 0 ) , 

J N ( q ) , X r t A R ( 9 , B 0 ( , Y > H R ( 9 , 8 0 ) , VAR X ( 9 , BO 1 , VA R Y ( 9 , ROl , 



2 C D V X Y ( q , 8 C ) , A ( 9 , 8 0 1 , V R S S ( 9 , e C l , 
3 \ N E H ( e . l l ,VANEh( n c i , C C \ L M ( 8 C ) , 
' i T I T L E ( 9 , 2 0 1 , 0 R ' ^ H 8 U 1 , 
5 E N ( 9 1 , E N y 2 ( < ; i , S j x X ( 9 1 , S J Y Y ( 9 1 , S C X Y ( 9 l 

R E A L * 8 T ITLE,DUMMY 
C 
c 
C INPUT DATA 
C 
C 

99R REAT ( 5 , 1 0 , E N D = 9 9 9 1 NDATA 
10 F 0 R 1 4 T ( 1 X , I 9 1 

P R I N T l l , N D A T A 
11 F O R « A T ( I H l , 1 X , I 9 ) 

READ 3 0 , T A 
P R I , - l T 3 1 , T A 
00 40 1=1iNCATA 
C A L L D / > T I H I T I T L r ( ! ,161 ,DUMWYI 
READ 2 0 . ( T I T L E ( I , J I , J = 6 , 1 5 ) 
PRINT 2 5 , ( T 1 T L E ( I , J I , J = 6 , 1 6 l 

20 FORMAT(10A3) 
2 5 F 0 R 1 A T ( 1 H 1 , 1 0 X , 1 0 A 3 , 2 0 X , A 8 1 

READ 1 0 , N F A 
P R I N T I C N F A 
READ 3 0 , ( F I J l , N i I I , X,-iAR( I , J l ,YBAR( 1 , J l , VAftXl I , J l ,VARY( I , J l , 

I C O V X Y I I , J 1 , J = l . N F A l 
P H i M T 3 1 , ( F l J l , N ( I ) , X B A R ( I , J 1 , Y S A R ( I , J l , V A R X ( I , J I , V A R Y ( I , J I, 

1C0VXY( I , J 1 , J = l , N F A 1 
30 FORMAT! c 7 . 5 , I 3 , 5 E 1 3 . 5 1 
31 F O R M A T ! I X , F 7 . 5 , I 3 , 5 E 1 3 . 5 1 
•iO CONTINUE 

C — 
C 
c 

DO 70 J = l , N F A 
SQ>:XNU=0.0 
S g Y Y N U = 0 . 0 
S'JXYMU=0.0 
D c N T I = 0 . 0 
R S S = 0 . 0 
DO 60 I=1 ,NCATA 

C A L L R F G R l N d ) . XBAR I I , J ) , Y 8 A R I I , J l , VAPX( 1 , J ) , V A F Y ( I , J l , C C V X Y ( I , J l , 
1 A ! I , J l , B , V R S S ( I , J ) 1 

eN( n = N ( I 1 
E N M 2 ( I 1 = E N ! 1 1 - 2 . 0 
SOXXNU='=N! I 1«VARX! I , J 1 + 30XXNO 
SgXYNU = E N l I H C O V X Y I I , J ) + S 5 X Y N U 
' l S S = E N M 2 ! I l * V R S 5 ! I , J ) t R S S 
0EN0M = ENM2I I MOENOM 

6 0 CONTINUE 
ANEW!J1=SQXYNL/S0XXNU 
Q ' ^ M l ! J l = - A N E r t ! J ) 
V A N E W ! J ) = R ; S / ! ( D C N O M t N 0 A T A - 1 . 0 1 » S C X X N U l 
C C N L I M , ( J I = T A * S 3 R T ( V A N E H ( J 1 I 

7 0 CONTINUE 
C 
c 
c 
C OUTPUT c 
c 
C PRINTOUT 
C 
c 

00 80 I = 1 , N C A T A 
I F I I . E Q . U PRINT 2 5 , ( T I T L E l l , J 1 , J = 6 . 1 6 1 
I F I I . N E . l ) PRINT 2 6 , ( T I T L E ( I , J ) , J = 6 , 1 6 ) 

26 F D R M A T ( 1 X , 1 0 X , 1 0 A 8 . 2 0 X , A 8 ) 
60 CONTINUE 

PRINT 85 

85 F 0 W A T ( / , 2 ( 2 6 X . ' F R E Q . !HZ1 I N V E R S E 0 4 L I MIT S ' . 1 OX ) , / 1 
PRINT 9 0 , ! I , F ( I 1 ,£)RH1 ! I ) , CON L IM I I ) , 1 = 1 , N F AI 

90 F O R M A T ! 2 ( 2 0 X , I 5 , F 9 . 5 , F 1 1 . 6 , F 1 0 . 6 , 1 0 X 1 1 
C 
C PUNCHOUT 
C 
c 

no 9 2 1=1,NDATA 
92 PUNCH 2 0 , ( T I T L E ( I , J l , J = 6 , 1 5 1 

PUNCH 9 5 , ! F ! I 1 ,QRM1 ( I 1 ,CONL I f ' ! I 1 , I , I = 1 ,NFAI 
95 F O R ' ^ A T I F I O . 7 , 5 X . 2 E 1 5 . 7 . 3 0 X , 15 ) 

GO TO 99 8 
9 9 9 RETURN 

END 



c 
c 
c 
c 
C O R A L E Y MAIN 
C * * • * * * * « * » « 
C 
c 
C T H I S PROGRAM MAKES T H E C R E T i C A L CALCULATIONS OF THE ATTENUATION 
C C O E F F I C l E N T ,GAHfA.AND THE S P E C I F I C ATTENUATION F A C T O R , y l , F D R 
C R A Y L E I G H feAVtS AT NPERPT F RE CUE NCI E S . AN ATTENUATION MODEL K I T H NOL 
C L A Y E R S I S R E O C I R E U . 
C 
C 
C THE PROGRAM U S E S THE EQUATIONS 
C 

C GAMMA => SUM ( 0 . 5 * D K B Y U A * A * 0 A I <• 0 . 5 » 0 K B Y U B « 8 * Q 6 n 
C CVER L A Y E R S 
C 
C 01 = ( - L * G A M I ' A 1 / ( P 1 * F R E 0 I 
C 
C 
C GAMMA THE A T T E K L A I I C N C O E F F I C I E N T 
C A THE V E L O C I T Y CF COMPRESS IONAL BODILY WAVES 
C OAI 
C 

««**«** 

OAI THE S P E C I F I C ATTENUATION FACTOR FOR C O S P R E S S l O N A L WAVES 
DKBYDA THE P A R T I A L D E R I V A T I V E S OF THE WAVENUMBER,K, W . R . T . THE 

C CCMPPESSIONAL V E L O C I T Y , A 
C B THE V E L C C I T Y CF SHEAR BODILY WAVES 
C OBI THE S P E C I F I C ATTENUATION FACTOR FDR SHEAR WAVES 
C OKDYDB THE P A R T I A L D E R I V A T I V E S OF THE WAVENUHBER,K, M . R . T , THE 
C SHEAR V E L O C I T Y , e 
c 
C 01 THE S P E C I F I C AT1ENUA11UN FACTOR FOR R A Y L E I G H WAVES 
C U THE GRCUP V E L O C I T Y 
C F R E O F R E U L E N C Y Ii2 
C 
C 
c *•*»*»**»*****«»»*****»»«**«*»***« 
c 
C INPUT 
c . *•»»« 
c 
C THE F C L L O h I N G CARDS ARE READ IN 
C 
C 1 AN S C 4 0 6 0 CARD TC FRCDUCE GRAPHS 
C 
C 2 T I T L E d l 
C 

C A T I T L E FCR THE CCDEL UNDER CONSIDERATION 
C 
C 3 G R A P H K I I 
C 

C A T I T L E FCR THE GRAPH OF GAMMA AS A FUNCTION OF FREOUENCY 
c 
C 4 G R A P H 2 ( I ) 
C 
C A T I T L E FCR THE GRAPH OF 01 AS A FUNCTION OF FREOUENCY 
C 
C 5 N O L . N P E R P T 
C 
C NOL THE KUMBLR CF L A Y E R S IN THE M O D E L , 
C NPERPT THE NUMBER CF F R E C U E N C I E S TO BE U S E u 
C 
C 6 A BLOCK CF NCL C A R D S , E A C H CARD CONTAINING 
C 
C O A I ( l ) , 0 B l d ) 
C 

C OAI THE S P E C I F I C ATTENUATION FACTOR FOR COMPRESSlONAL 
C hAVES IN EACH LAYER 
C UBI THE S P E C I F I C ATTENUATION FACTOR FOR SHEAR HAVES IN 
C EACH LAYER 
C 
C 7 A BLOCK CF NOL CAP.OS ,EACH CARD CONTAINING 
C 
C A d l . B d l 
C 

C A C O C P R E S S I C N A L BODILY WAVE V E L O C I T Y FOR EACH LAYER 
C B • SHEAR B C O U Y hAVE V E L O C I T Y FOR EACH LAYER 

C 8 A BLOCK CF NPERFT C A R D S . E A C H CARD CONTAINING 
C 
C F R E O d l . U d ) 
c 
C F R E J F R E O I J E N C Y HZ 
C U G R C L F V E L C C I T Y 
C 
C 9 A BLOCK CF NPERPT C A R D S , E A C H CARD CONTAINING NuL VALUES 
C 
C D K B Y U A d . J I 
C • 
C UKBYDA P A R T I A L D E R I V A T I V E S OF THE WAVENUHBEK,N, W . R . T . A F O R 
C EACH LAYER AND AT E A C H FREOUENCY 
C 
C 10 A BLOCK CF NPERPT C A P O S . E A C H CARD CONTAINING NOL VALUES 
C 
C U K b Y O B d . J l 
C 
C OKBYUB P A R T I A L D E R I V A T I V E S OF Tl>F W AV f NUMBE R. K, W . R . T . b FOR 
C EACH LAYER AND Al EACH FKtOUENCY 
r 



C N S J O E J ^ O J ll.r^'' ''''' ' ^-^^ ANY NUMStH O F M O D E L S 
C 
c 
^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * # * * ^ t * * * * * * $ L * * * j i ; # * S [ # « < : l S ( < , * : ^ ( a f l < 
c 
C OUTPUT 
C « * » » « • 
c 
c P R I N T O U T 

c »«***»** 
c 
C 1 T H E O R I G I N A L M O D E L C F A , B , 0 A 1 , U U I 
C 2 T H E G K O U P V E L O C I T Y C L R V E 

C 3 A T A B L E O F T H E P A R T I « L D E R I V A T I V E S i V . R . T . A 
C 4 A T A B L E O F T H E P A R T I A L D E R I V A T I V E S W . R . T . B 
C 5 A S U M M A R Y T A B L E C F GAMMA A S A F U N C T I O N O F F R E O U E N C Y 
C 6 A S U M M A R Y T A B L E C F 0 1 A S A F U N C T I O N O F F R L O U E N C Y 
C 
c 
C P U N C H O U T 
c * * * * * * * * 
c 
C 1 T H E V A L U E S C F Ul A N D F R E C U E N C V A R E P U N C H E D O U T 
C 
c 
C G R A P H S 
C * * * * * * 
c 
C 1 T H E G R O U P V E L O C I T Y C L R V E 

C 2 T H E A T T E N I A T I C N C C E F F I C I E N T A S A F U N C T I O N O F F R F O U E N C V 
C 3 T H E S P E C I F I C A T T E N U A T I O N F A C T O R A S A F U N C T I O N O F F R E O U E N C V 
C 4 T K E D E R I V A T I V E S F O R E A C H L A Y E R A S A F U N C T I O N O F F R E C U E N C Y 
C ( I F R E O U I R E O I 
C 
c 
c 
c 
c 
C 
c 
c 

•DIMENSION U(9C1 . P E R I C D ( 9 C 1 .GAMMA I 90 I . Q 11 90 ) . FR E0( 90 1 
DIMENSION T I T L E 1 2 0 ) ,GRAPH1(201 , 6 R A P H 2 ( 2 0 I 
DIMENSION D t k I V A ( 9 0 1 . D E R 1 V B ( 9 0 I 
COMMON / L A Y E K / A ( 2 0 ) , 8 ( 2 0 l , O A 1 ( 2 0 ) , 0 6 1 1 2 0 1 . D K B Y O A I 9 0 , 1 0 I . 

1 . C K B Y O B ( S 0 , 1 0 ) , N O L 
R E A L * 8 T l T L E . C R A P H l , G R A P H 2 , D U M M Y 
C A L L S C L I B R 
NGRAPH=2 

1 0 0 R E A D I 5 . 1 , E N 0 = S 9 S ) ( T I T L E ( I I , I = 6 , 1 5 I 
READ 1, (GRAPHIC n , 1 = 6 , 1 5 1 
READ 1 , ( G R A P H 2 ( 1 1 , 1 = 6 , 1 5 1 

1 F O R M A T d O A B l 
C A L L DAT IM(T I 1 L E ( 161 ,DUI't 'Yl 
C A L L D A T I M I G R A P h l d f c l ,DUfMY) 
C A L L OATl M( GisAPH2 ( 16 ) iDUfMY) 
PRINT 2 , ( T I T L t l I ) , I = 6 , 1 6 1 

2 F O R H A T I I H l , / / / , 2 C X , 1 C A 8 , 2 0 X , A 8 I 
C 
C 
C INPUT DATA 
C 
c 

READ 3 . N U L , N P L R F T 
3 FORMAT(21101 

PRINT t . N O C N F E P P T 
A F O R M A T ( / / / 3 0 X , ' N L A Y E R S = • , 1 5 , l O X . • N P E R P T * ' . I S I 

READ 5 , (OAI ( 1 ) , CBl ( I ) , I = 1 , N 0 L 1 
READ 5 , lA ( 1 1 , e( I I ,1 =1 ,NOLI 

5 F O R H A T ( 2 F 1 0 . 5 I 
READ 6 . ( F R E O ( 11 , U ( I 1,1 = 1 , N P E R P T I 

6 F O R M A T ( 2 F 1 0 . 6 ) 
0 0 7 I = 1 , N P E R F T 
READ 9 , ( D K S Y U 4 ( I , J l , J = 1 , N 0 L ) 

7 CONTINUE 
DO 8 I = 1 , N P E R F T 
READ 9 , (UKBYOB( U J l , J ^ ' l . N G L I 

6 .CONTINUE 
9 F 0 R M A T ( 6 F 1 2 . 9 1 

C 
c 
C CONDIT ION 
C 
c 

O B I ( 1 1 = 2 . 2 9 * 0 A 1 ( I I 
0 8 1 ( 2 1 = 2 . 2 9 * 0 A 1 ( 2 1 
O B I ( 3 1 = 2 . 5 1 » U A I ( 3 1 
061 ( ' . 1 = 2 . 51*0.11 C ) 
OBI 1 5 1 = 2 . 5 1 » C A I ( 5 1 
O B I ( 6 l = 2 . ) 9 » 0 i I ( 6 ) 

C _ . _ 
c 
C C A L C U L A T I O N OF GAMMA FOR A PARTICULAR P E R I O D . 
C 

c 
DO 10 1 = 1 , N P E R P T 
GAMHAT=0.0 
CALL A T T E N I G A f M A T . I I 
GAMMA!1l=CAMMAT 



10 CONTINUE 
C 
c 
C P R I N T OUT O R I G I N A L C C O E L . 

PRINT 2 . ( T I T L E d l , 1 = 6 , 1 6 1 
PRINT ' r . N O L . N F E R P T 
P R I N T 148 

PRINT 1 4 9 , ( J , A ! J l , B ! J l , C A I ( J l , Q B I ( J l , J = l . N O L I 
148 F O R M A T ( / / , 1 0 X , ' N L A Y E R ' . 8 X , ' A ' , 1 4 X , ' B ' , 1 3 X , ' Q A I ' , 1 2 X , ' g B I ' , / l 
149 F O R H A T ( 8 X , 1 5 , ' ( F 1 5 . 5 1 

C 
P R I N T 11 

11 F O R M A T ( I H l , / / , 1 C X , ' F R E Q U E N C Y 4 GROUP V E L O C I T Y ' . / , 
1 I C X , ' ' . / / l 

PRINT 1 2 , ( 1 , F R E C ( I ) , U ( I ) . 1 * 1 . N P E R P T t 
12 H U R H A T d O X , I 2 , 2 X , F 8 . 6 , 2 X , F 9 . 6 I 

P R I N T 1 4 5 
1 4 5 F D R H A T l l H l , / / , I C X , ' D E R I V A T I V E S H . R . T , ALPHA I D K / D A L P H A J ' , / , 

1 l O X , ' ' , / / ! 
0 0 13 1 = 1 , N P E R P T 

13 P R I N T 1 4 7 , d , ( D K B Y D A d , J I , J = l , N O L l l 
P R I N T 146 

146 F O R H A T d H l , / / , I C X . ' D E R I V A T I V E S W . R . T . BETA ( OK/DBfcT A1 • , / . 
1 l O X . ' ' . / / ) 

DO 14 1 = 1 , N P E R P T 
14 P R I N T 1 4 7 , ( 1 , I D K B Y D B d , J ) , J = l , N O D I 
147 F O R M A T d O X , 12 , 3 X , 6 F 1 4 . 9 1 

C A L L G R A P H ( F R E O . U , N P E R P T . T I T L E , 0 1 
C : 
c 
C GRAPH G A N M A d ) V F R E C d l 
C — 
C 

1 5 
P R I N T 15 

^F0RMAT(1H1, / / .3CX. ._SLN_M_ARY TABLE OF GAMMA d 1 / FRE«( 1 ) ' . / 

^ 2 e X . ' C A L C . N C . F R E O ' ' " 
3 C X . 

,^ PRINT 1 6 . ( , . F R E " ? n : G A ™ ' , . , . ^ : ; : ° , « p , , " « « * • ' / ' 
16 F 0 R M A T ( 2 8 X . I 5 . 5 X . F 1 0 . 5 . 2 X , F 1 0 . 5 1 

c 
C A L L G R A P H ( F R E Q , G A M H A , N P E R P T , G R A P H l . l ) 

™ - i * ! ! f l 5 ! J L ! L « " " ^ E I G H K A V E S O F A P A R T I C U L A R F R E O U E N C Y , 

C GRAPH R A Y L E I G h CI ( I 1 V F R E O d I 

C 

17 
P R I N T 17 

F O R H A T d H l . / / . 3 C X . ' T A B L E OF R A Y L E I G H 01 d 1 / F R E O d I • , / 
* 3 0 X . ' , 

P I « 4 . 0 * A T A N d . o r ' ' " ' ^ - ' ° - R A Y L E I G H ' o H n . . / ) 
0 0 18 1 = 1 . N P E R P T 
0 I d l = ( - 1 . 0 « U ( I I * 
CONTINUE 

P R I N T 1 9 . d , F R E C d l . C I ( I J . 1 = 1, NPERPT 1 

18 c ° o r n l N i E ' " ° ' ' " 

c 
c 
C PUNCHOUT 
c 
c 

PUNCH l . d l T L E d ) . 1 = 6 . 1 5 1 
PUNCH 3 . N P E a p T 
PUNCH 1 9 , d , F F E C d l , C I d I . I = 1 . N P E R P T ) 

^ 1 9 F 0 R M A T ( 2 e x , I 5 , 5 X . F l C . 5 , 6 X . F 1 0 . 5 ) 

C A L L G R A P H C F R E O . Q I . N P E R P T , G R A P H 2 , 1 1 
C 
c 
C GRAPH D E P . I V A T l v e S ( I F R E C U I R E D I 
C 
C 

I F ( N G R A P H . N E . 1 1 GO TC 191 
NGRAPH=NGRAPH+1 
DO 191 J = 1 , N 0 L 
DO 1 9 2 1 = 1, NPERPT 
OtR tVA( I l = D K B V D A d , J l 
O E R I V B d ) = D K B V 0 e d , J l 

192 CONTINUE 
C A L L G R A P H ! F R £ 0 , O E R I V A , N P E R P T , T I T L E , 0 1 
C A L L G R A P H 1 F R t o , O E R I V B , N P E R P T , T I T L E , 0 1 

191 CONTINUE 
C A L L A D V F L M ( 3 ) 
C A L L ENDFHE 

C 
GO TO 100 

9 9 9 C A L L F I N I S H 
RETURN 
END 

C 
C 
c 
c 

c 
c 

SUBROUTINE A T T E N ' G A f f A T , N P E R 1 

C " tS r^^?^R^ I ^ ^ r : i 5 i ^ ^ ^^ : ; / ^ -^"^-^ " " ' ^ ^ '^X^O OR P E R I O D . 
C 



c 
c *******«***»*»**********•*«**»***««**»*»*»*< 
C * * * * * * * * * * * * * * * ^ - - - ^ - • 
c 
c 

COMMON / L A Y E R / A ( 2 0 1 . B ( 2 0 1 , Q A I ( 2 0 1 , Q B I ( 2 0 1 , D K B Y D A ( 9 0 . 1 0 1 , 
I C K B Y D B ( 9 0 , 1 0 1 ,NOL 

C C A L C U L A T E GAHPAT 
GAHHAT=0 .0 
DO 1 1=1,NOL 
GAMMAT = GAMMAT*DKBYOA(NPE P, I 1*AI 11 * 0 . 5 * 0 A I ( 11 

1 + D K f l Y O E ( N P E R , I 1 * 8 1 1 1 * 0 . 5 * 0 8 1 I I 1 
1 CONTINUE 

C 

c 
c 
c 
c 
c 
c 

c 

c 

RETURN 
END 

SUBROUTINE G R A P H ( X , Y , N , T I T L E , N A M E I 

C 1 SUBROUTINE GRAPHS h VALUES OF X AGAINST Y . 
C 2 I F NAME=0 THE GRAPH I S U N T I T L E D . 
C I F NAME=1TH£N T I T L E MUST BE READ IN ANO SDATE C A L L E D 
C B E F O R E T H I S SUBROUTINE IS C A L L E D . 
C 3 C A L L S C L I B R E S S E N T I A L IN MAIN PROGRAM. 
C 4 R E Q U I R E S THE PROGRAM CARGRF TO PRODUCE GRAPHS. 
C S E E AWRE R E P C R T NO. C - 4 1 / 6 8 ( J . B . Y O U N G A A . D O U G L A S l 
C 
c 
C * < i * t * * * * * « * t « < * * * « * * * * t t « * f t * » * * * * * * t * * t « * t * » * * » « * « » » * * e * t * * * * * « * t t 
C * * * * * * * * * * * # * ; » , ^ * * # * * * * * * * * * * * * * * * * # * * * * * * * * * * * * * * * * • * # * * * * * « * * * * * * 
C 

COMMON / G R F F / A I I T L E ( 2 0 I , X H A X , X M I N , Y M A X , Y M I N , 1 N D X , I N O Y , I NO, I DOT, 
l A N S T R l , I F , X L H ' 1 T , Y L I P 1 T , S C A L X , S C A L Y 

DIMENSION X ( N 1 . Y ( N I 
DIMENSION T I T L E ( 2 0 1 . 8 T 1 T L E ( 2 0 1 
R E A L * 8 T I T L C A T I T L E . B T I T L E , DUMMY, BLANK 

C 
DATA B L A N K / 8 H / 
DATA BT I T L E / A C H F R E t U E N C Y ( H / t AMPLITUDE / 

C 
DO 1 1 = 1 7 , 2 0 
T I T L E ( I 1 = B L A N K 

1 CONTINUE 
DO 5 1 = 1 . 5 
T 1 T L E ( 1 1 = B T I T L E ( I 1 

5 CONTINUE 
C 

I F I N A M E . E O . l I GC TC 2 
0 0 3 1 = 6 , 1 5 
T I T L E ( I l = B L A N K 

3 CONTINUE 
C A L L D A T I M d l l L E I 1 6 ) .OUMI-YI 

2 CONTINUE 
DO 4 1 = 1 , 2 0 
A T I T L E I I l = T I T L E ( n 

4 CONTINUE 
C 
C S E T CARGRF P A R A C E T E B S 

INDX=1 
INDY=1 
IND=0 
I D 0 T = 42 
A N S T R l = 2 . 0 
I F = 3 

XMAX=0.0 
XMIN=0 .0 
Y H A X = 0 . 0 
VMIN=0 .0 

C A L L CARGRF ( X , Y , N I 

RETURN 
END 



* * * * * * * * * * * * * 4 4 , * * J 4 » * * * * * * * » « * * , 4 , * 4 ^ * « , 4 ^ , J , 

HEDGEHOG 
c 
c 
c 
c 
C •HEDGEHOG' MAIN 
C * * * # * * # * # * * * * * * 
c 
c 
C T H I S PROGRAM I N V E R T S THE OBSERVED S P E C I F I C ATTENUATION IACTOK AS 
C AFUNCTION OF FREOUENCY FCR R A Y L E I G H WAVES INTO AN ATTENUATION 
C MODEL AS A FUNCTICN CF DEPTH 
C 
C 
C R E F E R E N C E 
C » » * * » « » * * 
C 

C P .W.BURTON i! E . I . N. KENNE TT ' U P P E R MANTLE ZONE OF LOW 0 ' 
C (NATURE P H V S . S C I . 238 P P B 7 - 9 0 1 C 
C 
C ACKNOKLEOGEMENTS 
C * * * * * * * * * * * * * * * * 
c 
C FOR THE S U B R O L T I N E hH 'HEHGEHOG' THANKS TO B . L . . U K E N N E T T 
C AND TO V . P . V A L L U S C 
C 
C 
C 
C INPUT 
C * * * * * 
C 
C THE FOLLOWING CARDS ARE READ IN 
C 
C I T I T L E I I l 
C 
C A T I T L E FCR THE DATA CURRENTLY B E I N G I N V E R T E D 
C 
C 2 K 
C 
C FOR K R E A C IN THE NUKBER OF L A Y E R S , N O L , I N THE MODEL 
C 
C 3 A BLOCK OF NOL C A R D S , E A C H CARD CONTAINING 
C 
C L I H I T I I I I , L I H I T 2 ( 1 1 , S T E P ( I 1 
C 
C L I M I T l THE LCwER L I M I T ON THt S P E C I F I C ATTENUATION FACTOR 
C FCR A LAYER (COMPRESSI ONAL HAVESl 
C L I M I T 2 THE L P P E R L I M I T CN THE S P E C I F I C ATTENUATION FACTOR 
C FOR A LAYER (COHPRESSIONAL r(AV£Sl 
C S T E P THE INCREl 'ENT USED TO S T E P ALONG FROM L I M I T l TO L I M I T 2 
C 
C 4 S T A P E , R A N K , I N T 1 , I N T 2 , N , N M A X , A L G 
C 
C S E E S U B R O L T I N E HH FCR EXPLANATION 
C NHAX-N I S THE NUMBER CF WQOELS TO BE T E S T E D 
C 
C 5 N O L . N P E R P T 
C 
C NOL THE NUMBER CF L A Y E R S IN THE MODEL 
C N P E ^ P T THt NUMBER CF F R E C U E N C I E S TO BE USED 
C 
C 6 A BLOCK GF NGL C A R D S , E A C H CARD CONTAINING 
C 
C A ( n , B ( I l 
c 
C A C O K P R E S S I G N A L B O D I L Y WAVE V E L O C I T Y FOR EACH LAYER 
C B SHEAR BODILY kAVE V E L O C I T Y FOR EACH LAYER 
C 
C 7 A BLCCK CF NPERPT C A P O S , E A C H CARD CONTAINING 
C 
C F R E J d I . U I I I 
C 
C FREO FREOUENCY HZ 
C U GRCUF V E L C C I T Y 
C 
C B A B L L C K C F NPFRPT C A R D S , E A C H CARD CONTAINING NUL VALUES 
C 
C D K B Y D A ( 1 , J 1 
C 
C DKBYDA P A R T I A L D E R I V A T I V E S OF THE HAVENUMBER,K, W . R . T . A FOP 
C EACH LAYER AND AT EACH FREOUENCY 
C 
C 9 A BLOCK CF NPERPT C A R D S , E A C H CARD CONTAINING NUL VALUES 

C O K B Y O B I I , J 1 
C 
C DKBYDB P A R T I A L D E R I V A T I V E S OF THE HAVENUMBER,K, H . R . T . B FOR 
C EACH LAYER Awn «T PATH c ^ c . i i i i - K . r v EACH LAYER AND AT EACH FKEOUENCY 
C 
C 10 A BLCCK GF NPERPT C A P O S , E A C H CARD CONTAINING 
C 
C OMI I I 1 , P R E S I I 1 
C 
C OMI THE CBSERVED VALUES FOR THE S P E C I F I C ATTENUATION 
C F A C T C R S GF R A Y L E I G H rtAVES 
C P R L S CONFIDENCE L I M T 5 ON THE OMI 
C 
C 11 AMAX,ASUM 
C 



S E E R E F E R E N C E BURTCN 4 KENNETT 

l o l a l l ^ u ' ^ ^ \ \ \ \ ] K ^ ^ . ' - ° ^ ™ ^ ' f - " E D REGIONS FOUND BY ' HEDGE HOG' AND 
GOOD POINTS O L T S I J E THE CONNECTED REGIONS (FOUND BY MONTE-CARLOl 

C 
C 
c 
c 
c •** .*********************•********************» 
c 
C OUTPUT 
c «»»**« 
c 
C PRINTOUT 
C * * » « * « « * 
C 
c 
c 
c 
c 
c 
c 
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * :p*** 
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
c 
c 
c 

I N T E G E R STAPE , R A N K , A L G 
R E A L L I M I T 1 ( 2 C ) . L ! M n 2 ( 2 C l , S T E P ( 2 01 
COMMON / H H G / K, LIMI T l , L I l ' IT2 . S T E P , S T A P E , R A N K , 

H N T 1 , 1 N T 2 , N , N ^ A X , A L G 
COMMON / L A R 4 / A ( 2 0 ) , B ( 2 0 1 , D K a Y O A ( 8 0 , 1 0 1 , O K B Y D B ( 8 0 , 1 0 1 , N O L 
COMMON / P E R 0 / F R E C ( 8 C I , U ! 8 0 1 , N P E R P T 
COMMON / T E M P / T A ( 8 0 , 1 C 1 , T G ( d 0 1 l O M U a O l , P R E S ( 6 0 1 ,ASUM,AMAX 
R E A L * 8 T I T L E ! 1 2 1 
C A L L U A T I M d n L E d l l , T I T L E d 2 n 

C 
C 
C INPUT DATA 
C 
c 

READ 1 , I T I T L E I I 1 , 1 = 1,101 
1 F O R M A T d C A B l 

P R I N T 2 , ! T I T E E ! I 1 ,1 = 1 .111 
2 F O R M A T ! I H l , / / , I C X , 1 C A 8 , 2 C X , A 8 , / / I 

R E A D ( 5 . 5 1 ) K 
51 F 0 R M A T d 3 1 

READ I 5 , 5 2 1 I ( L I f I T 1 ( 1 ) , L I M I T 2 d ) , S T E P ( 1 1 I ,1 = 1, K) 
52 F O R M A T ( 3 F 1 0 . 5 ) 

READ( 5 , 5 3 ) ST APE .RANK , I N T l , I NT2 ,N,NMAX, ALG 
53 FORMAT!7161 

C 
R t A D ( 5 , l C 3 1 N C L . N P E R P T 

103 F 0 R H A T ( 2 ! 1 0 1 
f t t A D ( 5 , 1 0 5 1 ( A ! I I ,B !I 1 ,1 =1 , N d L I 

1 0 5 F O R M A T ( 2 F 1 0 . 5 I 
R E A D ! 5 , 1 0 6 1 I F R E C d 1 , L ( I 1 .1=1 , N P E R P T ) 

106 F 0 R H A T ! 2 F 1 0 , 6 1 
00 7 1 = 1 , N P E R F T 
R E A D I 5 , 1 0 9 I ( C K e Y D A d , J ) , J = l .NOLI 

7 CONTINUE 
00 8 1 = 1 , N P E R F T 
R E A D ( 5 , 1 0 9 ) ( C K B Y O B d , J I . J = l ,N0L1 

8 CONTINUE 
1 0 9 F 0 R M A T ( 6 F 1 2 . 9 1 

R E A 0 ! 5 , 1 1 0 1 ( C H I ! I 1 . P R E S d I , I = 1 , N P E R P T I 
R E A D ( 5 , 1 0 6 ) A1'AX,ASL>' 

110 F O R M A T d 5 X , 2 E 1 5 . 7 1 
C 
c 

P I = 4 . 0 * A T A N ( 1 . C l 
00 20 I = 1 , N P E P P T 
T&( 1 1=-U( I 1/1 F l « F R E C d 1 I 
DO 21 J = 1 , N 0 L 
TB = 0 . 5 * A ( J l » D K & Y D A d , J I 
T A d . J l = TG<-C, 3 7 5 » A I J l « A ( J l t D K B Y D a < I . J l / B ( J ) 

21 CONTINUE 
20 CONTINUE 

C 
C A L L hri 
RETURN 
END 

C 
C 
c 
C 
C SUBROUTINE E S 1 ( K , P G I N T , R E S U L T l -
C 
C SUBROUTINE OF C C H P A P I S C N FOR A POINT 
C 
C R t S U L T = 0 I F PCINT I S GCCO ONE 
C R E S U L T = 1 I F PCINT I S BAD ONE 
C 
C 
c 
c 
c 
c 

* » * * » * « 
r « * « * * » » * * e » t * * 

SUBROUTINE E S K K . U A I . P E S L L T I 
INTEGER R E S U L T 
COMHUN / L A R A / A ( 201 , 3 1 2 0 1 . D K 8 Y D A ( B O , 1 0 1 , O K B Y D B ! 8 0 , 1 0 1 , NOL 
COMMON / P E R O / F R E O l O O ) , U ! B O ) , N P E R P T 
COMMON / T E M P / T A ! 8 0 , 1 0 1 , l G ! 8 0 ) l 0 M I ! 8 0 ) . P R C S ( 8 0 1 , A S U ^ , A K A X 
DIMENSION OAI ( K I , J B I ( 6 I , C R I ( 3 0 1 i B U i , A . U ^ , AMAX 
R E S U L I = 1 
DO 30 I = l . N C L 



O H I I I l = U A I ( l ) « 3 . 0 » A ( l ) « A ( ! l / ( < , . 0 * y ( I | « B ( i l l 
30 CONTINUE 

nSUM = D.O 
B"1AX = ) . 0 
00 31 1 = 1 ,NPERPT 
G A M = 0 . 0 
DO 52 J = 1 , N 0 L 
C4M = GAM< TA( I , J l * C A I ( J 1 

32 C O . I T I N U E 
OKI ( 1 I = TGI 1 1*GAM 
J S = 10^ 1 I n - C M 1 I I 1 l / F R t S ( 11 
B S U I = B S G M 4 o i * C S 
I F I B M A x - A B S t C S ) 13<.,34 ,31 

34 B M A X = A B S ( 3 S 1 
N M A X = 1 

31 C O N T I N U E 
PNP = F L O A T ( N F E R P T l 
BSUM = S j R T ( o S U t ' / r N F l 
IF (AHAX-BMAX 1 3 7 , 35 , 3 5 

35 I K A S U ' 1 - B S U M 1 3 7 , 36 , 36 
36 R E S U L T = 0 
3 / i F ( H E S U L T - C l 2 S , 3 8 , 3 S 
38 W R n E ( 6 , < . 9 l 

A R I T [ ( O , 5 C 1 f t S L L T , 6 S L I ' , N H A X , o K A X 
W R I T L ( 6 , 5 1 1 0 A I , C B 1 

49 F O R M A T I i X . ' S E SULT SLMJEV NMAX H A X i J E V ' l 
50 FORMAT(1X . 1 t , ( I C . o , 1 6 , F 1 C . 6 1 
51 F 0 R M A T ( D H 4 . 5 1 
39 RETURN 

E N D 
C 
C 
c 
c 
C SUBROUTINE HH 
c 
C PURPOSE 
c 
C • T L S T I N G POINTS AND KNCTS I N V A R I A B L E S P A C E 
C BY A COMblNATICN OF MCNTE-CARLO AND 
C HEDGEHOG METHCDS 
C 
C PARAMETtRS 
C 
C K -NUMBER CF V A R I A B L E S 
C L I M I T l -LC«ER L l ' . ' n S CN V A R I A B L E S 
C L1M1T2 - U P P E R L I M I T S CN V A R I A B L E S 
C S T E P - S T E P S ALCNG V A R I A B L E S 
C S T A P E - S T ^ T E CF A TAPE 
C S T A P t = 0 - TAPE I S EMPTY 
C S T A P E = 1 - T A P E I S B U S Y 
C R A N K -RANK C f NEIGHBCLR KNOTS 
C I M T l - I N T E R V A L BETt iEEN REWRITING ON A T A P E . AFTER 
t t S T I M A T i ; N CF INTI KNOTS B Y HEDGEHOG METHOD T A P E 
C H I L L BE R E « P I T T t N 
C I N T 2 - I N T E R V A L BETWEEN P R I N T I N G U , 1 2 , 13 
C N - I N I T I A L NUMBER CF A RANDOM POINT 
C NMAX - L A S T N L f i E R CF t RANDOM P J I N T 
C A L G - A L G O r l T H M CF '.CRK 
C A L G = 1 - M ^ N T E - C A P L O METHuD '^NLY FOR CHOICE OF NEri P C I N T S 
C A L G = 2 - " O N T E - C A R L O • ^ E T H O O G N L Y E C R CHOICE OF NEW KNOTS 
C A L G = 3 - SEARCH B Y MONTE - CARLO METHOD FOR GOOD P U I N T . 
C THEN GC TO HEDGEHOG METHOD 
C A L G = 4 - SEARCH BY M O N T E - C A R L O M E T H O D F O R GOOD P O I N T . 
C THEN NEAREST KNOT I S E S T I M A T E D . I F KNOT I S G O O D 
C • CC TC HECGEHOG METHOD 
C AL& = 5 - SEARCH BY M.JNTE-CARLO METHOD FOB GOOD K N O T S . 
C T H E N G C TO HEDGEHOG METHOD 
C 
C SUBROUTINES USED 
C 
C E S I ( K , P C I N T , RESULT 1 - SUBROUTINE GF COMPARISON 
C FOR A POINT 
C R E S I . L T = C I F F E I N T I S GOOD ONE 
C P E S U L T = 1 IF P C I N T I S BAD ONE 
C 
C F U N C T l u N i L S L C 
C 
c F A O i A S i i i - p s E L D C - i ; A ^ D C ^ - ^ u M B E R G L R E R A T O R F R O M L I B R A R Y 
C 
c V A R I A B L E S A N D A R R A Y S 
c 
C P.JINT - P O I N T FRCM V A R I A B L E S P A C E 
C KNOT -KNOT CF C O C R G I N A T E N E T IN V A R I A B L E S P A C E 
C L I S T - L I S T CF G C C C K N C T S 
C U -NOWBtR L F KNCTS IN A L I S T 
C 12 -NUMBER UF KNCTS I N A L I S T FOR WHICH A L L 
C N E I G h B C U R S ARE TR IED 
C BKNOT - B A S I C KNCTS FCR WHICH NEIGHBOURING KNOTS ARE 
C T R I E D 
C 13 -NUMBER CF NEIGHEOURING KNOTS WHICH HERE 
C T K I E C BEFORE LAST L l b T l N G oN T A P E 
C I'' - C U R K t N I NUMBER CF NEIGHBOURING KNOT 
C 15 - V A R I A B L E FCR Srt lTCHING OFF WRITING J E A 
C L I ST CN 4 TAPE 
c 15 = 1 - w H T i N G I S S W I T C H E D ON 
C 15=2 - ^ K I T I N G I S S w i r C H E O O F F 
C l b -MARK r C R E X I S T E N C E OF A B A S I C KNOT 
C CRANK - C U ^ ^ K I N T RANK CF NEIGi lBUDRS 
C S I - V t C T C R (.f S IGNS O F V A R I A B L E INCREMENT 
C. I I - I N D I C E S C F lNCI<tM£NTt.D V A R I A B L E S 
C L I I - L A S T V A L U E S C F I I 



C ' I S U M - N U « h l R C F V A R I A B L E S DF A KNOT K H I C H ARE 
C I J I t M R L N T C N TAKING O N E " s T E P ' f KOM' 'A KNLT 
^ I N A L I S T 
C C I i l T l -CU'^PENT VALUE DF INTERVAL BLTWEEN 
C t.R n ING CN A TAPE 
C C I N T 2 - C U - ^ F t M VALLE C.F INTERVAL BETWEEN 
C P R I N l l N O 1 1 , I 2 , 14 
C 17 - S w U C H l N G VARIABLE liN CJMPARIS. jN OF 
C A KNLT AND I I S NEIGH'SJUH IN L I S T 
C N l - C U R ' ' I N I NUi'BER CF POINT I N MONIE-CARLO 
C M E T H L D 
C 
C 
c * * * * * * * * * * * * * * * * * * * * * * * * • * * * *« * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *+ * * * * * 
L * * * * * * * * * * * * * * * * * * « * * * * ? - # * * * • > * * * * * * * * * * * * * * * * * * * * * * * * * * # * * * * * * * * * * 
c 
c 

SUBRUUT I.NiE HH 

I N T E G E R K E S U L T , C ' ^ A N K , C I N T l , C I N T 2 
K E A L P J I N T I 2 0 1 . K N O T ! 2 C ) , LI S T ( lOO' ) l 
•O I ' lFNSIuN B K N C T ( 2 0 1 . S I ( 2 C ) . I I ! 2 0 1 . L I I (20 1 

C 

c T H E S E I I P E P A T G R S I N T E G E R , R E A L , COMMON M U S T B F R E P E A T E D 
C IN MAIN P R O G R A M 

I N T E G E R STAPt . R A K K . A L G 
R E A L L I M I T l ! 2 C l , L i f n 2 ! 2 C l , S T E P ! 2 - : i l 
COflcON / H H G / K . L I Ml I I . L I l ' I T 2 , S T E P , ST A P E , R A N K , I NT 1,1 NT 2 , 

1N,NMAX,ALG 
C 

DATA 1 1 / 1 / , 1 2 / 0 / , 1 3 / 0 / . 1 4 / 0 / , 1 5 / 1 / , I 6 / 2 / , N l / 0 / , 
1 C I N T 1 / J / , C I N T 2 / C / 
N1=N1-1 
I F ( S T A P E . E C . C l GC TC I O C 
R E W I N D 2 
R E A D ! 2 ) 11 , 1 2 , 13 
K I 1 = K* 11 
READ ( 2 ) ( L I 51 d ) ,1=1 , K I 1) 
H P . ! T E ( 6 , 3 C 4 1 1 1 , 1 2 , 1 3 

304 F O R M A T I ' T A P E VAS R E A D . 1 1 = ' , 1 5 . ' . 12 = ' , 1 5 , ' . 1 3 = ' , 151 
I F ! 1 1 . L O . I 2 1 G C TO I C C 

1 I F ( I 1 . N E . I 2 1 G L TC 4 
GO TO ! 2 , 3 1 ,1 i 

2 K I 1 = K * I i 
14 = 0 
REWIND 2 
W R I T E 1 2 1 I 1 , I 2 ,14 
W R I T E I 2 ) ( L I S l d l , I = 1 , K I 11 
S T A P L = 1 
H R 1 T E I 6 , 3 C 5 1 I I 

305 F O R M A T ! ' R F G I C N E N D E D . TAPE I S R E « R 1 T T E N . 1 1 = ' , 1 6 1 
3 GO TO 100 

C 
C C H O I C E OF A NEW B A S I C KNCT, PUTTING CONSTRUCTION OF 
C NEIGHBOUR K N C I S - ON A STARTING L I N E 

4 K I 2 = K * 1 2 
DO 5 l = l . K 
J 1 = K 1 2 - H 
B K N O T d 1 = L I S T ( J l l 

5 S I ( I ) = - 1 . 
2 0 5 C R A , ' i K = 0 

14 = 0 
16=1 

c 
C C H O I C E OF A N E W N E I G h 3 C U P KNCT 

6 I F ( I 6 . N E . 1 ) G 0 TC i 
7 I F t C R A N K . N E . O l C C TC 15 
B CRANK=CRANK+1 

I F ( C f . A N K . L E . R A N K l G C TC 9 
C 
C RETURN TO CHOICE CF A NEV> B A S I C KNOT 

I F ! 1 5 . N E . I I G U TC 208 
I F ( I 2 . L E . 1 1 ) 1 2 = 1 2 + 1 

208 13 = 0 
16 = 2 
GO TO 1 

9 00 I C 1=1,CRANK 
1 1 ( 1 1 = 1 

in L I I ( I 1=K-CRANK+ I 
11 DO 12 1 = 1 , K 
12 KNUTI I 1=BKNCT !1 ) 
14 DO 214 1=1,CRANK 

J = 1 I ! I 1 
K N O T ! J 1 = BKNGT ( J ) + S1 d ) * S 1 E P I J ) 
I F ! I K N U T ! J ) . L 1 . L I M I T 1 ( J 1 1 . O K . ! K N O T 1 J 1 . G T . L I M I T 2 1 J 111 GO TO 15 

•214 C O N T I N U E 
GO TO 19 • 

c 
C P A S S A G E TO A NEW N E I G H B C L R 

15 I = C R A K K 
16 S K I ) = S I d 1*2 

I F ( S I d ) . L T . 2 . I G C TC 14 
S I ( I I = - 1 . 
I = 1-1 
1 F ( 1 . N E . O I G O 10 16 

C 
I=CRANK 
I I ( 1 1 = i n 1 1 + 1 
I F ( I I d ) . L E . L I I ( i ) ) G C TO 11 

17 1=1 -1 
1( ( l . F Q . O I G C 10 6 
I I ! I 1 = 1 I ( I M l 



I F ( I I ( I I , G T . L I I (I I I G C TC 17 
JI=>CRANK-1 
Dp 18 J=-l . J l 

1 8 11 ( J t 11 = 1 I ( J H 1 
GO T O I I 

C • 
C CHECK I F KNCT HAS OCCUREC BRFURE 

1 9 17=1 
20 I F ( I Z . E U . O I G D TC 23, 

DO 2 2 I = 1 . I 2 
ISUM=0 
J l = K * ( I - l l 
00 21 J = 1 , K 
J 2 = J 1 < J 
R = ( L I S T ( J 2 | - K N 0 T ( J 1 I / S T E F ( J 1 
1 E ( R . L T . 0 , 1 R = -R 
I F I R . L T . O . l l G C TO 21 
I F ( R . G T . 1 . 9 I G C TC 22 
1SUM=ISUM+1 

2 1 CONTINUE 
I F ( 1 S U M . L E . R A ^ K 1 G C TC 24 

22 CONTINUE 
2 3 GO TO ( 2 5 , 4 1 ) , 17 
2 4 G O TO ( 1 5 , 3 7 1 , 1 7 

C 
C E S T I M A T I O N OF KNCT 

2 5 1 F ( I 4 . & E . I 3 I G C TC 2 6 
l 4 = I 4 t i 
GO TO 15 

2 6 C A L L E S T ( K , K N C T , R E S U L T I 
1 4 = 1 4 + 1 
I F l R E S U L T . E v ; . I I G O TC 26 
WRITE ( 6 , 3151 R E S U L T , I KNCT ( L I , L = l , i O 

3 1 5 F O R M A K / , ' KNCT 1,AS E S T I ^ ' A T E O BY HEDGEHOG, R E S U L T = ' , I 1 / 
1 ' K N O T = ' , 1 P E 1 4 . 5 , / ( 6 X , 1 P E 1 4 . 5 1 I 

I F ( P E S U L T . E C . I I G G TC 28 
C 
C P L A C E GOOD KNCT IN A L I S T 

2 2 6 J = K « I 1 
I F ( J t K . G T . l O C C l G O TO 34 
DO 2 7 1 = 1 , K 
J l = J t I 

2 7 L 1 S T ( J l 1 = K N C T ( I ) 
11=11+1 
1 F ( 1 5 ; N E . I I 1 6 = 2 
15=1 

C 
C WRITING I 1 , 1 2 . 1 4 , L I ST CN A TAPE 

2 8 GO T 0 ( 2 2 8 . 3 C 1 , 1 5 
2 2 8 C I N T 1 = C I N T l + 1 

I F I C I N T l . L T . l N T l l G O TC 3 C 
2 9 K I 1 = K * I 1 

REWIND 2 
H R l T E ( 2 1 I 1 , 1 2 , 1 4 
W R 1 T E ( 2 1 ( L I S T ( I ) , l = l , K n 1 
S1APE=1 

. W R I T E ( 6 , 3 1 8 1 1 1 . 1 2 , 1 4 . . 
3 1 8 F J R M A T C T A P E MAS R E W R I T T E N . 1 1 = ' , 1 5 . ' . 1 2 = ' , 1 5 , ' . 1 3 = ' , 1 5 1 

C 
C P R I N T I N G 1 1 , 1 2 , 1 4 

3 0 C I N T 2 = C I N T 2 + 1 
I F ( C I N T 2 . L T . I N T 2 1 G O TC 3 3 

3 1 W R I T E ( 6 , 3 2 1 11 , 1 2 , 1 4 
3 2 F O R M A T I ' 11 = ' , 1 5 , 5 X , ' I 2 = ' , I 5 . 5 X , ' 1 3 = ' , 1 5 ) 

C I N T 2 = 0 
3 3 G O T O 6 

C 
C L I S T OVERELCW 

3 4 H R I T E ( 6 , 3 5 1 
3 5 F O R M A T ! ' TOO CANY KNCTS F O R A L I S T . EXECUTION TERHINATED.« 1 

RETURN 
C 
C HEDGEHOG u P E R A T I C N CN A KNOT FROM HuNTE-CARLO TECHNIQUE 
C CHECK I E KNOT HAS OCCUREO BEFORE 

3 6 1 7 = 2 
G O T O 2 0 

• 3 7 W R I T E ( 6 , 3 8 1 1 , R E S U L T 
3 8 F O R M A T ! ' RANOCM KNOT I S NEIGHBOUR O F ' , 1 5 , ' KNUT ' , 

I ' I N A L I S T . R E S L L T = ' , 1 1 ) 
G O T O 100 

4 1 I F I R E S U L T . E C . C I G L TC 2 2 6 
DO 4 2 1 = 1 , K 
BKNOT ( I ) = K N C T ( I ) 

4 2 S I ( I ) = - l 
W R I T E ( 6 , 3 2 0 ) (BKNCT ( L ) , L = 1 , K ) 

3 2 0 F O R M A T ! ' BAD RANDOM KNCT W I L L B E USED AS BKNOT' 
1 / ' BKNOT= ' , 1 P E 1 4 . 5 , / ! 7 X , 1 P E 1 4 . 5 I ) 

1 3 = 0 
1 5 = 2 
G O T O 205 

C CHOICE OF NEW PCINT BY C C N T E - C A R L O METHOD 
100 N1=N1+1 

I F I N l . L E . N M A X I G C TO 1C2 
WRITE I 6 . 1 0 1 ) NMAX 

101 FORMAT! • ^;U.'••eER CF PANCCC POINTS MORE THAN NMAX=' , 
1 1 5 , ' . E X E C U T I C N T E R M I N A T E D . ' I 

RETURN 
112 DO 103 1 = 1,K 
10 3 P O I N T ! l l = L l M n i l I l + l L l M I 1 2 ( I l - L I M I T l ( l ) l * F A 0 1 A S ( l ) 

I F l N l . L T . N I G O TC 100 



GO TO ( 1 0 4 , 1 C 6 , 1 0 4 , 1 C 4 , 1 C 6 1 , ALG 
104 CALL E S T I K , P O I N T , R E S L L T l 

I F I R t S U L T . E C . I I G C TC ICO 
WR1TE(6 .1C51 M . ( F C I M ! 1 I . I = 1 , K 1 

105 F O R M A T ! / ' - GCCD PCINT • , I 5 / ! 1 P E l 4 . 5 1 1 
I F I A L G . E O . l l G C TO ICC 

C 
106 DO 107 1=1,K 

J = ( P O I I . T ( I 1-L I M I T K I ) ) / S T E P d ) + 0 . 5 
R=J 

107 KNOT( I ) = L I M I T ! ( D + S T E f ( I 1*R 
C A L L E 5 T ! K , K N C T , R E S U L T ) 
I F ( R E S U L T . E C . I I G C TC i l O 
W R I T E ( 6 , 1 C S 1 M , 1 K \ C T ( I 1 ,1=1 ,K) 

108 F O R M A T ( / ' GOOD KNCT • ,I 5 , / i 1 P E l 4 . 5 ) 1 
109 GO TO ( 1 0 0 , I O C , 2 6 , 3 6 , 3 6 1 , ALG 
1 1 0 GO TO ( 1 0 0 , I O C . 3 6 , i C C , 1 0 0 1 . ALG 

RETURN 
E N D 
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SUMMARY 

Tlie program described determines the Fourier amplitude and 
phase spectra, and the group v e l o c i t y of a dispersed seismic surface 
wave signal (sampled at equal time intervals) as a function of frequency. 
Group v e l o c i t y , a dispersion characteristic, i s produced by a multiple 
f i l t e r i n g technique. 

The program contains an option to generate and remove instrumental 
effects f o r World-Wide Standard Seismograph Network (WWSSN) types of 
instruments. 

1. INTRODUCTION 
The seismic surface waves generated by earthquakes and 

explosions are usually strongly dispersed (see f o r example figure 1 ), 
that i s , the velocity at which the energy i n the signal travels (the 
group ve l o c i t y ) i s a function of frequency. This dispersion has two 
causes; the major contribution i s a geometrical dispersion ef f e c t . The 
amplitudes of the longer period surface waves decay more slowly with 
depth than do the amplitudes of the shorter period components, biit the 
group vel o c i t y of a surface wave component depends d i r e c t l y on the 
velocity of propagation of shear and compressional waves; these usually 
increase with depth i n the earth. So the group velocity for the longer 
periods i s usually greater than for shorter periods. I f the wave 
propagation i s not perfectly e l a s t i c a further minor degree of dispersion 
must exist as can be shown from arguments of causality. 

I n analysing surface waves one of the most important 
determinations i s the relationship between group velocity and frequency. 
For example, from such a relationship i t i s possible to estimate the 
wave v e l o c i t y , and therefore density, as a function of depth,for the 
path followed by the surface waves between earthquake source and 
receiver. Various visual methods are available f o r determining the group 
velocity curve but i n recent years computer techniques have refined 
these measurements and this report describes a program based on the 
method of Dziewonski et a l , [1] which i s an improvement on Dziewonski's 
o r i g i n a l method. 

The program was w r i t t e n as part of a study of the non-elastic 
attenuation effects on Rayleigh surface waves. This requires the 
evaluation of the absolute amplitude spectrum, as well as the group 
v e l o c i t i e s , f o r a signal. A procedure to obtain the spectrum i s thus 
included i n the program. Further, because the recorded signals are 
usually distorted by recording instruments the program includes an 
option to remove these effects when they are known. 



2. OUTLINE OF THE METHOD 

To make the analyses the signal i s passed through a series of 
narrow band-pass f i l t e r s centred on d i f f e r e n t frequencies. The time when 
the amplitude of the f i l t e r e d signal i s maximum for each of the f i l t e r e d 
records i s then taken as the group a r r i v a l time of the group of 
frequencies i n the signal centred on the centre frequency of the f i l t e r . 
Knowing the distance the signal has travelled from i t s source and the 
o r i g i n time of the earthquake (or explosion) the group velocity of each 
frequency can be computed. Group velocity, rather than the natural 
group a r r i v a l time, i s used as the dispersion characteristic because i t 
i s independent of the distance between event and recording s i t e . The 
group velocity curve obtained from the signal of figure 1 i s shown i n 
figure 5. An interesting feature of this curve i s the extensive minimum 
section which implies that many frequencies arrive at the same time; t h i s 
means that there w i l l be a large amplitude spike i n the time domain 
and this i s easily i d e n t i f i e d i n the time series of figure 1 (to the 
seismologist this i s an Airy phase). 

To analyse dispersion we are asking the question when does 
energy of frequency f (Hz) arrive? To answer this we need a narrow 
band-pass f i l t e r of mean frequency f and good j o i n t frequency-time 
resolution to f i l t e r the time series. I n choosing a narrow band f i l t e r 
a compromise must be made between a f i l t e r that i s so narrow that the 
f i l t e r e d signal i s smeared out and the maximum amplitude i s thus 
d i f f i c u l t to estimate i n time, and a f i l t e r that i s so wide that strong 
frequency components that l i e well away from the f i l t e r centre frequency 
are nevertheless passed by the f i l t e r and possibly dominate the 
f i l t e r e d signal (thus producing a spurious a r r i v a l time). I n this 
program we follow Uziewonski et a l . and use the Gaussian function as a 
f i l t e r because i t optimises these conditions. A set of such f i l t e r s i s 
generated at d i f f e r e n t central frequencies; these are of constant Q 
(the r a t i o of peak frequency to bandwidth) to ensure uniform resolution 
for a l l f , For further discussion of optimum f i l t e r design see Inston 
et a l . [ 2 ] . 

I t i s d i f f i c u l t to determine the maximum i n each f i l t e r e d 
signal even when the best f i l t e r i s used because the f i l t e r e d signal 
oscillates about zero. However, i t i s possible to determine the envelope 
to t h i s o s c i l l a t i n g signal by using the modulus of the analytic signal 
function (see appendix C). I n practice i t i s usual to contour the 
envelope amplitudes as a function of group velocity and frequency. Such 
contouring creates a 2-D matrix which tabulates instantaneous envelope 
amplitudes as this function of group velocity and frequency. 

Figures 6, 7 and 8 i l l u s t r a t e the procedure. Figure 6(a) i s the 
signal generated by an atmospheric nuclear explosion at Novaya Zemlya, 
USSR, and recorded by a long period, v e r t i c a l component seismometer at 
a I'JWSSN station at Kongsberg, Norway (a surface propagation distance of 
2522 km). The signal-to-noise r a t i o i s good for this record and i t i s 
assumed that this w i l l be so for any record to be analysed. The 
dispersion i n the signal i s obvious visually and three frequencies, t j ^ , 
f I and f j i , are indicated. Scales of a r r i v a l time measured from the onset 
time of the event and the equivalent group velocity are shown below the 
seismogram and i t i s clear from this that the group velocity of f j ^ i s about 
3.2 km/s and for f j j about 2.5 km/s. 



Figure 6(e) shows the record after f i l t e r l n e with: a Gaussian 
f i l t e r centred on 0.033 Hz, the frequency of f , , 6 ( f ) i s the Hilbert 
transform of 6(e) and 6(d) i s the envelope of 6(e) obtained-by forming 
the modulus of the analytic function from the f i l t e r e d trace sand i t s 
H i l b e r t transform. Similarly figure 7 shows the results of f i l t e r i n g 
the record with a f i l t e r centred on f j and the corresponding envelope i v 
while figure 8 i s the res u l t for f j j . Picking the peaks of the three ; 
envelopes gives a three point group velocity/frequency relationship of: 

fL 0.033 Hz 3.17 km/s 

fl 0,051 Hz 2,64 km/s 

f j j 0,088 Hz 2.55 km/s 

Figure 4 shows envelope heights i n db̂  (normalised to 99 db) as the 
matrix function of group velocity and frequency. The group velocity/ 
frequency curve stands out as a ridge on this p l o t . 

, To obtain the amplitude spectrum the o r i g i n a l seismogram i s 
Fourier transformed using a procedure based on the Cooley-Tukey 
algorithm (see appendices A and B). The amplitude and phase spectra of . 
the Kongsberg record are shown i n figures 2 and 3. At this stage the 
amplitude and phase response are uncorrected for the effects of the 
recording instrument. Given the instrument response i t s effects can be, • 
removed simply by dividing the observed complex spectrum by ,the 
Instrument spectrum. As the signals we have analysed were•recorded 
p r i n c i p a l l y at WWSSN stations the program contains an option to generate 
and remove the effects of WWSSN long period recording systems. Details 
of the instrument c a l i b r a t i o n pulse and instrument parameters are read 
i n t o the computer fo r each signal and this information i s compared to a 
reference l i b r a r y of WWSSN instrument calibration pulses and parameters; 
the best match obtained i s then used to generate the instrument response. 
The subroutine for obtaining these WWSSN instrument calibrations i s i 
based on a similar program w r i t t e n by J N Brune (see appendix E). 

This program can be applied to other types of signal recorded 
by d i f f e r e n t instruments by inserting the relevant instrument transfer 
function. The program has been w r i t t e n to f a c i l i t a t e this exchange and 
the present instrument package may easily be replaced by another, or 
j u s t omitted. 

3. PROGRAM SPECIFICATION 

The program i s w r i t t e n i n Fortran IV for the AWRE IBM 360/75. 
When a l l the available options are included the required storage is 
200k. Output i s i n the form of a paper printout and additional options 
are available for punched cards for the amplitude spectrum and group 
v e l o c i t i e s , SCA060 graphical output and f i l m . The maximum number of 
d i g i t s i n the time series signal i s 1024. The maximum size which may be 
requested for the group velocity/frequency matrix i s 120/120. ^ 



4. DATA 

Tlie time series has to be i n d i g i t a l form, with a constant 
sampling i n t e r v a l . Tlie time between the event o r i g i n time and the f i r s t 
d i g i t i n the time series must be known, as must the distance between the 
event and recording s i t e . ( I n this version this distance i s expressed 
i n degrees, measured round the great c i r c l e of propagation on the Earth's 
surface, and converted to kilometres with i n the program.) 

5. PROGRAJI PROCEDURE 

5.1 Spectral analysis 

5.1.1 Preparation for Fourier analysis 

Tlae parameter cards (section 5) which specify the operations 
to be carried out and the d i g i t a l time series, sampled at intervals of 
DKLA seconds, are read i n . The time series is stored i n the array 
SEIS(I), cosine tapered at both ends and f i t t e d to a mean baseline to 
•reduce the Gibbs' phenomenon, and eliminate "square wave" effects caused 
by a tine series superimposed onto a non-zero baseline. I f required the 
seismogran may be inverted and/or samples removed from the fr o n t . 

The NSEIS data points of the d i g i t a l time series are now set 
to N points by adding zeros, where N = 2^1 and L i s the f i r s t integer 
which makes N i NSEIS. Ttiis condition i s an i n t r i n s i c requirement of the 
Cooley-Tukey algorithm used i n the Fast Fourier Transform routine COOL; 
the Fourier analysis procedure i s then very rapid (4000 points i n one 
second). 

5.1.2 The Fourier analysis 

Cosine and sine transforms are obtained using COOL and these 
easily relate to the Fourier transform. 

Harmonic frequencies are determined by the values of N and 
sampling i n t e r v a l DELA. 

The Nyquist frequency i s defined as 

N̂YQ = 2.0 X DELA 
the fundamental frequency i s 

M . £ | | H. (Km = |) 

and the harmonic frequencies are 

^i+1 = i (0 S i ̂  NBY2). 
These frequencies are stored i n array FREQ(I). The transform of SEIS(I) 
is stored i n the complex array Z(I) (appendix B) . 



Expressions f o r the amplitude and phase at these frequencies 
are given i n appendix A. No information i s obtained for frequencies 
greatet than fj^yg. The. amplitude and phase spectra obtained from the 
Kongsberg record are shown i n figures 2 and 3. 

5.1.3 Absolute values 

I f absolute values are required the instrument transfer 
function i s formed by subroutine WWSSN and i s stored i n the complex 
array P(I) (appendix E). The instrument effect i s removed by division 
at each frequency creating 

Z'(I) =1^ ^ P ( I ) • 
Spectral amplitudes and phases are recalculated and the spectrum may be 
stnoothed i f required. Tliis completes spectral analysis of the time 
series. 

5.2 Dispersion 

5.2.1 Preparation for f i l t e r i n g 

The velocity of trav e l to the f i r s t , VSF, and l a s t , VSL, 
seismogram samples are computed and then the velocity to each d i g i t i n : 
the time series i s stored i n the two-dimensional array TABLE (1,1) 
(0 $ I $ N). The velo c i t y array covering the range of interest i s created 
and stored i n VSTEP(I) by subtracting a chosen VSTEP from VSF, storing, 
the r e s u l t , and continuing u n t i l VSL i s reached. There must not be more 
than 120 v e l o c i t i e s . 

5.2.2 The f i l t e r 

F i l t e r centre frequencies are chosen and stored i n FREQC(I). 
These are chosen to correspond to a set of the harmonics selected at 
regular intervals from FREQ(I). The two arrays, FREQ(I) and VSTEP(I), 
specify the frequencies and group velocities for which instantaneous 
envelope amplitudes w i l l subsequently be stored i n the 2-D dispersion 
matrix. 

The f i l t e r parameters BAND and DOT are used to shape the 
Gaussian f i l t e r function. BAND iS' dimensionless and gives the r e l a t i v e 
bandwidth for a l l the f i l t e r s used (to preserve constant Q), that i s 

BAND - FREQC(I) - F i l t e r Low Frequency 
FREQC(D 

and a t y p i c a l value i s BAND = 0.20. The value of DWF specifies the decay 
rate, or r o l l - o f f , of the Gaussian f i l t e r . I t i s the r a t i o of the f i l t e r 
maximum amplitude at i t s central frequency to i t s amplitude at i t s 
lowest frequency, specified above by BAND. 

This f i l t e r i s created by subroutine GAUSSA at the harmonic 
frequencies FREQ(I), and i s stored symmetrically i n P(I) about FREQC(I). 



5.2.3 Response to the f i l t e r 
The analytic signal at a particular frequency ( l e , the envelope 

components of the f i l t e r response to the seismogram, at a particular 
frequency) i s formed by mult i p l i c a t i o n of Z'(I) and P ( I ) , storing the 
result i n P'(I) and transforming to the time domain. The instantaneous 
amplitude of the analytic signal i s obtained by forming the modulus of 
PV(I) and storing the values i n TABLE (2,1) (appendix C), 

We now have the situation of figure 6 where for a particular 
f i l t e r centre frequency (which i s the same as an harmonic of the Fourier 
transform of the time series) we have two arrays - containing instantaneous 
amplitudes of the analytic signal and the corresponding velocity 
(obtained from a r r i v a l time). We are only interested i n the selected 
velocities VSTEP(I) and therefore interpolate between the values of 
TABLE to obtain instantaneous amplitudes at the velocities of interest. 
Results are stored i n one column of the 2-D matrix E(I,J). 

The sequence of operations, s t a r t i n g at creation of the f i l t e r , 
•is repeated for each frequency of interest and the results stored i n 
subsequent columns of E, which has a maximum size of 120 x 120 
(appendix D). 

5.2,4 Group velo c i t i e s 
The maximum value of E i s determined and set to 99 db, a l l 

other values of E being scaled r e l a t i v e l y to give the matrix of figure 4, 
For each frequency of f i l t e r analysis, i e , FREQC(I), the maximum value 
of the relevant column of E i s obtained and the corresponding velocity 
i s the group velocity (velocity of the maximum energy content at each 
frequency). 

5.3 Output 

There i s a comprehensive printout consisting of:-

(1) The input seismogram and parameters. 

(2) Spectral amplitudes and phases. 
(3) Instrumental magnification and phase. 

(4) Spectral amplitudes and phases after instrument removal, 

(5) The seismogram a f t e r instrument removal. 

(6) F i l t e r information. 

(7) Group velocity against frequency. 

(8) The 2-D matrix E of instantaneous analytic signal 
amplitudes ( i n r e l a t i v e db) as a function of frequency 
and velocity (figure 4). 



Also giraphs [3] where relevant, on paper and f i l m may; be:obtained and 
the smoothed spectral amplitudes and the group velocities punched out. 
The graphs used f o r figures 2, 3 and 5 are examples of this output. 

6. PARAMETER CARDS 

The data cards should be made up as follows with formats as 
specified i n the l i s t i n g of the program. Tlie value +1 performs an option, 
0 omits i t , where appropriate. )• 

(1) An SC4060 card for graphics. 

(2) A block of 78 cards which are a reference l i b r a r y of 
WWSSN cal i b r a t i o n pulses (appendix E). 

The remaining block of cards should be repeated as many times 
as there are signals to be analysed. 

(1) TITLEA(I) A t i t l e card with columns 73 - 80 containing 
an i d e n t i f i c a t i o n label, eg, DATA 001. 

(2) STANAM(I) 

DELTAD 

MHOUR 
MIN 
SEC 

MHRĜ T̂ ) 
MINGMT ) 
SECGMT ) 

NSEIS 

(3) DELA 

IVSEIS 

NUMCUT 

• NBASE 

NCOSTP 

NCOMB 

Name of recording station. 

Distance i n degrees between event and recording 
sta t i o n . Program uses 1° *H 111.1 km. 

GMT o r i g i n time of event i n hours, minutes 
and seconds. 

GMT of f i r s t sample. 

Number of samples i n time series. 

Sample i n t e r v a l i n seconds. 

Invert the seismogram. 

Remove NUMCUT samples from the front of the 
seismogram and correct the f i r s t sample time 
by NUMCUT x DELA. 

Correct the seismogram to a: mean baseline. 

Cosine taper NCOSTP points at both ends of 
seismogram. 

Number of points i n the comb used to smooth 
the Fourier amplitude spectrum. Set to an 
even number. 



MFLO Index number of the frequency array FREQ(I) 
ref e r r i n g to the lowest frequency of interest 
In the amplitude spectrum. A l l frequencies 
lower than NAFLO x Df are removed. 

NINSTR 

NUGRUP 

NFLO 

NFHI 

NFSTEP 

BAND 

DWF 

DV 

(4) NGl 
NG9 
NG15 

NPl 

NP2 

(5) FMT 

(6) TITLEB 

I f t h i s i s set to 1 then remove the instrument 
e f f e c t . 

Calculate group ve l o c i t i e s . 

Index number for FREQ(I) ref e r r i n g to the 
lowest frequency of interest, NFLO x Df, 
for group velocity determination. Also 
NFLO must be greater than NAFLO. 

Index number of the highest frequency of 
interest for group velocity determination. 

The i n t e r v a l between adjacent frequencies of 
interest for group velocity determination i s 
OTSTEP X Df. Note f i l t e r central frequencies 
FREQC(I) are such that FREqC(I) = FREQ(NFLO-l) 
NFLO X Df etc. 

Dimensionless, relative bandwidth of Gaussian 
f i l t e r . 

Decay rate of Gaussian window function. 

Velocity step along the seismogram. The 
veloci t i e s to the f i r s t and la s t seismogram 
samples, VSF and VSL, are known. This group 
velocity range i s divided i n t o 120, or less, 
values of group velocity by suitable choice 
of DV. 

Several graphs of the seismogram, amplitude, 
phase, instrument response and group velocity 
are available. These are described i n d e t a i l 
i n the program l i s t i n g . 

Punch out the smoothed amplitude/frequency 
spectrum of the seismogram. 

Punch out the group velocity/frequency curve. 

Read i n the variable format used to input the 
seismogram. 

Cards 6 and 7 i f , and only i f , NINSTR = 1. 

A t i t l e card for the instrumentation data. 

10 



(7) . This card contains measurements from the 
WWSSN cal i b r a t i o n pulse and WWSSN seismometer 
constants. I f required, a f u l l description 
of these parameters i s i n the program l i s t i n g . 

(8) SEIS(I) ;The d i g i t a l time series i n format FMT 
containing NSEIS points and sampled every 
DELA seconds. 
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FIGURE 4. THE MATRIX E AND THE SELECTED GROUP VELOCITY CURVE 
(KONGSBERG RECORD) 
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(a) The seismogram 

'40920 
km/s 

4.081 

3.17 km/s 

T 41320 41520 — 1 (b) 
41720 

3.083 
~ 1 
2.477 

~ l 
2.071 

(c) 
1.779 

(d) 

(e) 

( f ) 

i t s a r r i v a l 
time scale-
and 
the related 
velocity 
scale 

The envelope" 
of the f i l t e r 
response to 
the seismogram 
the f i l t e r 
response, 
x ( t ) , to the 
seismogram 
and 

the Hilbert 
transform of 
x ( t ) 

The difference between (e) and ( f ) i s a quarter 
wavelength advance. The envelope A(t) i s 
formed from the modulus of (e) and ( f ) and this 
envelope shown in (d) forms one column of the 
matrix E. 

I: 

FIGURE 6. A GROUP VELOCITY DETERMINATION FOR A LOWER FREQUENCY 
— (fL = 0.033 Hz) — 



km/s 2.64 km/s 

i.081 
~ 1 
3.083 

~1 
2.477 2.071 

-1 • 
1.779 

(a) The 
Velocity 
scale 

(b) The 
instantaneous 
envelope 

(c) The f i l t e r 
response 
x( t ) and 

(d) i t s 
Hilbert 
transform 

The envelope peak has moved on through 
the seismogram range of velocities, 
showing dispersion. 

FIGURE 7. A GROUP VELOCITY DETERMINATION FOR AN INTERMEDIATE 
FREQUENCY ( f l = 0.051 Hz) ~~~ 
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FIGURE 8. A GROUP VELOCITY DETERMINATION FOR A HIGHER FREQUENCY (fH « O.Qfi« HZ) 
FIGURES 7 AND 8 GIVE SIMILAR GROUP VELOCITIES BECAUSE THERE I S A MINliwM 
TURNING POINT I N THE DISPERSION CURVE. FIGURE 5 (AN AIBY PHASE I N THE"?!!^ DQMAI: 
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APPENDIX A 

COSINUSOIDAL AND COMPLEX TRANSFORMS 

Al. CONTINUOUS, PEHIODIC DATA 

I f the function x ( t ) i s periodic (period = T, frequency = Df) 
then i t maybe expressed as the Fourier series 

a 
x ( t ) = + I (aj cos 2TrjDft + b. sin 2TrjDft) 

(Al) 
T/2 

= -I / x ( t ) cos 2TrjDftdt j = 1 
-T/2 

and s i m i l a r l y b j . Orthogonality of cosinusoids easily gives the 
coefficients a j , b j . 

I n the frequency domain discrete l i n e spectral amplitudes, A, 
and phase, ̂ , are given by 

A. = (a.2 + bj2)2 ) 

H = tan-1 ) 

at f j = j X Df. , / 

A2. COMPLEX REPRESENTATION , ; ' 

De Moivre's theorem allows us to use a complex representation 
for (Al) since 

eipO = cos pe + i sin pG (integer p) (A3) 
00 

x ( t ) = I C j e i 2 i ] ^ t , 

where C+j = ̂  (aj + b j ) , 

or a l t e r n a t i v e l y 

C j ( f j ) = -J ( a j ( f j ) - sign ( f j ) b j ( f j ) ) 

therefore ? 
1 T/2 * : 

C j ( f j ) x(t)e-l2^j»tdt. . - .•...(A4).. 
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A3. CONTINUOUS, NON-PERIODIC, TRANSIENT DATA 

The t r a d i t i o n a l step i s to allow the fundamental period to tend 
to i n f i n i t y and produce a Fourier transform pair. The coefficients 
C j ( f j ) become the continuous functional X(f) and f j + i - f j ->• 0. The 
Fourier transform pair to be used here may be obtained as 

00 

X(f) = / x ( t ) e - i 2 T r f t d t (A5a) 

CO 

x ( t ) = / X ( f ) e + i 2 T T f t d f . .....(A5b) 
—CO 

An important consequence of equation (AS) i s that 

(eiP^)* = e-ipe 

and i f x ( t ) i s wholly r e a l i n equations (A4) and (A5a) i t follows that 

X*(f) = X(-f) 
and therefore values of the functional X(f) are dependently related 
about f = 0, and concern over calculations for negative frequencies i s 
reduced, 

A4. DISCRETE DATA OF FINITE LENGTH 

We have the time series x ( t ) sampled at N points giving the 
values Xn (n = 0 N - 1). There i s a constant time i n t e r v a l Dt 
between adjacent values of xn and adapting equation (A5a) gives 

N-1 
X ( f j ) = Dt I x^e - i Z T r f i^Dt. (A6) 

n=0 
I t i s apparent that X(f) now assumes discrete values at the frequencies 

f j ( l f j l < " ) . 
Expanding (A6) 

N-1 

X(f ^) = Dt I Xn(cos 2 T T f ^ t - 1 s i n 2TTf/nDt) 

and therefore 
N-1 

Csp(fj) « |sign(f j ) I | D t Xn cos 27r£|hDt 
N-1 

Ssp(f^) = sign ( f ^ ) Dt I Xn sin Zvi^^t 
n=0 J-

and again i f x^ i s r e a l then X (f j ) = X ( - f j ) . 
The values of Csp(fj) and Ssp(fj) must be evaluated at discrete 

frequencies f j . For maximum information from the data, of length T, 
use 
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f i = j X Df = 1 = N X Dt 
and 

'NYQ = 2 X bt 

i s the highest frequency, the Nyquist, which can be discriminated i n the 
data. I f no frequencies greater than fwYQ are present i n the continuous 
series x ( t ) then the above procedure exactly represents x ( t ) for a l l t , 
even though i t was only sampled at times nDt. 

The new expressions for amplitude and phase, which should be 
compared to equations (A2), are 

at 

Aj = (Csp2 + Ssp2)2 

= tan-1 (- sign (f) g £ ) 

f j = j X Df. 

.(A7) 

I t i s worth noting that the dimensions of spectral amplitudes A are 
length X time, eg, micron seconds. 
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APPENDIX B 

SCALING THE COOLEY-TUKEY CALCULATIONS AND THE SUBROUTINE COOL 

Bl. SCAUNG 
Recursion formulae have been obtained which reduce computation 

time for Fourier transforms considerably. For discrete data of f i n i t e 
length we have equation (A6) 

N-1 
X(f.) = Dt I Xne-i27rf2^Dt 

n=0 
and since f j = ̂  ̂  p-- we obtain 

N-1 
X(f.) = Dt ^ Xne 

n 

N-1 i 2 T r j n • I < E 

n=0 
Computational algorithms of the Gooley-Tukey type are derived from 
series of the type 

N-1 i2TTjn 

Z. = I Y„e~ N , .....(B2) 
n=0 

where Zj and Yj^ are complex [ 4 ] , 
For machine computation equation (B2) gives results which are 

not u n i t dependent because the scale factor Dt has been omitted. 
Similarly on the reverse transform the factor Df i s omitted. To obtain 
absolute values af t e r applying COOL to the complex array Z ( I ) : -

(1) Time to frequency, scale factor i s Dt(Dt = DELA) 

Z'(I) = Z(I) X DELA. 

(2) Frequency to time, scale factor i s Df = 1/NDt 
z(i) 

^ NX DELA • 
B2. SUBROUTINE COOL. 

The d i g i t a l time series Xjj must have N points where N i s some 
power of 2, that i s , N = 2^, An extra power of 2, as i n this program, 
ensures that convolution formed by multiplication of two transforms 
i n the frequency domain gives accurate values over the time domain 
range of interest [ 5 ] . Also i s stored i n the real part of a complex 
array Z. The Fortran statement CALL COOL (L, Z, +1) performs the direct 
transform. On return from t h i s c a l l the storage i n Z i s : -

(1) ReZ contains the cosine spectrum, Csp(fj). 

(2) ImZ contains the sine spectrum Ss p ( f j ) . 
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Also Z(l) contains the dc component to be set to zero. The components 
are folded about the array index number (N/2) + 1, NBY2P1, so that 

Z(NBY2P1 + I ) = Z*(NBY2P1-I) 

for 1 = 0 . . . (N/2) - 1. Therefore the cosine spectrum i s reflected 
symmetrically and the sine spectrum antisymmetrically. This creates 
negative frequency components i n stores NBY2P1 + 1 to N of Z ( I ) . 
Amplitude and phase are given by equation (A7), 

Reverse transforms would be formed by storing components as 
they are obtained above, but c a l l i n g COOL with -1.0 replacing +1.0. The 
time series i s then returned i n ReZ(I) [ 5 ] . 
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APPENDIX C 

THE ANALYTIC SIGNAL FOR "ENVELOPE" DETERMINATION 

CI.. ENVELOPE DEFINITION 
' I t i s d i f f i c u l t to define the envelope to- an o s c i l l a t i n g 

s i g n a l because the envelope only occasionally touches the signal and 
may be poorly defined between contacts. 

For the r e a l function x ( t ) consider the complex'function St(t) 

S ( t ) = x ( t ) - i H x ( t ) , 
where H i s an operator representi^ng the Hilbert transform.. I f these 
functions have a mean frequency f then 

x ( t ) = A ( t ) e i 2 m , 

where A(t) i s complex. We may now define the instantaneous amplitude 
of our exactly defined envelope as A(t) [ 6 ] , 

C2.. FREQUENCY COMPONENTS OF TIIE ENVELOPE 

Consider the Fourier transforms of x ( t ) and Hx(t); F i s the 
Fourier operator:-

Fx ( t ) = A(w) + i sign (w)B(w) (w = 2Trf) 

FHx(t) = i sign (w)Fx(t) 

= i sign (w)(A(w) + i sign (w)B(w)) 

= -B(w) + i sign (w)A(w> , 

The Fourier transform of the a n a l y t i c signal has components 

FS ( t ) = F x ( t ) - iFHx(t) 
= A(w) + i sign (w)B(w) + iB(w) + sign (w)A(w) 

= 2(A(w) + iB(w)) ) w > 0 
) 

0 ) w < 0. 

The components of the analytic signal are zero at a l l negative 
frequencies and twice the value of the Fourier components of the time 
si g n a l for positive frequencies. 

03. COMPUTATION 
Instantaneous amplitudes of the analytic signal are now 

e a s i l y calculated:-
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(1) Calculate the Fourier transform of x ( t ) , obtaining the 
complex array Z(w). 

(2) Set the negative frequency components of Z to zero ( i e , 
those with array indices greater than NBY2P1 up, to N). 

(3) Calculate the inverse Fourier transform of Z and hence 
revert to the time domain obtaining Sc(t) , which i s complex,. 

(4) Calculate instantaneous amplitudes of the envelope, 
IA(t) I, where 

A ( t ) | = (x ( t ) 2 + (Hx(t ) ) 2 ) 2 . 

Note: The maximum value of A(t) i s used to determine the group 
velocity at frequency f for which A(t) has been obtained. The values 
of |A(t)I for a particular f i l t e r frequency are stored i n one column 
of the matrix E. Figures 6, 7 and 8 each show the use of th i s 
envelope for group velocity determination and how the envelope relates 
to i t s two components. 
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APPENDIX D 

MULTIPLE WINDOW FILTERING IN THE FREQUENCY DOMAIN TO DETERMINE 
DISPERSION 

Dl. MULTIPLE FILTERING 

A set of r passband f i l t e r s of constant Q, that i s , the ratio 
peak frequency to bandwidth i s constant, and different centre peak 
frequencies f j ( 1 $ j $ r ) , i s chosen. Therefore each f i l t e r "windows" 
a c e r t a i n passband of the frequency spectrum [ 1 ] , 

Windowing the frequency spectrum of the time s e r i e s around 
chosen frequencies allows us to measure signal amplitude as a function 
of both frequency and time of a r r i v a l of energy at that frequency. Time 
of a r r i v a l i s e a s i l y related to a secondary quantity - group velocity -
which i s independent of the event to recording station separation. There 
are p values of group velocity, u^Cl ̂  i ̂  p ) . We have a two-dimensional, 
p X r , matrix E(u,f) and chose the group velocity at frequency f j , 
out of the p possible values u^, to be such that E(uj_,f,) i s the 
maximum value of the column E ( u , f ^ ) . This i s done for a l l frequencies 
f j to obtain the group velocity ctirve u(f j ) (1 ̂  j $ r ) . This process , 
i s I l l u s t r a t e d i n the sequence of figures 6, 7 and 8 and the re s u l t s 
are summarised by the matrix E i n figure A, 

D2. THE FILTER 

The f i l t e r chosen must have good resolution i n both domains; 
we cannot s a c r i f i c e resolving power i n one domain for improvement i n 
the other. The Gaussian i s chosen because for p r a c t i c a l purposes the 
product of i t s resolution i n the two domains i s maximum [2,7]. 

The multiple f i l t e r s are constant Q of r e l a t i v e bandwidth 
BAND. For the j t h f i l t e r the upper and lower frequencies are:-

f = (1 + BAND)fj 

f (1 BAND)fj. 

The passband Gaussian f i l t e r for central frequency f j i s 

= 0 
f - f 2 

Wj(f) = e " " ^ " ^ ^ 

= 0 

f < f j l 

f j l $ f $ f j " 

f > V 
where ALPHA determines the resolution or f i l t e r r o l l - o f f . The f i l t e r 
r o l l - o f f i s also specified by 3 where 
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W(f ) 
= In (.„,JT\) 

and therefore 

BAND2* 

(The r a t i o W(fj)/W(f^^) i s read into the computer as the parameter DWF, 
for example, DWF = 10.0.) Each f i l t e r Wj(f) i s chosen so that W(fj) = 1 
at the central frequency. 

The array of c e n t r a l frequencies f j chosen for the f i l t e r s i s 
chosen to exactly correspond to harmonic frequencies obtained from the 
Fourier analysis of the time s e r i e s . This eliminates errors i n previous 
work which did not match these frequencies [ 1 ] , 

D3. C0>1PUTATI0N 

The Fourier transform of x(t) i s contained i n the complex 
array Z ( I ) , including the non-independent values for negative frequency 
components. A particular windowing f i l t e r i s fed into the complex array 
P ( I ) ; t h i s could be done for positive and negative frequency components. 
For the f i l t e r centred at f j multiplication at each harmonic frequency 
achieves the required window f i l t e r i n g of the s i g n a l 

Z'(I) = Z ( I ) X P ( i ) 

and Inverse Fourier transform of Z'(I) would give the f i l t e r e d 
seismogram at frequency f.. Tliis would be an o s c i l l a t i n g signal of 
approximately mean frequency f j , because for Wj(f) we have f = f j 
because the f i l t e r i s symmetric about f j . 

Preferably we require the envelope, i n the time domain, to 
Z ' ( I ) ; t h i s i s obtained by setting the negative frequency components to 
zero (appendix C). This i s simply accomplished by j u s t storing the 
f i l t e r i n the positive frequency range of P(I) before multiplication 
and transformation (appendix B, section B2). 
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APPENDIX E 
INSTRUMENTATION PACKAGE 

This i s an adapted version of a program written by Brune. F u l l 
d e t a i l s w i l l be found i n the Vesiac report [8], I t i s only applicable 
to long period ITWSSN instruments. 

I f the user wishes to consider an alternative instrument 
iresponse he should do the following:-

(1) Remove the 78 card l i b r a r y of calibration pulses a;nd 
the subroutine SSLIBR which reads i n this l i b r a r y . 

(2) Rewrite subroutine tWSSN (TMCR1«) so that on return from 
th i s subroutine the complex array P ( I ) contains the new 
instrument transfer function. Also TMCRNS i s the conversion 
factor from one arbitrary unit of displacement for the time 
ser i e s to microns. 
(3) The parameter cards 7 and 8 must be altered or removed, 
as appropriate for the new instrument. 
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APPENDIX F 

PROGRAM LISTING 
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c 
t TIMF SERIES ANAIVSIS FRC6RAM 
C I 
C THE PROGRAM READS IN A DIGITAL SIGNAL SAMPLED AT EQUAL INTERVALS j 
C OF TIMF. THE SIGNAL IS FCURIER ANALYSED PRODUCING SPECTRAL PHASE , 
•C AND AMPLITIDE CCNTENT AT THE HApyCNIC FREQUENCIES, ABSOLUTE VALUES : 
C MAY BE OBIAINED BV PEHGVINGTHE INSTRUMENT RESPONSE. A MULTIPLE 
C FILTERING TECHMQLE IS APPLIED TG PRODUCE A CHARACTERISTIC OF THE 
C OISPERSICN — THE GRCUP VELOCITY. 

C 
C 
C 
C GENERAL REFERENCE D 21EWCNS K I , BLCCH AND LANCISMAN 196S 
C 'A TECHNIQUE FOR THE ANALYSIS CF TRANSIENT SEISMIC SIGNALS* 
C BULLETIN CF THE SEI S^GLGGICAL SOCIETY OF AMERICA. 5^, I t PA27-444. 
C 
C THE ORIGINAL FLRFCSE CF THE PROGRAM? WAS TO ANALYSE RAYLtlGH 

C UAVES FRGV SEISf IC EVENTS. 

OITPLT 

PRINTOl T. 
1 . I N P n CPTICN fARANETERS AND INPUT SIGNAL DATA. 

2 . SPECTRAL A^PLITLOE AND PHASE AT THE FARMONIC FREQUENCIES. 

3 . INSTRLKENTAL N AGNIFIC ATI ON AND PHASE AT HARMONIC FREQUENCIES. 

4 . SPECTRAL Af*PLITUDE AND PHASE AFTER INSTRUMENT REMOVAL. 

5 . THE SIGNAL AFTER I NSTRUKENT REKCVAL. 

6 . INFORNATICN ABCLT THE FILTERS. 

7 . GRCUP VELOCITY V. FREQUENCY (KMS/SEC V . HZ) 

8. THE 2-D f'ATRIX E INSTANTANEOUS ANALYTIC SIGNAL AMPLITUDES 
AS A FUNCTION CF FREQUENCY AND V a O C I T Y . 

GRAPH S. 

GRAPHS AT MOST CF THE ABOVE STAGES HAY BE REQUESTED FROM SC4C6C. 

PLNCHOLT. 

1 . THE Sf«CCTHED FCIRIER APFLITUCE SPECTRUM V . FREQUENCY, 

2 . THE GRGUF VELCCITY CURVE V , SELECTED HARMONIC FREQUENCIES. 

MICH OF THIS CUTPLT IS CFTICNAL. 31 



c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

HARMONIC FREQlENCieS. 

1 . FUNOAVEMAL FREGUENCY IS 

2 . FRFQLENCV HARKCMCS ARE 

3. THE NVQLIST FRECUENCV IS 

OF = 1/(N*0ELA) 

FPECd) = ( I - I H D F 

TO LSE IH l S PRCG^^A .̂ 

THE PARAf^ElER CARDS AND DATA SHCULC EE PUNCFEC AS FOLLOWS 

CARD I . THE RELEVA^T SC4060 CAPC. 

CARD 2. A 78 CARD LIBRARY OF WWSS^ SEISMOMETER CALIBRATION PULSES. 

CARD 3. FGRf'A l (1CA8) 

TITLEA TITLE FCR THE DATA. IN COLUMNS 73-80 PUNCF AN 
IDENTIFICATIGN LABEL E.G. DATA 001 

CARD 4 . FCRNAT(8A1 ,F12.5 ,12 ,12 , F 3 . 1 , 3 X , 12, 12, f 3 . 1 , 3X, I ICJ 

STANAN NAJ-E GF THE RECCRCING ST AT ICN . 

DELTAD DISTANCE IN DEGREES BETWEEN EVENT AND RECORDING 
STATICN. FRCGRAM USES ICE6REE = 111 .1 KHS. 

NHCLR 
KIN 
sec 

HCLPS. 
MIMTFS. 
SECONDS. 

HHRGNT HCURS. 
MI NO NT f^INLTES. 
SECGMT SECCNDS. 

GMT ORIGIN TIME OF EVENT, 

Gf*J T O E OF FIRST SAMPLE. 

NSEIS NLNBER OF SAMPLES IN THE DIGITAL TIME SERIES. 
NCT WORE THAN 2 0 4 8 . 

CARD 5. FCRNAKFS. l ,1115 , 3 F 5 . 2 ) 

DELA INTERVAL BETWEEN SAMPLES (SECONDS I . 

IV5EIS INVERT THE SIGNAL. ( IFF IVSEIS = I J 

Nl fCLT REKCVE NUPCUT SAMPLES FROM THE FRONT OF THE SIGNAL 
AND CORRECT THE FIRST SAMPLE TIME BY NUMCUT*DELA. 
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rTTKAl TC A •*EAN eASELlNE. 
C ^eA^E CCff^ECT THE S GNAL TC A 
C ( IF NBASE = U 
C-

C 
C 
C 
c 
C 
C 
C 
c 
c 
c 
c 

NFLC 

NFHI 

( I F NBASE = i j 

NCQSTP CCSINE TAPER NCGSTP POINTS AT BOTH ENDS OF SIGNAL, 

NCQMB NL^BER CF POINTS IN THE COME USED TO SMOOTH TFE 
FCLRIER A^*PLITUD£ SPECTRUM, MUST BE EVEN. THE COMB 
I S ADVANCED NCCMB/2 POINTS THROUGH THE SPECTRUM 
FCP EACH SfCGTHING OPERAT ION. 
INDEX NC. FCR THE F R ECU ENCY ARRAY FREQ( I ) WHICH 
REFFRS TC THE LCWEST FREQUENCY OF INTEREST IN THE 
ANFLITUCE SPECTRU^'. ALL FRECUENCIES LOWER THAN 
FREC(NAFLC+1) = NAFLC^DF ARE REMOVED. 

NINSTR RENCVE THE INSTRUMENT RESPONSE. ( IFFNINSTR = 1) 
NIGRUP CALCLLATE GRCUP VELCCITIES. ( I F F NUGRUP = 1) 

INDE> NC. FCR FRECd) REFERRING TO THE LOWEST 
FREQUENCY GF I NT ER EST, NFL 0*CFt FOR GROUP VELOCITY 
DETEPM NATICN, IGNORE FREQUENCY FREQ(NFLO) AND 
BELCV, NFLO NUST EE GREATER TFAN NAFLQ. 
INDEX NC, FCR FPEC( 1) REFERRING TO THE HIGHEST 
FREQUENCY OF INTEREST,NFHI*DF, FOR GROUP VELOCITY 
OETERMINATICN, IGNORE FR£G(NFHI ) AND ABOVE. 

NFSTEP I NTEPVAL BETWEEN ADJACENT FREQUENCIES FOR GROUP 
VELCCITV DETERMINATION IS NFSTEP*CF. 
N, 8. THESE ARE THE FILTER CENTRE FREQUENCIES FREQC 
SICH THAT FREGC(U = FREQ{NFL0+1) = NFLO«DF ETC. 
D l tENSl CNLESStRELATIVE BANDWIDTH OF GAUSS FILTER. 
DECAV RATE GAUSS I AN • FILT ER WINDOWING FUNCTION. 
VELCCITY STEP ALONG THE SIGNAL. VELOCITY TO FIRST 
SA^FLE = VSF,TC LAST SAMPLE = VSL . CHOOSE DV TO 
DIVIDE VSF-VSL INTO AT MOST 120 VALUES OF VELOCITY 

CARD 6 . FCRf^AT(15Il f 5 X , 2 I l ) SELECTION OF GRAPHS AS OUTPUT. 

INPIT SIGNAL. 

ADJISTED SIGNAL PRIOR TO FOURIER ANALYSIS. 

SPECTRAL AMPLITUDE / FREQUENCY (HZ >, 

SPECTRAL PHASE (R/iDIANS) / FREQUENCY ( H Z ) . 

SEISMOMETER CALIERATION PULSE (WWSSN INSTRUMENT 

RESPONSE TO A STEP GF ACCELERATION). 

INSTRUMENT RESPONSE AMPLITUDE / FREQUENCY ( H Z ) . 

INSTRUMENT RESPONSE PHAS £ ( PADS . ) 7 FREQUENCY (HZ) 

C 
C 
c 
c 
c 
c 
c 
^ NAFLC 

C 
C 
C 
C 
C 
C 
c 
c 
c 

-c 
c 
c 

-c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

.c 
c 

_C . 0 1 l ^ P ^ ^ SIGNAL. 

BAND 

DVF 

OV 

C 

^ • NG2 

NG3 

NG4 

NG5 

NG6 

NG7 
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C 
C 
c 
c 
c 
c 
c 
c 

-Nd 8 

HGS 

NGIC 

NGU 

NG12 

NG13 

NG14 

NG15 

NPl 

NP2 

N.8. -

SIGNAL VJITH INSTRUMENT EFFECT REMOVED. 

SPECTRAL A^'PLITUC£ ( VICRGNS *S ECS ) / FREQUENCY (HZ) 
INSTRUMENT RESPONSE REMOVED. 

SPECTRAL PHASE (RACiANS) / FREQUENCY ( H Z ) . 
INSTRUMENT RESPONSE REMOVED. 

SfCCTHED SPECTRAL Af^^PLITUOE / FREQUENCY ( H Z ) . 

GRCtP VELOCITY (KNS/SEC) / FREQUENCY ( H Z ) . 

GRCIF VELOCITY (K^S/SeC) / PERIOD (SECONDS). 

CONTOUR PLOT (AKPLITUCE CONTOURS AT SDB. INTERVALS 
FOR THE GROUP VELOCITY / FREQUENCY MATRIX). 

NOT LSED. 

SELECTION OF PUNCHED CARDS AS OUTPIT. 

PUNCH OUT FREQUENCY / SMOOTHED AMPLITUDE { 2 E 1 5 . 7 ) " 
PLUS IDENTIFICATION LABELS ANC A CARD COUNT. 

FLNCH GUT FREQUENCY / GROUP VELOCITY IN ( 2 E 1 5 . ? ) 
PLUS IDENTIFICATION LABELS AND A CARD COUNT. 

- THESE OPTIONS ONLY CARRIED OUT WHEN THE OPTION 
PARAf'ETER IS SET TO 1 E.G. NG5 = 1 . 

CARD 7. FOR^«AT^10A8) 

FKT VARIABLE FGRfAT USED TO INPUT THE SIGNAL. 

_______ CARDS 8 AND 9 OMITTED UNLESS NINSTR = 1 . 

CARD 8. F0«MAT(10A8) 

TITLEB TITLE CARD FCR THE INSTRUMENT DATA. 

CARD 9. FCRNAT(10F5.1 , 2 2 X , 2 I 4 ) WWSSN INSTRUMENT CALIBRATION DATA 

Q l l 
Q22 
Q33 
Q44 
Q55 
Q66 

FNASS 
G 
CLR 
DEFL 

T I f E k̂ HEN RISING PULSE IS 1/3 OF MAXIMUM HEIGHT 
T I f E WHEN RISING PULSE IS 2 /3 OF MAXIMUM HEIGHT 
TINE WHEN RISING PULSE IS AT MAXIMUM HEIGHT. 
TIKE WHEN FALLING PULSE IS 2/3 ETC. 
TINE yHEN FALLING PULSE IS 1/3 ETC. 
TIKE WHEN FALLING PULSE IS 1/10 ETC. 

SEISNGHETER MASS IN KGMS. 
SEISNCMETER NOT OR CONST ANTI NEWTONS/MAMP ) . 
CALIBRATION CURRENT (MAMP) . 
KAXIfUM HEIGHT OF DEFLECT ION( MM ) . 

LABEL LABEL OF PARTICULAR SEISMOGRAPH CONCERNED. 
NSCALE CHOICE OF TWO POSSIBLE SCALES WHICH CONVERT THE 

F«EASURED VALUES OF Q l l ETC. AND OEFL FROM 
ARBITRARY UNITS INTO SECONDS ANC MMS. 
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c C N.B. — RENOVAL OF THIS PARTICULAR INSTRUMENT PROBABLY 
C ONLY RELEVANT TO MY WORK. REFERENCE IS VESIAC 
C SPECIAL REPORT NO. 4410-106-X "A TRANSIENT 
C TECHMGUe FCR SEISMOGRAPH CALIBRATION-MANUAL AND 
'C STANDARD SET OF THEORETICAL TRANSIENT RESPONSES.* 
C BY ESPINOSA,SUTTON AND MILLER. (OCTOBER 1 9 6 5 ) . 

C 
C N.B. — THIS PARTICULAR INSTRUMENT IS EASILY REPLACED. 
C SEE »G« REPORT. 
C 
G CARDS 8 AND 9 CMTTEC UNLESS NINSTR = 1 . 
C 
C 
C CARD I C . FORKAT I S F M . 
C 
C SEIS DIGITAL SIGNAL DATA. NOT MORE THAN 1024 POINTS. 
C 
C CARDS 3 TO 10 REPEATED FOP ANY NUMBER OF SIGNALS. 
C 
C 
X . 
c _ 
c ' 

• -C MAI N 
C 
c 

COMMON/CC1/Z(2C48I ,C ZERO, P (2048 ) 
CGMM0N/CC2/SEI S (2 048) ,FREG( 1024 ) ,/SNP( 1024 ) , PHAS E( 1024) 
C0MM0N/CC3/STANAM(8) ,DELTAD,OELTA,CRIGTM, GMTSEC 
C0MM0N/CC4/NSEI S , DE LA ,1 VSEIS , NU MCUT , NBAS E, NCOSTP, NCOM fi, NAFLO, 

1 M NSTR,MGRUP,NFLG,NFHI, NFSTEP, BANC, CWF, DV,NAFL01 
COMMON/CC5/NG1 , NG2 , NG3 , NG4 , NG5 , NG6, NG7, NG8, NG9, NG10, N G l l , NG12, NG13 

1 ,NG14,NG15,Nf l ,NP2 
C0MM0N/CC6/TITLEA(20) ,DATE,BLANK,TITLEB{ 20) 
C0MMON/CC9/C1 (78) ,G2 (78) ,C3 (78 ) , Q4( 78 ) , Q5( 78 ) , Q6( 7 8 ) , HHK ?8),HH2( 7 

1 8 ) , SSIGMA (78) ,TT1 (78) ,TT2 (78) ,FAC(78 ) ,BA, CA, DA,TFAC( 78) 
COMMON/C1 C/Cai ,G22 ,C33 ,C44,G55,G66, FMASS,G, CUR, CEFL,LABEL,NSCAL E 
COMPLEX Z,CZERC,P 
REAL*8 TI ILEA ,TITLES ,DATE ,DUMKY,BLANK 
DATA DUMMY>« »/ 
RLANK=DLKKY 
CALL SCLIBR 
CALL TI MER 
CALL SSLIBR 
C ZERO=C f P L X ( 0 . 0 , 0 . 0 ) 
CALL OATIf (0ATE,01KKY) 

IOC READ(5,1C,END = 999) ( T I T L E A d ) , 1=6 ,15 ) 
IC F0RMAT(1CA8) 

PRINT 2 G,DATE 
2C FORMATdHl , / / / ,5)<,«SLRFACE W AVE ANALYS IS« ,90X, AS ) 

PRINT 3C 
3C FORMA T(5X,» • , 90X ,» • / ) 

PRINT 4 C , { T I T L E A d ) ,1=6 ,15) 
4C F0RMAT{2CX,10A8//) 

C 
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C A L L INPIT 
CALL TRACEl 
I F (NI NSTR. NE. LAND. NGll . N E . L A N D . N P l . N E . l ) GOTO 50 
CALL TRACE2 

:C I F (NUGRLP. NE. n GC TC 6 0 
C A L L UGRUP 

C 
(C CALL ADVFLM{3) 

C A L L ENOFME 
C A L L TIMER 
GO TO ICC 

cqc C A L L F I N I SH 
END 
S l B R O n i N E SSLIBR 

C 
C READS I N LIBRARY CF V»VHSSN CALIBRATION PULSE PARAMETERS. 
C SEE VESIAC REPCRT. 
C 

C0MHON/CC9/G1 ( 7 8 ) , Q2 ( 7 8 ) , G3 ( 7 8 ) , Q4 ( 7 8 ) , Q5 ( 7 8 ) , Q6( 7 8 ) , HHK 7 8 ) , H H 2 ( 7 
1 8 L SS IG MA ( 7 8 ) , T T 1 ( 7 8 ) , T T 2 ( 7 8 ) ,FAC ( 7 8 ) , BA, CA, OA,TFAC( 78) 

DO I 1 = 1 , 7 8 

READ 2,Q1 ( I ) ,Q2 ( 1 ) , C 3 ( I ) , G 4 ( I ) ,C5 ( I ) , Q6( I ) , H H 1 ( I ) , HH2( I ) , SSIGMA{ T) 
1 , T T I I I ) , T T 2 ( I ) ,FAC ( 1 ) ,BA,CA,DA,TFAC( I ) 

2 F0RMAT(16F5.1) 
FAC ( I ) = (FAC ( I ) * 0 A ) y ( e A * C A ) / 2 . 0 

1 CONTINUE 
RETIRN 
END 
SLBROLTINE INFLT 

C 

C READS IN INPUT PARAMETER OPTIONS AND THE INPUT SIGNAL. 
C 

C0MM0N/CG2/SEI S{2048) 
COMMON/CC3/STANAM(8) ,DELTA0,0ELTA,CPIGTM, GMTSEC 
COMMON/CC4/NSEI S ,DELA , IVSEIS , NUMCUT , NBAS E, NCQSTP, NC0M8, NAFLO, 

1 M NSTR,NLGRUP.NFLC,NFHI,NFSTEP,BAND, CWF, DV,NAFL01 
CQMM0N/CC5/NGI ,NG2 , NG3 , NG4 , NG5 , NG6 , N67 , NGB, NG9 , NG 10, NG11, NG12, NG 13 

1 ,NG14,NG15 ,NP1 ,NP2 
CGMM0N/CC6/TI TLEA (2 0 ) ,DATE,eLANK,T ITLEB( 20) 
COMMON/CIC/QU ,C22,G33 , C44 , Q55 , Q 6 6 , FMASS, G, CUR, DEFL, L ABEL , N SCAL E 
DIMENSION FMT(IO) 
REAL*8 TI TLEA ,TITLEB,FMT,BLANK,DATE 
READ 10,STANAM,OELTAC,MHCUR,MIN,S£C,MHRGMT, MINGMT, SECGMT,NSEIS 
FORMAK 8A1 , F 1 2 . 5 ,12 , I 2 , F 3 . 1 , 3 X , I 2 , 1 2 , F 3 . 1 , 3X, 110) IC 

C 
READ 2 0 , OELA,I VSEI S,NUMCUT, NBAS E,NC0STP,NCOMB,NAFLO,N IN STR, 

INLGRUP ,NFLC ,NFHI , NF STEP ,B AND, DWF, CV 
?C FORMAKFS.l , 1 1 I 5 , 3 F 5 . 2 ) 

ORIGTM^36CC.O*FICAT (MHCUP)+60.0'»FLCAT (MIN)+SEC 
GMTSEC=36CC.0*FLCAT (MHRGMT)+60 .0 *FLC 4T ( MINGMT )+SECGMT 
GMTL0=C.2*6C.G*DELTAD+ORIGTM 
GMTHI = 1 . C«6C. G*OELTAD+CRIGTM 
IF(GMTSEC.GE.GMTLC.AND.GMTSEC.LE.CMTHI) GO TO 30 
PRINT 25 

21 FQRMAT(1C>,«FAI LEO TIME TEST*) 
3C DELTA=DELTA0*11L 1 

PRINT 4C,STANAM,DELTAO,DELTA,MHCUP ,MIN ,SEC ,ORIGTM, 
1 MHRGMT, MINGMT, SECGMT, GMTSEC 
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^r'^^i'^ FORMAT{//71GX,»STAT1CN- NAME IS • , 8.A1, - i-i ; • .. . / i iA ;̂  
1 / / 1 C X , » D I STANCE GF RECORDING STATION FROM EPICENTRE' S F I C . 

' ?' 5 ,2 X,'DEGREES* ,3X ,• OR* , 3 X , F 1 0 . 4 , T X i "KILOMETRlESi'v M 
3 / / / I C X , "ORIGl N TIME: OF EVENT • , 6X , 1 2 , IX, • HOURS <;i 3X, 12, 1X, 
^ 'MINS* , 3 X , F 4 . l ,1X,*SECS* ,10X,* ( IN SECONCS) = " j F l L S , 

' 5 / y i C X , » G M T T I M E : OF FIRST S AMPLE * , 2X, I 2, iX , *!HOUR S * , 3X, I 2 , 
6 1 X , ' M I N S ' ,3!X,F4.1 ,1X,* SECS* ,10X,* ( IN SECONDS ) = : * , F 1 1 . 3 ) 

PRI NT5C ,NSEI S ,DELA , I VSEIS ,NUMCUT , NE45 E, NCGSTP, NCOMB,NAFLO,N IN.STR, 
INUGRUPiNFLCNFHI ,NFSTeP,BAND,CWF, CV • - , , . 

5C FQRMAT(// / IGX ,*NSE1 S = • , I 5 ,10 X ,« DEL A = * , F6 . 2 , ,9X, » IV SEIS = * , 
1 15 ,10X,» NUMCUT = • , 15 , 
2 / /1CX, 'NBASE = * ,15 ,10X,* NCCST F = ' , 1 5 ,10X,*NC0MB = * , 
3 15 ,10X, * NAFLO = • , 15 , 
4 / / I C X , * N I NSTR = • ,15 ,10X,« NUGRUP = • , 15 , lOX, *NFLO = * , 
5 15 ,10X,« NFHI = * , 15 , 
t / /1CX, 'NFSTEP = * ,15 ,10X,* BAND = * , F 6 . 2 , 9X,*DWF = 
7 F 6 . 2 , 9 X , ' CV = • , F 6 . 2 ) 
READ 60 ,NGl ,NG2 ,NG3 ,NG4 , NG5 ,NG6 ,NG7, NG8 , NG9, NG 10, NG 11, N 1 2 , N G 13, 

1 NG14,NG15 ,NF1,NP2 
6C FORMA T d 51 1 , 5 X , 2 l I ) .. . 

PRI NT70 ,NG1 ,NG2 ,NG3 ,NG4 ,NG5,NG6 ,NG7, NG8, NG9, NG 10, NG 11, N G 1 i,N;G 13, 
1 NG14,NG15 ,NP1 ,NP2 

'iZ FORMAK// / ICX,"GRAPH ANC PUNCH SELECTION*, 
1 / / 1 C X , 5 I 1 ,1 X ,5 I1 , 1 X , 5 I 1 , 2 X , 2 U ) 
READ 8C,FMT ^ ; . ' 
•PRINT^C ,F NT- • • ' . , -v 

EC FORMATdOAS) 
9C F0RMAT( / /1C>,* INFL1 FORMAT IS ' , 1 0 ^ 8 ) 

IF{NINSTR.EQ. C) GO TO 110 
READ 8 0 , (TI TLEB ( I ) ,1=6 ,15) 
READ i a O , Q l l , G 2 2 ,Q33,G44 ,C55,Q66,FMASS,G,CUR, D E a , L A8 EL , N SCAL E 

IGC F0RMAT(IGF5.1 , 22X ,2 I4 ) 
I K READ FMT,(SEI S ( I ) ,1=1 ,NSEIS) 

PRINT 1 2 0 , ( S E I S ( I ) , 1 = 1,NSEIS) 
120 FORMATdHl/// lG>,»SEISMOGRAM ORIGINAL D A T A * , .. 

1 / / , ( 1 X , 1 2 F 1 0 . 0 ) ) 
RETURN 
END 
SLBROITINE 1RACE1 

PREPARES THE SIGNAL FOR FnJRIER ANALYSIS ANC FOURIER ANALYSES I T . 

CCMMON/GRFF / T I TLE (20) ,XMAX ,XMI N ,YMAX, YMIN, INCX, IN.CY, INO, ICOT, 
I ANSTRl , IF,XLIMIT,YLIMIT,SCALX,SCALY 
CCMMON/C01/H2048) ,CZERC 
CCMWON/CG2/SEIS(2 048) ,FR£G( 10 24),/ !MF( 10 2 4 ) , PH AS £ (102^ ) 
COMMGN/CC3/STANAM(8) ,DELTAD,DELTA,OPIGTM, GMTSEC 
C0MM0N/CC4/NSEI S ,OELA , I VSEl S ,NUMCUT ,NBAS'E,NCOST P, NCOMB, NAFLO, 

1 NT NSTR,NLGRUP,NFLC,NFHI, NFST EP, BAND, CWF, DV,NAFLO I 
C0M MON /C G 5 / NG 1 , NG2 , NG3 , NG4 , NG5 , NG.6, NG7, N G8, N 69, N G1C, N G11, N G 12 , N G13 

1 ,NG14,NG15 ,NP1 ,NP2 
CCMM0N/CC6/TnLEA{20) ,DATE,eLANK 
C0MM0N/CC7/N,N8Y2 ,NBY2P1 ,NP0W2 ,FNYG, CF 
DIMENSI ON ATrTLE(20) ,BTITLE(20) ,CTITLE{ 20) 
REAL* 8 TI TLE,ATITLE,BTITLE,CTITLE,T ITLEA, TYPEMN, TYPE, BLANK, DATE 
COMPLEX Z,C ZERO 
DATA AT ITLE / * SECONDS , ::;S,tISMOGRAM AF 
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ITER ANY ADJUSTMENTS IMMEDIATELY PRICR TO TRANSFORMING BY FOURIER. 
1 % f 

DATA BTITLE/'FPEtLENCY (HZ) AMPLITUDE AMPLITUDE / F 
I R E Q L F N C Y (HZ) FCR ADJUSTED SEISMOGRAM, 
2 */ 

DATA CTItLE/'FRECLENCY (HZ) PHAS E ( R AD lANS ) PHASE (RADIAN? 
1 ) / FREQUENCY (HZ) FCR ADJUSTED SEISMOGRAM, 

• 2 • / • • 
DATA TYPEMN/'MEAN • / 
ATI TLE (16) =DATE 
8 TI TLE (16) =DATE 
CTI TLF {16)=DATE 
SET UP N 
NTE ST=NSEI S-NIMCUT 
IF (NTE ST.GT.2C48) CALL EXIT 
N=2 

IC IF (NTE ST. LE. N) GC TC 20 
N=2*N 
GO TO 1C 

2C N=2*N 
IF (N .GT .2C48) CALL EXIT 
CALL P0VN(N,NBY2 ,NBY2F1 ,NFCW2) 
FNYQ = L C / ( 2 . 0*OELA) 
DF=FNYQ/FLCAT (N8Y2) 
PRINT 3C,N,NBY2,N8Y2F1,NFCW2,FNYQ,CF 
FORMAT ( / / / I C X ,«N = • ,15 ,5 X ,« NBY2 = « , 15, 5X, • NBY 2P 1 = * , 15, 5X, 
1 •NP0V*2 = • ,15 ,5X,»FNYQ = » , F9 .5» 5X , • DF = S P g . d , / ) 

FREQ(l)=C.C 
DO 4C I =2 ,NBY2 
FREQd ) =FREC(I-1)+DF 

4C CONTINUE 
I F ( N G L N E . l ) GC TC 7C 
DO 50 I =1 ,5 
TITLEA ( I ) =BLANK 

5 0 CGNTINLE 
TITLEA (3) =ATI TLE (3) 
DO 60 I =17,20 
TI TLEA ( I ) =BLANK 

eC CONTINUE 
TI TLEA (16)=DATE 
CALL TIMSERtTITLEA,SEIS,NSEIS,DELA,3) 

C 
7C I F d V S E I S .NE. l ) GC TC 85 

DO eC I =1 ,NSEI s 
SEI S d ) = - 1 . C*SEI S ( I ) 

EC CONTINUE 
c 

f5 IF(NUMCIT.EC. 0) GO TC 95 
N SEI S=N SEI S-NLMCLT 
GMTSEC =GMTSEC+FLOAT (NUMCUT) *OELA 
DO go I =1 ,NSEIS 
J=I+NUMCn 
SEI S(I ) =SEI S( J) 
CONTINUE 

IF(NBA SE.EQ.O) GC TC 100 
IF(NBASE.EG. l ) TYPE = TYPEMN 
IP1 = 0 
CALL BASE(SEIS,NSEIS,TYPE,IPX) 
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% 0 C iMNCT)STP.EQ .O) GC TC l l O ^ 

• • ^ i : ^ S ; " s T p l s E ? l N S E I S , N C C S T P , l . P i ^ 

, S l C NSESP1=NSEIS+1 r 
DO 12C I=NSESPl»N 
SEl S( l )^G.C 

IZC CONTINUE 

IF(NG2.NE. . l ) GG TG 13 0 
CALL TIM SER{ ATI TLE, SEI S,N,DEL A, 3) 

C FOURIER TRANSFORM CF SIGNAL. 
13C CALL ZRLCAD(N,SEI S,2) 

CALL COCL(NPCV.2,2,+ 1.0) . 
C FILTER OUT LCV» FREGUENIES UP TO NAFLG«DF, 

IF{NAFLG.;E.Q.O) NAFLC=1 
00 140 1 =1 ,NAFLC 

• 7 {1 ) "C ZERO 
AMP( I )=C .C 
PHASE(n=C.C 

14C CONTINUE 
"C 

NAFLOl = NAFLC+l 
DO 150 I =NAFLCl ,NBY2 
Z ( I )=DELA*2(I ) 
AMPd )=CABS(7 ( I ) ) 
X A = - L C * A I M A G ( 2 ( I ) ) 
X8=REAL ( Z ( I ) ) 
IF ( XA.EQ. C, C. CR, XB.EC.O.O) GC TC 145 
PHA SE ( I ) =ATAN2( >A ,>B) 
GO TO 150 -

145 PHASE(I)=C,C 
15C CONTINUE 

CALL FILLLP(NBY2F1 , Z) 
IF (NG3,NF, 1) GC TC 170 
DO 160. I =1,20 
TITLE ( I )=BTITLE ( I ) 

leC CONTINUE 
CALL CAR6RF (FREC,AMF,N8Y2) 

C 
17C I F { N 6 4 , N E . l ) GC TC 190 

DO 180 I = 1 , 2 0 
TITLE ( I )=C TITLE ( I ) 

18C CONTINUE 
CALL DRUM (NBY2,PHASE) 
CALL CARGRF(FR£C,PHASE,N8Y2I 

l^C IF (NG3 .NE.LAND.NG4 .NE. l ) GC TC 210 
PRINT 2CC, ( I ,FREe(n ,AMF{I) ,PHASE( I ) , I=NAFL01,NBY2, 10) 

2CC F0RMAT(1H1// /8X ,»S£ISMeGRAM SPECTRUM*, 
1 / / , 2 (8X,«FPECLENCY» ,6X,« AMPLITUDE* ,ex , 'PHASES 5X ) , 
? / / , 2 { I 5 , 3 E 1 5 . 7 ) ) 

^21C RETURN 

I 'SKOUTINF 1RACE2 
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C REMOVES THE INSTRLMENT EFFECT CALCULATED BY SUBROUTINE WWSSN AND 
C SMOOTHS THE SPECTRAL AMPLITUDE / FREQUENCY GRAPH. 

CQMMON/GRFF / T I TLE (20) ,XMAX,XMI N,YMAX,YMIN, INDX, INCY, INO, ICOT, 
1 ANSTRl , IF,XLIMIT,YLIMIT,SCALX,SCALY 
COMMON/CCl /Z (2048) ,0 ZERO, F( 2048) 
COMMON/C02/SEI5(2C48) ,FREG(1024), AMP(10 24),PHASE( 1024) 
COMMON/CG3/STANAM(8) ,DELTAD 
COMMON/CC4/NSEI S ,DELA , I VSEI S ,NUMCUT , NBAS E, NCOSTP, NCOMB, NAFLO, 

1 M NSTR,MGRUP,NFLC,NFHI,NFSTEP,BAND, CWF, DV,NAFL01 
C OMMON/C C5/NG1 , N62 , NG3,NG4 , NG5 , NG6 , NG7,NG8,N69,NG10,NGl1,NGS2,NG13 

1 ,NG14 ,NG15 ,NP1 ,NP2 
C CMM0N/CC6/TIT LEA (20) ,DATE, BLANK,T ITLE6( 20) 
COMMON/C C7/N, NB Y2 ,NBY2 PI ,NP0W2 ,FNYQ, OF 
OIMENSI ON ATI TLE (20) ,T I T l ( 5 ) , T I T 2 ( 5 ) 
REAL*8 DATE,BLANK,TITLEA,T ITLEB,ATITLE,T IT l ,T rT2 ,T ITLE 
COMPLE X 7 ,C ZERO ,P 
DATA A T I T L E / • SECONDS SE1SM06RAM hi 

ITH EFFECT CF SEISMOMETER REMOVED. 

DATA TI T1/»FREQLENCY (HZ) AMP( M ICRCN«S ECS ) • / 
DATA Tn2/*PHASE (RADIANS) A MPL IT DE AMP-MAGNIFC AT ION • / 
TITLE(16)=OATE 
DO IC I =1 ,N 
P ( I ) =C ZERO 
SEI S d ) =G.O 

IC CONTINUE 
on 20 I =6,15 
TITLE d ) =TI ILEA ( I ) 

2C CONTINUE 
IF (N INSTR.NE. l ) GO TO 175 
CALL V>WSSN(TMCRNS) 
DO 30 I =6 ,15 
TI TLE ( I ) = TnLEA ( I ) 

3C CONTINUE 
no 8G I =NAFL01 ,NBY2 
IF (REAL lPd ) ) . E G . 0 . 0 . AND. AIMAG(P(I) I .EQ.O.O) GO TO 4C 
Z( I ) = Z ( I ) / P ( I ) 
GO TO 5C 

4C Z d )=C ZERO 
5C AMP(n=TMCRNS«CABS(2(I)) 

XA=-1. C*AIMAG ( Z d ) ) 
VB=REAL(Z(I)) 
IF(XA.EQ.C.C.CR.XB.EC.O.O) GO TO 60 
PHASEd)=ATAN2(>A,XB) 
GO TO 8C 

6C PHA SE(I )=G.C 
PRINT 7C, I ,>A ,XB 

7C FORMAT( / / IC> , I 5 ,2F10 .5 ) ' 
EC CONTINUE 

CALL F l iLLP(NBY2Pl ,2 ) 

IF (NG8.NE. l ) GO TO 130 
00 9 0 I = 1 ,NBY2 
P ( I )=TMCRNS*Z ( I ) 

CO CONTINUE 
CALL F I LLLP (N8V2P1 ,P) 
CALL COOL(NPOV(2,P,-l.O) 
DO 100 I = 1 , N 
P ( n = P d ) /<DE LA*FLCAT (N) I 
S E I S d ) = R E A L ( P ( I ) ) 
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ICC C Q N I I N t E PRINT l i e , ( S E I S d ) , 1 = 1 , N S E I S ) lie FORMAT{1H1/ / /10) ( , *SEISMCGRAW WITHCUT INSTRUMENT ( M I C R O N S ) * , / / , 

1 ( 1 X , 1 2 F 1 0 . 3 ) ) 
AT ITLE ( 1 6 ) = 0 A T e 
DO 120 I = 1 7 , 2 C 
A T M L F ( I J =8LA^K 

12C CONTINUE 
CALL T IMSERIATITLE ,SE IS , ^ , D E L A , I F ) 

C 
13C 0 0 14C 1 = 1 , 5 

T ITLF ( I ) =TI T l ( I ) 
l ^C CONTINUE 

I F f N G 9 . N E . l ) GC TC 160 
NM=N8Y2-NAFLC1 
CALL CARGRF (F REG ( ^ A F L C U ,AK f ( .NAFLCl) ,NM) 

liC I F ( N G I C . N E . I ) GC TC 165 
TITLE ( 4 ) = T n 2 ( l ) 
T I TLE r 5 ) = TI T2 ( 2 ) 
CALL 0RIM(NBV2 ,PHASE) 
CALL CARGRF ( F R E Q U A F L C l ) ,PHASE(NAFLC1) ,NM) 
PRI NT 1 7 C , ( I ,FREQ ( I ) ,AMP(n ,PHAS£( n, I=NAFL01 ,NeY2 , 10) 
F n R M A T ( l H l / / / 8 X , » S E I S N 0 G R A M S PECT RUM W ITHOUT INSTRUMENT*, 

1 / / , 2 I8X,*FR£CLENCV« , 6 X , » A^'PL ITU 0E« , 8X, « PHAS E* , 5X I , 
2 / / , 2 ( I 5 , 3 E 1 5 . 7 ) ) 

I F l N G U . N E . l . A N D . N F l . N E . l ) GC TC 280 
NSHIFT = NCCMB/2 
INDF=1 
CALL SMOOTH {A^ 'P,FREC,^BY2 , ^ C C ^ E , ^ S H I F T , K ^ F L , INCF) 
PRINT 1 8 C , ( I , F R E Q { I ) . A M F d ) , I = 1 , K N F L ) 

: F0RMAT(1H1/8X, *S^CCTHE0 AF'PLITUCE SPECTRUM*, 
1 / / , 3 ( 8 ) < , * F R E C L E N C Y « , 6 X , * AMPLITUDE* ,3X) , 
2 / / , 3 ( I 5 , 2 £ 1 5 . 7 ) ) 

I F ( N 6 1 1 . N E . l ) GC TC 190 
TITLE (A ) =TI T l ( 4 ) 
TITLE { 5 ) = T I T l ( 5 ) 
I F (N INSTR.EQ. 1) GC TC 185 
T I T L E ( 4 ) = T I 12 (3 ) 
T I TLE (5 )=BLANK 

€^ CALL CARGRF <FREC,A^F,KNFL) 
^ C I F ( N P l . N E . l ) GC TC 2 8 0 

PLNCH SMCGTHED A K F . / F P E Q . SFECTRUf IN ( 2 E 1 5 . 7 ) . 
PUNCH 2 2 C , S T A N A M , 0 £ L T A D , T I T L E A ( 1 5 ) 

22C F 0 R M A T ( 8 A 1 , F 1 2 . 5 , 2 X , A 8 ) 
NL = 1 
NH=KNFL 
FLO«NFLG*OF 
FHI =NFHI*OF 

23C I F < F R E Q ( N L ) . G E . F L C ) GC TC 240 
NL=NL+1 
GO TO 23 0 

2AC I F ( F R E Q ( N H ) . L E . F H I ) GC TC 250 
NH=NH-1 
GO TO 24 0 

25C PUNCH 2 6 C , ( F R E Q ( I ) , A f ' F ( l ) , 1 ,STANAK,T ITLEA( 1 5 ) , I = N L , N H ) 
2fcC F O R M A T ( 2 E 1 5 . 7 , 1 5 X , I 5 , * A * , 9 X , 8 A 1 , 4 X , A 8 ) 

PRINT 2 7C ,NL ,KH 
27C FORMAT</1G>,•FREQUENCY RANGE OF PUNCHED OUT SPECTRUM*, 

1 / / 1 0 X , * N L = • , I 4 , 5 X , * N H =• , 1 4 ) 
28C RETURN 
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C A l f u U J E S THE 
CALCULATES IHE I H E C R E T l C A l INSTRU^EM RESPONSE MATCHING NEAREST TO THE OBSERVED DATA. SEE VESIAC PEPORT . 

CCMMGN/GRFF / T I T L E ( 2 0 ) , X« A X , X ̂ ' I N» Y AX, Y M IN , INDX, INCY, IND, ICOT, 
1 ANSTRl , I F , X L £ M I T , Y L I M I T , S C A L X , S C A L Y 
COMMON/C C I / 2 ( 2 0 ^ 8 1 t C Z E R C P ( 2 0 4 8 ) 

C(JMMON/CC2/SE I S (2 0 4 8 ) ,FREG ( 1 0 2 4 ) »AHP< 1024 ) , PHASE( 1 0 2 4 ) 
COMMON/C 0 4 / N S E I S ,DELA , 1 VSEI S , N U f GUT, NBASE, NCOSTP, NCOMB,NAFLO, 

I M N S T R , M G R U P , N F L C , N F H I , h F S T E P , B ^ N D , CWF,DV,NAFLOl 

COMMON/CC5/NG1 ,NG2 ,NG3 , NG4 , NG5 , NG6 , NG7, NG8, NG9, NGIG, N G l l , NG12, NO 13 
1 ,NG14,NG15,NP1 ,NP2 
COMMON/C C6 / T I TLEA ( 2 0 ) ,DATE , PLANK,TITLEB( 20 ) 
COMMON/C07/N,NBY? ,NBV2P1 ,NP0W2,FNYG,CF 
C0MMDN/CC9/Q1 (78 ) ,G2 ( 7 8 ) , G3 ( 7 8 ) , Q 4 ( 7 8 ) , G5( 78 ) , Q6( 78 ) , HHK 78 ) , HH2( 7 

18) ,SSIGMA ( 7 8 ) ,TT1 (781 ,TT2 (78 ) , F AC ( 7 8 ) , BA, C A, CA,TFAC( 7 8 ) 
COMMON/CI G/Ql 1 ,G22 , G 3 3 , C44 , G55 , Q66, FM ASS, G, CUR, CEFL,LAB EL,N SCALE 
COMPLEX Z,CZEPC,P,AYEf ' ,PCW 
DIMENSION A T I T L E ( 7 ) , R f ' S ( 7 8 ) 

REAL*8 T I TLEA , D A T E , B L A N K , T I T L E S , AT I T L E , T I T L E AYEM=CMPLX(0. 0 , - 1 , 0 ) 

DATA ATITLE/ 'FREGLENGV (HZ) SECCNCS AMP«MAGNIFCAT lONPHASE (RADIAN 
PRINT I C , (T ITLEB ( I ) ,1=6 , 1 5 ) 

F 0 R M A T ( 1 H 1 / / / 1 0 X , ' S E I S M O M E T E R CALIBRATION PULSE (RESPONSE TO A ST 
lEP OF ACCELERATICN) . • / / / , 
2 1 C X , I G A 8 / ) 
P I = 4 . 0 * A T A N ( 1 . 0 ) 
T I T L E ( 1 6 ) = D A T E 

A M P { 1 ) = C . C 
PHASE ( D ' s C . C 
P (1 )=C2ERC 

C NSCALE FOR '̂V CUN LSE ONLY WITH A . G . I . CATA 
C THERE ARE TV*0 DIFFERENT WUSSN F I L N CHIP SCALES 
C TIaO SCALE FACTORS FCP A . G . I . DATA ARE 
C 1 . 1 A . G . I . I M T = 0 . 3 2 2 5 8 SECS. ( S C A L E D 
C 2 . 1 A . G . I . UNIT = 0 . 1 6 3 1 3 SECS. (SCALE2) 

SCALE = 0 . 3 2 2 5 8 
I F (NSCALE.EG.2 ) SCALE=0. 16313 
Q11 = SCALE*Q11 
Q22 = SCALE*Q?2 ' 
033^SCALE*Q33 ' ' 
Q44 = SCALE*Q44 
Q55 = SCALE*G55 
Qfc6=SCALE*Q66 

FOR MY A . G . I . DATA 1 UNIT DISPLACEMENT IN Y = 0 , 0 8 MM. OEFL=0. C8*DEFL 

PRI NT 2 G,LABEL,NSC ALE,Q11 ,G22 ,Q33 ,Q44 ,Q55 ,Q66 ,FMASS,G,CUR,DEFL 
20 F O R M A T d C X ' C A L I BRATICN PULSE DAT^ LABEL NUMBER = » , i 5 / 

1 ICX'NSCALE =• ,14 , / / 
2 1 2 X , » Q l l C?? 

G22 G33 
FMASS G C " " 

9 X , 1 C ( F 8 . 4 , 2 X ) , / ) 
I F ( Q 3 3 . N E , C . C ) GC TC 40 
PRINT 3C " 

FORMAT( / ICX ,«G33 = 0 . d « ) 
CALL E X I T 
NL IBR=78 
PRINT 5 0 , N L I B R 
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P 0 R M A T a C X , ' N ^ » ' 6 £ B 

C 
00 SC I =1 ,NLIBR 
A = ( < Q l ( l ) - i 2 1 1 ) / Q l l ) * * 2 
B = ( (Q2 ( I ) - C 2 2 ) /G22) • ' •Z 
C = { ( Q 3 ( I ) - C 3 3 ) / C 3 3 ) * * 2 
0 = { { Q 4 ( I ) - C 4 4 ) / Q 4 4 ) * * 2 
E = ( {Q5(I)-e55) / C 5 5 ) * * 2 

C 
I F ( Q 6 6 > 7 C , 6 C , 7 C 

€C F^C .C 
G O TO 8C 
F = ( < Q 6 { I ) - G 6 6 ) / C 6 6 ) * * 2 
RM S ( i ) = SQRT (A+B+C+D+E+F ) 
- Ml 

1C 
l l C O H T I N U E 

C 

ÎĜ ŜSUKAIK) 
T2=TT21K) 

ICC 

C 

T T F A C = T F A C ( K ) 
F F A C = F A C ( K ) 
P R I N T I C C , K tRfSn N 
FQRMAT<1CX,*BEST F I T T I N G L I BR ARY S EISMOGRAPK IS NUMBER*, 1 5 , / / 

1 1CX,*V»ITH R . ^ ' . S . DEVIATION = * , F l o . 6 / ) 

0 1 = 1 1 / 1 2 ^ 1 - i * , . _ 

U=TTFAC / T l 
D 1 = G 1 * C 1 * < U * * 4 ) - ( 1 * 0 + ( C 1 + B 2 ) ' * C l ) * ( U * * 2 ) + l . 0 
0 2 = 2 . 0 * U * ( ( C 1 * H 1 + H 2 ) * C 1 * U * U - < H 1 + C I » H 2 ) ) 
F I =1/SQR n D l * D l + D 2 * D 2 ) 
FMFAC = ( F M A < S * O E F L * F F A C ) / C G * G U R * F l ) 
CALCULATE Af^PLITUDE RESPCNSEtMAGNIFCATION) AND PHASE. 
DO 110 I =2 ,NBY2 
U = l . O / ( F R E Q { I ) * T l ) 
0 1 = C 1 * C 1 * ( U * * 4 ) - ( 1 . 0 + ( C 1 + B 2 ) * C 1 ) * ( U * * 2 ) - H . 0 
0 2 = 2 . 0 * U * ( IC1*H1 + H2) *C1 * U * U - ( H 1 + C I * H 2 ) ) 
F 1=U/SQRT{01*D1+D2=*02) 
A MP ( I ) =F 1 * F AC 
PHA SE <I ) =ATAN ( 0 1 / 0 2 ) 
I F ( 0 2 . G E . C O PHASE( I ) = PHASE(n+PI 
PHASE ( I ) =PHASE ( D + F I 
P ( I )=CMPLX(A>«P( I ) *CCS(PHASE( I ) ) , - l . 0 * A M P ( I ) *S I N I PHASE( 

I G CONTINUE 
I F ( N G 5 . N E . l . A N D . N G 6 . N E . l . A N 0 . N G 7 . N E . l ) GO TO 180 
DO 120 1 = 5 , 1 5 
T I T L E d ) = T n L E B ( I ) 

12C CONTINUE 
1 F ( N G 5 . N E . 1 ) GG TC 160 
0 0 130 1^2 ,NB Y2, r ^ : 
P0k = ( 2 . C«FI * F P E C ( I ) ) • * ( - 3 . 0 ) 
P ( I ) = - 1 . 0 * A V E J ' * P ( I ) * F C W 43 
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15C 

13C CONTINLE 
CALL F I L L I P ( N B V 2 F I , F ) 
FREQ TO TIME. 
CALL COOL (NPCV2 ,F , - 1 . 0 ) 
DO 140 I = 1 , N 
P ( I ) = P ( I ) / ( D E I A * F L C A T ( N ) ) 
Sei S ( I ) = R E A L ( P ( I ) ) 

14C CONTINLE , ' 
TI TLE ( 3 ) =ATI TLE (3 ) 
I F = 3 

CALL T I N S E R ( T I T L E , S E I S , N , C E L A , I F ) 

DO 15G I = 2 , N B \ 2 

P d ) =CMPLX(Ah'P(I ) *CCS(FHASE( I ) ) , - 1 .0*AMP( I ) *S IN( PhASE( U ) ) 
CONTINUE 
P d X z e R c 

ZERC 

I F { N G 6 . N F . 1 . A N D . N G 7 . NE. l ) GC TC 200 
NM=NBY2-NAFLG1 
T I TLE ( 1 ) =ATI TLE ( 1 ) 
T I TLE ( 2 ) = A T I TLE ( 2 ) 
T ITLE(3 )=BLANK 
I F ( N G & . N E . l ) GC TC 17C 
TI TLE ( 4 ) =ATI TLE ( 4 ) 
TITLE ( 5 ) = A T I T L e ( 5 ) 

CALL CARGRF (FREG(NAFLCl ) ,AMF{NAFLC1) ,NM) 
n C ' f P ( f ^ G 7 . N E . l ) GC TC 180 

TITLE ( 4 ) =ATI T L E I 6 ) 
T I TLE ( 5 ) = A T I TLE (7 ) 
CALL DRL^(NBY2,PHASE) 
CALL CARGRF (FREG(NAFLCl) ,FHASE(NAFLG1) ,NM) 

18C PRINT 1 9 C , ( I , F R E Q ( I ) , A V P ( I ) , P H A S E ( I ) , I = N A F L 0 I , N B Y 2 , 10) 
ISC FORMA T ( I H 1 / / / 8 X , * i NSTRUNENT PESPCNSE" , 

1 / / , 2 (8X,«FRECL£NCY» , 6 X , » Af«FL ITUD E« , 8X, • Pt-AS E», 5 X 1 * 
2 / / , 2 ( I 5 , 3 E 1 5 . 7 ) ) C 

2CC TMCRNS = 8 C . 0 
0 0 21C I = 1 , N B \ 2 
J=NBY2-H 
S E I S ( I ) = C . C 
S E I S ( J ) = C . C 
AMP ( I ) =C. C 
P H A S E ( I ) = C . C 

21C CONTINUE 
RETLRN 
END 
.SU8ROUTINE LGRUP 

PERFORMS THE ^«ULTI FLE F ILTERING ANALYSIS TO PROIXJCE THE DISPERSION 
CHARACTERISTIC AS A FUNCTICN CF FRECUENCY AND VELOCITY OF ARRIVAL 
I . E . THE 2 -D KATRIX E. 

CCMMON/CC1/2(2048) , C 2 E R C , P ( 2 0 4 8 ) 
COMMON/C C 8 / E ( 12 0 , 1 2 0 ) 
C0MM0N/CC4/NSE 

1 M 

N A a o i 
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COMM0N/CC7/N,N8Y2 ,NB\2PI ,NPCW2,FNYC,CF 
COMMON/CC3/STANAM(8) ,DELTAD, CELT A , CRIGTM, GMTSEC 
COMMON/C 0 2 / S E I S (2 0 4 8 ) ,FREG( 1024 ) , AMP( 1024 ) , PHAS E( 1 0 2 4 ) 
DIMENSION VSTEP ( 1 2 0 ) ,FREGC(120) , T A B L E ( 2 , 2 0 4 8 ) 

COMPLEX Z,CZERO,P 
EQUIVALENCE ( V S TE P ( 1 ) , S E I S ( 1 ) ) , 

1 (FREGC ( 1 ) , S e i S ( 1 2 1 ) ) , 
( T A B L E d , 1 ) , S E I S ( 1 0 2 5 ) ) 

DO 5 1 = 1 . 1 C 2 4 
j r l C 2 4 + X 
S E I S I D ' ^ . C 
S E l S t J ) = C . C 
f R E Q i n = c . c 

.» • _ r r. A M P d ) = C. C 
PHA SE(n=C.C 
CONTINUE 

VELOCITY TC F I R S T 3. LAST SANPLES. 

TF=GMTSEC 
VSF=DELTA/ (TF-CRIGTf ' ) 
TL=GMTSEC+FLOAI ( N - 1 ) *DELA 

- TA v rTL -CRIGTN) 

IC 

TL=GMTSEC+FLU» n , , 
VSL=DELTA/ ( TL-CRIGT^ ' ) 
PRINT l C , G R I G T f , G M S E C , T L , V S F , V S L 
F0RMAT{1H1/ /1CX, *GRCUP VELOCITY CALCULATION*, 

1 / I C X , * ^ t , 
2 / / 1 C X , * C R I G I N TIME OF EVENT IS * , FIO . 2 , 2X, 'SECONDS*, 
^ / / 1 0 X , * T I H E CF FIRST SAMPLE IS FIO . 2, 2X, • SECONDS*, 

/ / 1 C X , * T I ^ ' E OF LAST SAMPLE IS • , F10 , 2 , 2X, *SECONDS* , 
/ / I C X , * V E L C C I T Y t C FIRST SAMPLE IS • , F7 . 3 , I X , 'KMS/SEC * , 
/ / 1 0 X , » V £ L C C I T Y TC LAST SAMPLE IS » , F7 . 3 , I X , *KMS/SEC • J 

VELOCITY TO EACH E d ) . (EACH D IG IT I N T IME SERIES) 
DO 20 I =1 ,N 
K = N - I + 1 

TABLE ( 1 , 1 )=DELTA/ (G>TSEC+FL0AT(K-1 )«CELA-0RIGTM ) 

CONTINUE 
MAKE SURE NC. CF VELCCITIES I S LE TC 1 2 0 . 

- - »'<;i==5,0 

4 
c 
6 

MAKE SURE NL. ur 
, I F ( V S F . G T . 5 . 0 ) VSF=5.0 

2C NLIM = (V SF^VSL) /DV 
I F ( N L I M. L E . 120 ) GC TC 4 0 
D V = 2 . 0 * D V 
GO TO 3 0 

V S T f P ( l ) =VSF-0V 
I F ( V S T E P ( K ) . L E . VSL) GC TC 6 0 

r M E M K ) = X S i e H ^ - U - O V 

GO TO 5C NR0V»=K-1 
PRINT 7C,NRC1* 
F O R M A T ( / 1 C X , * N 0 . CF VELOCITY STEPS = NROW = * , I 5 ) 
SET UP F I L T E R VALUES. 
BETA=ALOG (DKF) 
ALPHA =BETA/BAN0**2 
PRINT 8C,BETA,ALPHA,OF 
f O R M A T ( / 1 C X , * B E T A = • ,F8 . 3 , 5 X , * ALPHA = • , FB . 3 , 5X, * FUNOAM EN TAL OF I « , F 8 . 6 ) 

CALL 7.ERO20(E . 1 2 0 * ^ 2 0 ) 
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c 
c 

i c c 

CHOOSE CENTRE FRECLENCIES. 
NC0L=1 
I F ( N F L 0 . L T , N A F L C 1 ) CALL EXIT 
FREQC ( U =NFLC*DF 
NFC TWO = NFLC+NFSTEF 
DO 90 I=NFCTWC,NFHI ,NFSTEP 
NC0L=NC0L+1 
FREQC (NCOL) =FRECC (NCCL-1)+NFST EP*CF <;C CONTINUE 
PRINT I C C N C C L 

FORMAT( /1CX,»MWBER CF FRECUENCY STEPS = NCOL = » , I 5 ) 
I F ( N C 0 L . G T , 1 2 C ) CALL E X I T 
DO 140 J = 1,NCCL 
JCOL = J 

CALL GALSSA(FREGC(J ) ,ALPHA,JCCL) 
0 0 110 1 = 1 , N 
P ( I ) = P ( I ) * Z ( I ) 

lie CONTINUE 
CALL C0GL(NPCV2 , P , - 1 . 0 ) 
00 120 I = 1 , N 
K = N - I + 1 

TABLE ( 2 , I ) = C A B S ( P ( K ) ) / ( F L C A T ( N B Y 2 ) * C E L A ) 
12C CONTINUE 

. DO 130. I =1,NRCV« 

CALL L O C K d ,2 , N , T A B L E , V S T E P ( I ) , E ( J , I ) ) 
130 ; CONTINUE 
l^C CQNTINUE 

C 
CALL UEMTR>(NRC^^,^CGL) 
RETURN 
END 

SLBROUTI NE GA l SSA (FC ,AL PHA, JCOLI 
C 

CREATES I N THE FREGUENCY DGNAIN A BANDPASS GAUSSIAN FILTER OF SPECIFIFD ' G * . 

COMMON/C C I / Z (2048 ) ,C ZERO, P ( 2 0 4 8 ) 
COMM0N/CC7/N,N8V2 ,NBY2P1 ,NPGW2,FNYC,DF 
CQMM0N/CC4/NSEI S ,0ELA, IVSEIS,NUNCUT,NBASE,NC0STP,NC0M8,NAFL0, 

1 M NSTR,NUGRUP,NFLO,NFHI,NFSTEP,BANO, CWF, C V , N A a 0 1 COMPLEX ?,C2ERG,P,CFXCNE 
C P XHNP = f 1 r r. « . CPXONE = ( ! . C , 0 . 0 ) 
DO 10 I = 1 , N 
P ( I X ZERO 

IC CONTINUE 
LMl=FC /DF + C.5 
L=LM1 + 1 

2C 

F L 0 = ( 1 . C - 8 A N 0 ) * F C 
FHI = ( 1 . G+BAND) *FC 
LL = ( F C - F L C ) / 0 F + C . 5 
CHECK F I L T E R I S V^ITHIN T I f E S E R I E S . 

I F ( ( F C - F L C A T ( L L ) *DF) . G T . 0 . 0 . AND. ( FC + FLOAT( LL )'*CF) .LT,FNYQ)GO TO 3C PRINT 2C,FC , L L 
F 0 R M A T ( y / l C > , « F C = « , F 1 0 . 5 , 5 X , « L L = « , I 5 ) 
CALL EX I T 
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2C 
C 

AG 

P(L)=CPXCNE 
CHECK F I LTER H DTH. 
I F ( L L . G E . 1) GO TC 50 
PRINT 4 C , L L 

F O R M A T ( / / l O X , ' C H E C K PARAMETER BANC. LL = * , I 5 ) 

CALL E X I T 5C 
00 60 I =1 »l-L 
J = L - l 
K=L+T 

C 

7C 

8C 
C 

C 
C 
c 
C 
C 

FF=FF-OF p ^ j ^ p C ) * * 2 

r.r=c"H;nrEr̂  
9 (K) =P ^J5 

eC CONTINUE 

I F ( JCOL .EQ. I ) PRI NT 70 
F O R M A T ( / I C X , ' F C = F I L T E R CENTPE FHEGUENCY ( H Z ) F C = ( L - 1 ) * P F * , 

1 / I CX,*l=FREGUENCY ARRAY INCEX NO. C O P R E S P O N C I N G TO F C , 
2; : • /1;CX ,»FLC FHI A F E : F l LT ER BAND L IM ITS FLO=( 1~BAND)=«^FC * , 
3 / 1 C X , » N F I L T = N C . CF F ILTER P O I N T S ' , 
A • / / . ; 6 X , » N C C L » , 9 > , ! L ' , 1 0 X , » , F C ' , 1 3 X , ' F L 0 « , lOX, ' F H I ' , 12X, ' N F I L T ' 
5 ) 

PRINT 8 C , JCCL ,L ,FC , F I C , F H I , N F I L T 
F O R M A T { 2 { 5 X , I 5 ) ,3 ( 5 X , F 1 0 . 5 ) , 5 X , I 5 ) 

RETURN . 
END 
SUBROUTINE UEf*TRX(NPCW,NCCL) 
PRODUCES THE GRCUP VELCCITY / FREGUENCY CURVE FROM E BY OBTAINING 
THE VELOCITY CF THE MAXIMUM ENERGY ARRIVAL AT EACH FREQUENCY. 
SCALES THE >'A1RIX E RELATIVE TC A M i»X IMU M V ALU E OF ^ 9 0 8 . 
COMMON/GRFF/Tl TLE ( 2 0 ) ,XMAX,XMIN,YMAX,YMIN, INDX, INDY, INO, lOOT, 

1 ANSTRl » i F , X L I MIT ,YL IMIT ,SCALX,SCALY 
COMMON/C 0 2 / S E I 8 ( 1 0 2 4 ) 
CCMM0N/CC3/STANA^ (8 ) 
COMMON/C C4/NSEI S ,DELA, I V S E I S ,NUMCUT , NBAS £ , NCQStP, NCOMB, NAFLO, 

1 M NSTR,NUGRUP,NFLC,NFHI,NFSTEP,BAND, CW F, DV,NAFL01 
C0MM0N/CC5/NG1 ,NG2,,,NG3,,NG4.,NG5 ,NG6,NC-X, NG8, NG9, NG10,NG11,NG12,NG13 

1 ,NG14,NG15 j N P l ,NP2 
C CMMON/CC6/TIT LEA ( 2 0 ) , O f T E , BLANK , 
COMMON/CC8/E(120 ,120) 
DIMENSION VSTEP(120) ,FREGC(120) , X ( 1 2 0 ) , Y ( 120 ) , U { 120 ) , PER IOD( 1 2 C ) , 

1 ATI U E ( 6 ) 
R£AL*B A TITLE , T ITLE , T I T LEA,DATE t BLANK 
EQUIVALENCE ( \ < TE P ( 1 ) , S E r S ( 1 ) ) , 

1 (FREQC ( 1 ) , S E I S { 1 2 1 ) ) , 
2 ( X ( l ) , S E I S ( 2 4 l ) ) , 
3 ( Y d ) , SEI S ( 3 6 1 ) ) , 
4 ( U ( l ) , S E I S ( 4 8 1 ) ) , 
5 ( PERI CD ( 1 ) , S E I S ( 6 0 1 ) ) DATA A T I TLE/'FREGUENCY (HI) PERICC (S ECONCS )6RP .VEL . KMS/SEC * / 

' o T =1 .NRGK 
DS i o i = i . N R o r 
y(n=vsTEP(n 



IC CONTINUE 
EMA X = C. C 
DO AO J = l ,NCCL 
DO 20 I =1 ,NROV* 
Y ( I ) = E ( J , I ) 

2C CONTINUE 
CALL AMAXN(Y,NRCV»,U(J ) , IR ) 
YMAX=AB S ( U ( J ) ) 
I F ( t M A X . G E . > M A X ) GC TC 30 
IRM=IR 
JCM = J 
EMAX = YMAX 

C QLADRATIC F I T ABCUT fAXINU^ ' VALUE. 
3 r XO = X ( I R ) 

A = 0 . 5 * ( V ( I R - 1 )+V ( I R + 1 ) - 2 . 0 ' » Y ( I R ) ) 
B = C . 5 * ( - V ( I R - 1 ) + Y ( I R + 1 ) ) 
C = Y ( I R ) 
PERIOD ( J ) =1 .0 /FPECC (J ) 
U ( J ) = X 0 + C . 5 * B / A * D V 

AC CONTINUE 

PRINT 5 C , ( J , F R £ C C { J ) , P E R I C D ( J ) , U ( J ) , J = 1 , N C 0 L ) 
5G FnRMAT( lH l /20X,»FR£GUENCY (HZ) A PERIOD (SECS)/GROUP VELOCITY (KMS 1 / S E C S ) ' , 

2 / / , 3 ( 7 > , » F P E C U E N C V » ,5X,VFERICC« , 5 X , « U VELOCITY • ) , 
2 / / ,3 ( I 4 , 3 E 1 3 . 5 ) ) 
PRINT 6 C , E ^ A X , I R ^ , J C N -

6C FORMAT( / / 1 C > , ' E N A X =* , E 1 5 . 7 , 5 X , » IPM , 15 , 5X, » K M 1 5 ) 
DO 70 I = 6 , 1 6 
TITLE ( I ) = TITLE A ( I ) 

7C CONTINUE 
T ITLE(3 )=BLANK 
TITLE ( 4 ) =ATI TLE (5 ) 
T I TLE ( 5 ) =ATI TLE (6) 
IF (NG12 .NE. 1) GC TC 80 
TITLE ( 1 ) =ATI TLE (1 ) 
TITLE (2 ) =ATI TLE ( 2 ) 

CALL CARGRF(FREGC,U,NCCL) 
eC I F ( N G 1 3 . N E . l ) GC TC 90 

TITLE (1 ) =ATITLE (3 ) 
TI TLE ( 2 ) =ATI TLE (4 ) 

CALL CARGRF(PERICD,U,NCCL) 
I F ( N P 2 . N E . l ) GG TC 130 . . 

PUNCH FREQUENCY (HZ) AND GROUP VELOCITY (KMS/SEC) IN ( 2 E 1 5 . 7 ) . 
PUNCH 1 2 0 , ( F R E Q C ( I ) , U ( I ) , I , S T A N A M , T I T L E A ( 1 5 ) , I = 1 , N C 0 L ) 

12C F 0 R M A T ( 2 E 1 5 . 7 , 1 5 X , I 5 , » U » , 9 X , 8 A 1 , 4 X , A 8 ) 
C 

13C bo 15C J = l ,NCGL 
DO 14C I= l ,NRCte 
F ( J , I ) = 2 C . C * A L G G 1 0 ( E ( J , I ) / e f A X ) + 9 9 . 0 
CONTINUE 
CONTINUE 
PRINT OUT E MATPI X. 
N A 2 ' ( N C 0 L ~ 1 ) / 4 2 + 1 
0 0 20C I Z = l ,N42 
N L 0 W = ( r Z - l ) * 4 2 + l 
NHY=NL0Vv+4l 
IF (NHY.GT.NCCL) NH>=NCOL 
PRINT 16C 
FORMAT{1H1/ /50X,«? 'ATRIX CF E ( l ) « , / / / ) 
I F ( I Z . E Q . l ) PRI NT 1 7 C , ( F P E Q C ( I ) , I ' 1 , N H Y , 1 0 ) 
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17C FORMAT(7X ,F5 .3 , 4 ( 2 5 X , F 5 . 3 ) ) 
0 0 180 I =1 ,NRCV» 
PRINT l ^ C V S T E P d ) , ( E ( J , I ) , J = N L C W , N H Y ) 

18C CONTINUE 
ISC F 0 R M A T ( 1 X , F 4 . 2 , 1 X , 4 2 F 3 . 0 ) 

' 2CC CONTINUE 
I F ( N G 1 4 . N E . l ) GC TC 210 
CALL CONTUR(E , NCC L , NRCW ,120 ,5 . 0 ,5 . 0 , 1 0 0 . 0 , 3 ) 

2 U RE^^f^'^ 
END 

C 
r, 
C 
G 
C 
C 
c 
c 
c 

" c 
c 

c 
c 

c 

END 
SUBROUTINE CGC L (N , > X , S I G M ) 
THIS SUBROUTINE WAS PRCGRAMVEC BY I.MACLECC, DEPT. OF 
ENGINEERING PH V SI C S , A. N. U . AND HAS BORROWED FROM C. MCCOWAN*S 
COOL AND I B M ' S HARN. 

SINGLE PRECISION VERSION f C C I F I E C BY J.B.YOUNG FOR THE 3 6 C / 7 5 , 

DIMENSION V»(14) , X X ( 1 ) , N f i I T ( 2 0 ) , J N T ( 2 0 ) 

INTEGER OFFSET 
DATA N X / C / 

C 
I F ( N X . G T . C ) G O TO 100 
ROOT2 = SQRT(2. 0) 
P I 2 = 8 . 0 * A T A N { 1 . 0) 

K C NX = 2 * * N 
NX2=NX+NX 
NX2LS1=N>2-1 
NX2LS2 = N > 2 - 2 
NXON8=NX/8 
NXON4=NX0N8+N>CN8 
NXON2=NXCN4+NX0N4 
CCN1=PI2 /FLCAT(NX) 
I F ( S I G N I . G T . O . O G C TC 120 

C 
DO lie K = l ,NX2LS1 ,2 
X X ( K + l ) =->X(K+l) 

lie CONTINUE 
C 

12C DO 13C K = l , N 
J N T ( K ) = 2 « * ( N - K ) 

13C CONTINUE 
C 

LSTART=N-N/3*3+l 
I F (LSTART.E(2. D G C TC 2 0 0 
I F ( L S T A R T . E Q . 2 ) G C TC 150 
LBLOK2=NXCN2 
L2B LOK = L B L 0 K 2 - l 

C 
DO 14C K 0 = 1 , L 2 B L C K , 2 
K1=K0+LBLCK2 
K2=Kl+LRLCK2 
K3=K2+LBLCK2 
ACR=XX(KC) + XX(K2) 
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c 

A Cl =XX(KC+1)+ ^X (K2+1) 
a IR ==VX(KC)->X (K2) 
A l l =XX(KC+1) -XX {K2+1) 
A 2 R = y y ( K l ) + > X { K 3 ) 
A2 I = y X ( K l + l ) + XX(K3 + 1) 
A m=XX(K1)->X(K3) 
A3 I =XX(K1 + 1 ) - X X ( K 3 + 1 ) 
XX{KG) =ACR+A2R 
y X ( K O + l ) =ACI+A2 I 
X X ( K n =ACR-A2P 
X X ( K 1 + I ) = A 0 I - A 2 I 
X X { K 2 ) = A 1 R - A 3 I 
X X ( K 2 + 1 ) = A 1 I + A 3 H 
XX{K3 )=A1R+A3 I 
X X ( K 3 + 1 ) = A 1 I - A 3 R 

lAC CONTINUE GO TO 2 CO 
C 

15C L3LQK2=NX 
L2BLOK=LBLOK2- l 

DO 16G KC = 1 ,L2BLCK,2 
K1=KC+LBLCK2 
A i R = y x ( K n 
A l l =XX(K1 + 1) 
X X ( K l ) - X X { K C ) - A I R 
X X ( K I + n = X X ( K C + l ) - A l I 
XX{KG)=XX (KG)+A1R 
XX(K0+1 ) =XX ( K O + l ) + A1 I 

U C CONTINUE 
C 
C 

2CC 00 3C0 f'=LSTART ,N ,3 
L B L O K 2 = N X / 2 * * (M- f l ) 
L2RLOK = L B L C K 2 - l 
L B L 0 K l = L 2 B L C K - l 
LBLnK8=LBLCK2*8 
LBLAST=NX2-LBLCK8+1 
DO 21C K = 4 , N 
N B I T ( K ) = 0 

21C CONTINUE 

NVs=C 

DO 290 OFFSET=I ,LRLAST,LHLCK8 
I F (OFF SET.EG. l ) G C TC 220 
AKG=C0N1*FLCAT (NVi) 
W(n=C0S(ARG) 
W(2) = S1 N(ARG) 
C SSQA = V ^ ( 1 ) * K 1 ) 
K ( 3 ) =C SSQA+CSSCA-1.0 
Vv(4) =W(1)*V* (2) 
^<(4)=^ {̂''̂ ) + K 4 ) 
V v { 5 ) = W ( 3 ) * V ( l ) - V ( 4 ) * K 2 ) 
Vv(6>=W(4) *V> (1 )+Vv,(3) *V i (2 ) 
C SSQ2A = l * (3)*W (3) 
Vj (7)=CSSQ2A+CSSG2A-1.0 
W(8) = W ( 4 ) * K 3 ) 
W( 8) =W( 8) + V> (8 ) 
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W ( 9 ) = V < ( 7 ) * V ( ( 1 ) - W ( 8 ) * V ( 2 ) 
W(10) = V j { 8 ) * W ( l ) + K ( 7 ) *W(2 ) 
C SSQ3A=V>(5)*te (5 ) 
W ( l l ) =CSSQ3A+CSSC3A-1.0 
k ( 1 2 ) = W ( 6 ) « V ( 5 ) 
W{12) =W{12) + W(12) 
W(13) = W ( 7 ) * V ( ( 5 ) - W { 8 ) =•^(6) 
V«(14) = W ( 8 ) * W ( 5 ) + V»(7)*V«(6) 

22C LBL0KO=0FFSET+LBLCKl 

C 
DO 2 6 0 KC=0FF SET,L8LCKC,2 
K1=K0+LBLCK2 
K2=K1+LBLCK2 
K3=K2+LBLCK2 
K4=K3+LBLCK2 
K5=K4+LBLCK2 
K6 = K5+LBLCK2 
K7=K6+LBLGK2 
XK0V<R=XX(KG) 
XKOkl =XX(KC+1) 
I F (OFF SET.NE. 1) GC IC 2 4 0 

' . XKmR = X X ( K l ) 
XKIWI =XX(K1+1) 
XK2WR=XX(K2) 

- - XK2ViI =XX(K2+1) 
XK3WR=:XX(K3) 
XK3WI=XX(K3+1) 
XK4WR=XX(K4) 
XK4ViI =XX(K4+1) 
XK5WR = XX(K5) 
X K 5 V I = X X ( K 5 + 1 ) 
XK6WR=XX(K6) 
XK6WI =XX(K6+1) 
XK7WR = XX(K7) 
XK7WI =XX(K7+1 ) 
GO TO 2 50 
XK1WR = X X ( K 1 ) * K ( 1 ) - > X ( K l + 1 ) * W ( 2 ) 
XKIWI = X X ( K 1 ) * V ( ( 2 ) + >X(K1 + 1 ) * W ( 1 ) 
XK2WR = X X ( K 2 ) * W ( 3 ) - X X ( K 2 - H ) * W ( 4 ) 
XK2VT = X X ( K 2 ) * V ( 4 ) + >X(K2 + 1 ) 4 W ( 3 ) 
XK3V<R = X X ( K 3 ) * V > ( 5 ) - X X ( K 3 + l ) • W ( 6 ) 
XK3WI = X X ( K 3 ) * * t ( 6 ) + XX(K3 + l ) • W ( 5 ) 
XK4WR = X X ( K 4 ) * W ( 7 ) -XX (K4 + 1 ) '»W(8) 
XK4WI =XX{K4 ) *V ( (8 ) + >X(K4 + l ) * W ( 7 ) 
XK5WR = X X ( K 5 ) * V ( 9 ) = - > X ( K 5 + 1 ) * W ( 1 0 ) 
XK5WI = X X ( K 5 ) * K 1 0 ) + XX(K5 + 1 ) * W ( 9 ) 
XK6WR = X X ( K 6 ) * V ( 1 1 ) - X X ( K 6 + l ) * W ( l 2 ) 
XK6WI =XX(K6) *V>(12) + XX(K6 + 1 ) • W ( l l ) 
XK7WR = XX(K7)*V«(13) - > X ( K 7 - H ) • W ( 1 4 ) 
XK7V«I = X X ( K 7 ) « W ( 1 4 ) + X X ( K 7 + 1 ) * W ( 1 3 ) 

C A0R=XK0WR+XK4V.R 
ACI =XK0WI + XK4W 
A1R=XK1WR+XK5V(R 
A l I = X K l W I + XK5m 
A2R-XK2VR+XK6WR 
A 2 I =XK2m + >K6W 
A3R=XK3WR+XK7ViR 
A 31 =XK3V«H-XK7KI 

24C 

/i,AR=A0R+A2R 
A A I = A 0 I + A21 
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A5R=ACR-A2R 
A 51 =ACI - A 2 I 
AfR =A1R + A3R 
A 6 I = A 1 I + A 3 I 
A7R =A31-AVI 
A-?I=A1R-A3R 
XX(K0>=A4R+A6R 
X X ( K C + 1 ) = A 4 I + A 6 I 
X X ( K l ) = A 4 R - A 6 R 
X X ( K 1 + 1 ) = A 4 I - A 6 I 
XX{K2)=A5R+A7P 
XX(K2*-1) =A5I + A7I 
>X(K3)=A5R-A7R 
XX{K3f I ) = A 5 I - A 7 I 
A CR=XKClvR-XK4V>R 
A GI =XKCVtI-XK4VvI 
A 8R=XKlt\R-XK5VR 
A 81 =XK1 W I - X K 5 H 
A1R=A 8R-AEI 
A U = A 8 R + A 8 I 
A2R = yK6VsI-XK2V>i 
A2 I =XK2V»R-XK6VR 
A eR = XK3V»R-XK7i»R 
A 81 =XK3VyI-XK7V<I 
A3R=A BR-A 81 
A3 I =A 8R + A8 I 
A AR =ACR+A2R 
A 4 I = A C H - A 2 I 
A5R=ACR-A2R 
A 5 I = A C I - A 2 I 
A 6 R = ( A 1 R - A 3 I ) / R C C T 2 
A 6 I = ( A U + A 3 R ) /RCCT2 
A 7 R = ( A 3 R - A 1 I ) /RCCT2 
A 7 I = ( A 3 I + A1R) /RCCT2 
XX(K4) =A4R+A6R 
X X ( K 4 + 1 ) = A 4 I + A 6 I 
XX(K5)=A4R-A6R 
X X ( K 5 + 1 ) = A 4 I - A 6 I 
XX(K6)=A5R+A7R 
XX(K6+1) = A 5 I + A 7 I 
XX(K7)=A5R-A7R 
XX(K7+1) = A 5 I - A 7 I 
CONTINUE 

DO 280 K=4 ,N 
I F ( N B I T ( K ) . N E . O ) G C TC 2 7 0 
N 8 I T ( K ) = 1 
NV=NW+JNT(K) 
GO TO 2<;G 

27C N B I T ( K ) = C 
NW=NW-JNT (K) 

2eC CONTI NUE 

CONTINUE 
CCNTI NUE 

NV» = G 

DO 310 K = l , ^ 
JNT(K) =JNT(K) + JKTd<) 
NBI T ( K j = C 
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-tic CONTINUE 
C 

K = 0 
I F (NW.LE. K)GC TC 320 
HOLDR=XX(NVt+l) 
HOLDI=XX(NW+2) 
X X ( N W - H ) = > X d ) 
XX(NW+2) =XX(2) 
XX(1) =HOLDR 
XX(2) =HOLDI 

C 
3 2C DO 34G M = 1,N 

I F ( N B I T ( M ) . N E . 0 ) G 0 TC 330 
N B I T ( M ) = 1 
NV*=NW+JNT(M) 
GO TO 350 

33C N 8 I T ( M ) = 0 
NVi=NW-JNT(M) 

3AC CONTINUE 
C 

35C DO 390 K = 2,NX2LS2 ,2 
I F I N W . L E . K ) G C TC 360 
HQL0R=XX{NW+1) 
HOLDI=XX(NU+2) 
XX(NW+1) =XX(K+1) 
XX(NW+2)=XX(K+2) 
X X ( K + l ) =HOLOR 
XX(K+2) =HCLDI 

C 
3eC DO 380 f = 1 , N 

I F ( N B n ( M ) . N E . O ) G G TC 3 7 0 
N B I T ( M ) = 1 
NV»=NV<+JNT(M) 
GO TO 39C 

31C N B I T ( M ) = 0 
NV»=NW-JNT(M) 

38C CONTINUE 
C 

3SC CONTINUE 
C 

I F ( S I G N I . G T . O . OGC TC 4 2 0 

DO 410 K = 1,NX2LS1 ,2 
XX(K+1) = - > X ( K + l ) 

41C CONTINUE 
C 
C 

^2C RETURN 
END 
SUBROUTINE PGK ( N , NB Y2 ,NeY2 P I , NPGW2) 

C 
C 

NBY2=N/2 
NBY2P1=NB Y2+1 
A = { N - l ) / 2 
NPOW2=ALOG1C(A) /ALCGIO ( 2 . 0 ) + 2 . 0 
RETURN 
END 
SUBROUTINE ZRLGAO (N , X , Z) 
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UIMENSI CN X (N) , Z (N) 
COMPLE X Z 
DO 1 I = 1 , N 
Z ( I )=CMPLX()«( l ) ,C .O) 
CONTI NUE 
RETURN 
END 
SLBROUTINt F l LLUF (NCFTS,Z) 

DIMENSION Z ( l ) 
COMPLEX Z,CZERC 
CZERO=CMPLX(C.0 ,0 .0 ) 
AN=N0PTS-2 
N=AL0G1 C(AN) /ALCGIG ( 2 . 0 ) + 1.0 
N 1 = ( 2 * * N > + 1 
N2 = 2 * * (N+1) 
N1M1=N1-1 
00 I I =2 , M f ' l 
N N = N 2 - I + 2 
7 (NN) =CCN JG ( Z ( I ) ) 

CONTINUE 
7 ( N l ) =C ZERC 
RETURN 
END 

GENERAL USER SUBROUTINE TIMER 
FROM THE CALL - CALL T I f E R 

THE TIMF FROM THE LAST CALL T I N f w IS PRINTEC OUT 
THE F IRST CALL SETS LP T I f E R 

SUBROUTINE TINER 
DATA DIFF / C . / 
I F ( D I F F ) 2 , 1 , 2 

CALL CLOC K ( D I F F ) 
D I F F = D I F F « 6 C . 
RETURN 

CALL C L C C K d l NE) 
T IME=TIME*6C. 
DIFF = T I M E - D I F F 
PRINT 3 , DIFF 
FORMAT ( 8 C X , 2 9 H T I NE ElAPSEC FRCN L«ST CALL = , F 1 0 . 4 , 8 F SECONDS) 
OIFF=TIME 
RETURN 

END 

SUBROUTINE BASE ( > ,N ,T Y FE , I P I ) 

DIMENSION X(N) 
R£AL*8 MEAN,TYPE * * * 
DATA MEAN/8HMEAN / 
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IND :3 C O S I N E T A P E R C O S I N E T /SPER BACK ENC OF C U R V E 

C 
C 
C 

C 
C 

y I S THE ARRAY. 

fs]__^ j S -fHE NUfBEP CF POINTS I N THE ARRAY. 

NO I S THE STARTING ^U^«EER. 

DIMENSION >(N) 

AND = NO-1 
PHI = P I /ANC 
CPHI = CCS (PH I ) 
SPHl = SIN ( P H I ) 
C THETl = 1 . 
STHETl = C. 
CTHET2 = 1 . 
STHET2 = C. 

DO 1 I = 1,NC 
GO TO ( 2 , 3 , 4 ) ,1 NO 

2 lA = N - I + 1 
5 TN = I 

GO TO 5 
4 I N = N- I + 1 
5 X d N ) = C . 5 * X d N ) * ( l . - CTHET2) 

GO TO ( 6 , 9 , 9 ) , IND 
e X ( I A ) = C . 5 * X d A ) * ( l . - CTHET2) 
9 CALL SI NCOS(CPHI ,SPHI ,CTHET1 ,STHETl ,CTHET2,STHET2) 
1 CONTINUE 

RETURN 
END 
SUBROUTINE SI NCGS (C PHI , S PHI ,CTHET l ,STHET 1 , CTHET2, STHET2 ) 

CTHET2 = C T H E n * C P H I - STHETl *SPHI 
STHET2 = STHET1*CFHI + CTHET1*SPHI 
C THETl = C THE T2 
STHETl = STHET2 
RETURN 
END 
SUBROUTINE ORUf (LPH Z ,PHZ) 

C 
C DRUM MAKES PHASE CURVE CCNTINUGUS 
C 

DIMENSION PHZ(LPHZ) 
P I = 4 . 0*ATAN ( 1 . 0 ) 
P I 2 = 2 . C*PI 
PJ = C. 
DO 40 I = 2 , L P H Z 
I F ( A B S ( P H Z ( I ) + P J - P H Z ( I - l ) ) - P I ) 4 0 , 4 0 , 1 0 

IC I F ( P H ? ( I ) + P J - P H Z ( I - l ) ) 2 0 , 4 0 , 3 0 
•2C PJ=PJ+PI 2 

GO TO 40 
56 



SUMX = C 
SUMI X = C 
AN = N 
I F (TYPE - MEAN) 1 , 2 , 1 

1 IND = 1 
GO TO 3 

2 IND = 2 
3 00 4 I = 1,N 

A I = I 
SUMX = SUN> + X ( I ) 

GO TO ( 5 , 4 ) ,1 NO 
5 SUMI X = SUM X 4- A I * X ( I ) 
4 CONTINUE 

XBAR = SUN >/AN 
GO TO ( 6 , 7 ) ,1 ND 

6 XINTO = ( ( ( 4 . * A N ) + 2 . ) « S U M X - 6 . * S U M I X ) / ( A N * ( A N - 1 . ) ) 
PHI = ( ( 1 2 . * S L M I X ) - 6 . * ( A N + 1 . ) * S U M X ) / ( A N ' * ( AN + 1 . I * ( A N - l . J ) 
DO 20 I = 1,N 
A I = I 
X ( I ) = X d ) - AI * F H I - XI NTC 

2C CONTINUE 
PRINT I C , PHI , XBAR 

IC FORMA T ( / / 4 X , 4 9 H D A T A HAS BEEN CCRRECTEC TO LEAST SQUARES B A S a i N E / 
14X, 32HGRADIENT OF LEAST SQUARES LINE = , F I O . 5 , 8 X , 14HMEAN OF DATA = 
2 F 1 0 . 5 ) 
GO TO 8 

C 
7 0 0 3C I = 1 ,N 

X ( I ) = X ( I ) - XBAR 
3G CONTINUE 

PRINT 1 1 , XBAR 
11 FGRMAK/ /4X ,4CHDATA HAS BEEN CORRECTED TO MEAN EASEL IN E / / 4 X , 

114HMEAN CF DATA = , F 1 0 . 4 ) 
e SUMX2 = C 

SUMX3 = C 
0 0 9 I = 1 ,N 
X2 = X ( I ) * X ( I ) 
SUM.X2 = SUNX2 + X2 
SUMX3 = SUNX3 + X 2 * X ( I ) 

9 CONTINUE 
VARX = SUNX2/AN 
A3MNT = SUt«X3/AN 
SKEW = (A3NNT*A3f«NT) / (VARX«#3, ) 
PRINT 1 2 , VARX, SKEV* 

12 F O R M A K / 4 X , 1 8 H V A R I ANCe CF CATA = , E10 . 4 , 8X , lOHSK EWNESS = , F 1 0 . 4 ) 
I P l = I P l 1 
GO TO ( 1 4 , 1 5 ) , I P 1 

15 PRINT 1 6 , ( I , X ( I ) , I = 1 ,N) 
16 F 0 R M A T ( / / 4 X , 2 4 H T H E BASELI NED DATA IS — / / 5 ( 4X, 6HSAMPL E, 4X, 4HX( I ) , 

1 3 X ) / ( 5 ( 4 X , I 5 , 2 X , F 1 0 . 5 ) ) ) 
C 

14 RETURN 
END 
SUBROUTINE NPC STP ( > ,N ,NG , 1 NO, P I ) 

C 
C 
C 
C IND=1 CCSINE TAPER BOTH ENCS CF CURVE. 
C I N 0 = 2 CCSINE TAPER FRONT ENC OF C U R V E . 
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3C P J = P J - P I 2 
P H 7 ( I I = P H Z ( n + P J 
RETURN 
END 

SUBROUTINE SMOCTH < X , F , N ,Ne , NS • KN, INC) 
C 
c 

c • 
C INPtT PARAMETERS A ^ D RETUflNEC C * T / > . 
C 
C 4 * 4 * * 4 4 4 « « 4 * * * * * * * 4 * 4 * 4 « 
c 
C )<=ARRAY TC BE SKCCTHEO <S/>Y) AHPLITUDES. 
C ^ ' • : ^ • 
C F = A R R A Y OF C O R R E S P C K D I N G I S A Y I F R E Q U E N C I E S . 
C 
C N=NUHBER OF POINTS I ^ ARRAY X . 
C 
C NB=NUMBER OF F R E G l E h C Y BANDS TC BE INCLUDED IN EACH SMOOTHED VALUE 
C SET TO AN EVEN NUNBER. 
C 

" C N S = N U M B E H GF F B E C I E N C Y BANDS B E T W E E N S T E P S ( E . G . NB=16 , NS=e ) . 
C 
C KN=NUMBER GF SfCCTHED POINTS FED EACK. 
C 
C IN0=1 SNOCTH > AND F . 
C =2 SNCGTH > ONLY. 
C 
Q 4 4 4 * 4 * 4 4 4 4 « 4 4 4 4 4 * * 4 4 4 4 4 4 4 4 4 4 4 4 4 4 « * 4 4 4 « 4 4 4 4 4 4 * 4 4 « 4 * 4 4 4 4 4 4 4 4 * * * * * * * 4 
C 4 4 4 4 * 4 4 * 4 4 * 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 * 4 4 4 4 4 4 4 4 * * * 4 « 4 * * « * * * 4 * 4 « * * * * * 4 
C 
c 

DIMENSION )({N) , F (N) 
C 

N N = N / N B 
N N = N B « ( N N - l ) + l 

C 
DO 1 K= I ,NN,NS 
K N = ( K - I ) / N S + 1 
SUM=0. 

D O 2 1=1 , N B 
11 =1 + K-1 
I F d I . G E . N J I I =N-1 
SIM = < X ( I I ) - « - > ( I I + I ) ) • O . S + SUM 

2 C O N T I N U E 
K B = K + N B 
I F ( K B . G T . M KB = N 
X < K N ) = S U M / F L O A T ( N B ) 
GO TO ( 3 , 1 ) » I ND 

3 F { K N ) = ( F ( K ) - ^ F ( K B ) ) * 0 . 5 
1 CONTINUE 

C 
RETURN 
END 
SUBROUTINE 2eRC2D (> , I F I RST , J2 NCI 

C 
C SETS DOUBLE ARRAY TC 2EPC 
C 

DIMENSION X ( I F I R S T , J 2 N D ) 
DO 1 J=1 ,J2N0 
00 2 I = 1 , I F I R S T 
X ( I , J ) = O . C 
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2 CONTINUE 
1 CONIINUE 

RETLRN 
END 

SLBROUTINE LOCK (1 ARGUV, , NtT A B L E , VALIN, V ALOT ) 
C 

C IMPORTANT NCTE 
C 
C TABLE ( 1 , 1 ) VALtES NUST BE Ih U C P E A S I N G ORDER OF MAGNITUDE. 
C 
C 
C lARGUM I S THE INDEX CF THE CURRENT VALUE BEING LOOKED UP IN THE 
C TABLE. 
C VALIN I S A \ A L L E CF THE V/SRIABLE STCRED IN THE F IRST 
C COLUMN OF T A B L E , A NO VALCT I S THE CCSRES PONCING VALUE OF THE 
C VARIABLE STCRED I N THE SECOND COLUMN CF T A B L E . 
C 
C 

c , 
c 

c 

c 

c 

DIMENSION TABLE (^.,^) 

NMl=N-l 
DO 1 I T = l ,N f l -
I F ( TABLE (1 ,1 T ) - V A L I N) I ,2 ,3 

1 CONTINUE 

PRINT 6 C C , V A L I N , I A P G U K 
6CC FORMAT(1HG,20X,13HLCCK ARGUMENT FIO . 3 , 13H NOT IN TABL E, • lARGUM = » , 

1 1 7 ) 

CALL E X I T 

2 VALOT = TABLE (2 ,1 T) 
RETURN 

3 D IFF1=TA8LE <1 , T T - 1 ) ~ V A L I N 
0 I F F 2 = T A B L E (I ,1 T - 2 ) - V A L I N 
D IFF3=TA8LE (1 ,1 T ) - V A L I N 
D IFF4=TABLE (1 , n + l ) - V A L I N 

^ TERM4 = ( TABLE(2 , n - l ) *DI F F 3 - T ABLE{ 2 , I T ) * D I F F l ) / ( C I F F 3 - 0 I F F I I 
TERMl = < 0 I F F 3 * (TABLE (2 , 1 T - 2 I+01 F F l - T ABLE( 2 , I T - 1 ) • D I F F 2 ) J / ( D I F F 1 - D l F 

IF 2) 
TERM3 = ( 0 I F F 4 * ( T E R N l - ( 0 I F F 2 * T E R K 4 n ) / ( D I F F 3 - D I F F 2 l 

5 TERMl=DTFF4*TERf4 
TER M2 = (D I F F 1* (TABLE ( 2 , I T J *0 I F F 4 - T ABLE( 2 , I T + 1 1 * 0 1 F F 3 ) ) / ( C I F F 4 - D I F F 3 

1) 
TERM4=(DIFF2* ( T E R M - T E R M 2 ) I / ( C I F F A - C I F F 1 ) 
V A L a T = ( T E R M 3 - T E R f A ) / ( D I F F 4 - D I F F 2 ) 

C 
6 RETURN 

C 
C 

END 
SUBROUTI NE AMAXN ( X ,N,XMAX , K P } 

OIMENSIGN >(N) 
KQ = l 

2 KP=KQ 
I F (KQ-N) 3 , 4 , 4 
KQ=KQ+1 
I F ( X { K P ) - > ( K Q ) ) 2 , 5 , 5 
XMAX=X(KP) 
RE TURN 
END 
SUB.ROUTI NE ANI NNI X , N ,XKI N , K P ) 
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c 
c ^•--•••^ 

DIMENSION X(N) 
KQ = l 

2 KP=KQ 
• -5 I F (KQ-N) 3 , 4 ,4 

3 KQ=KQ+1 
I F ( X ( K P ) - X ( K C i ) 5 , 5 , 2 

A XMIN = X(KP) 
RETURN 
END 

C SUBROUTINE TI ^SER (TI TLE , X , N , D E L A , I F ) 
C • • - ' . .̂ • • •. • 
C THIS RCn iNE PLCTS N VALUES CF THE ARRAY X . CELA I S THE 
C SAMPLING INTERVAL AND I F I S AN INDICATOR WHICH S P E C I F I E S THE TYPE 
C OF SC 4020 OUTPUT RECUI RED. : r 
C IF IF=1 OUTPUT IS GN M C R C F I L f 
C I F = 2 OUTPUT I S ON HARD COPY 
C I F = 3 OUTPUT IS CN BOTH HICRCFILM AND HARD COPY. 
C 
C T I T L E I S A 2 0 ELEMENT ARRAY CARRYING DATA FOR ANNOTATING THE 

X i OUTPUT GRAPHS. THE T I T L E ARRAY I S SET UP AS FOLLOWS 
c-
C TI TLE (1) - UNUSED 
X ..-•TITLE.-(2).- ^-^U^USED 
C' T I T L E (3) - CCNTAINS B H C L L E R I T F CHARACTERS GIVING THE UNITS 
C CF THE T INE S E R I E S E . G . SECONDS 
C TI TLE (4) - UNUSED 
C TI TLE (5) - UNUSED 
C 
C T I T L E (6) - ) 
C . )CCNTAINS 80 HOLLERITH CHARACTERS GIVING A T I T L E TO 
C . I THE GRAPH 
C T I T L E (15) - ) 
C T I T L E (16) CCNTAINS 8 HGLLERITH CHARACTERS GIVING DATE 
C TI TLE (17) - ) 
C . )CCNTAINS 24 HOLLERITH CHARACTERS GIVING A S U B T I T L E 
C T I T L E (19) - ) T C THE GRAPH 
C TI TLE (2C) - UNUSED C 
C 

SUBROUTINE TI fSER (TI T L E , X , N , C E L A , I F ) 

DIMENSION X<N), T I T L E ( 2 0 ) 
R E A L * a TI T L E , S E C S 
DATA S E C S / 8 H S E C S / 
R E A L * a TI T L E , S E C S *" 

CALL AMAX(X,N,XKAX) 
C A L L AMIN(X ,N ,XM N) 
XRG=XMA X-XHIN 
RANGE=3CC. /XRG 
I F ( O E L A . E C . 0 4 4 4 4 . A N D . T I T L E ( 3 ) . E Q . S E C S ) G O TO 20 
S=6. 
I F ( N . L E . 1 C C ) S = 7 . 
R^O. 
I F ( D E L A . L T . ( 1 C . * * R * . O O O O O O I ) ) G C TC 2 
R=R + 1. 
GO TO 3 
I F ( R . L T . l . ) G C TC ^9 
INTER = 1 0 . * * ( 8 . - f i ) * D E L A + 0 . 5 
AINTER = F L 0 A T ( I N T E P ) / ( 1 0 . * * ( S - R ) ) 
A N X L = ( 6 . * A I N T E R ) / D E L A 
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2C AINTeR = 5. 

ANXL=675. , ^ 

h N>L=ANXL 
N)<S=3*N)(L - ' 
C 0 N S T = 8 C C . / A N > L 
N T = N / N ) ( S 
NT=NT+1 
DO IC I , N T 
CALL AO VFLNCIF) 
I B E G I N = ( I - 1 ) * N > S + 1 
IENO=NXS 
I F ( I 4 N X S . G T . N ) I E N D = N - U I - 1 ) *NXS) 
CALL RECORF ( X d B E G I N) ,1 »! ENOtXMIN, RANGE, CONSTtAINTER, T I T L E i NXL ) 
CONTINUE 

CALL ENOFNE 
R E T U R N 

.END '-̂  
SUBROUTINE R E C G R F ( X , I B E G I N, IENC,X^' IM, RANGE, CONST, A INTER, T I T L E,NXL 1 -

1-

INTEGER BASE ,PCS,BASEL,8ASEY,A*«ARK,XPLOT1,XPLCT2,TPLOT1,TPLOT2 
DIMENSION X( IEND) , T I T L E < 2 0 ) 
REAL* 8 TI TLE 

CALL T S P ( 1 2 C , 4 8 , 8 ) 

DO I 1 = 6 , 1 5 
CALL HORAf (TI T L E ( I ) ,81 

1 CONTI NUE , 
CALL T S P ( 1 2 C , 4 8 ,24) 
DO 30 I =17,19 
CALL HORAf(TI T L E d ) , 8 ) 

' I C CONTINUE 

0 0 5 I=1 ,3 
B A S E = 3 4 C * I - 1 7 C 
CALL VEC TOR (111 ,BASE ,911 , B A S E ) 
POS=BASE+AC 
CALL TSP(8C1 , 4 8 , P C S ) 
CALL HORAf (TI T L E ( 3 ) , 8 ) 
BASEL=BASE+12 
BASEY=BASEL+20 

DO 10 J = l ,7 • > ' ' 
A N M B R = F L C A T ( J - l ) * A I M E R 
AMARK = ( F L C A T ( ( J - l ) * 5 ) * 8 0 , ) / 3 . + 1 1 1 . 
C A L L VEC TOR (A F A R K , B A S E , ARK, BASEL) 
AMARK=AMARK-4 0 
CALL TSP(A> 'ARK,48 ,BASEY) 
CALL C4C2CF (ANJ-BRje ,1 ) 

IC CONTINUE 
5 CONTINUE V 
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2C 

1 5 

IBEGI1= I8EGIN+1 
X P L n T l = 3 2 C . - ( X ( I B E G I M -X^«1N) GRANGE 
TPL0T1=111 . 
DO 15 1 = I B E G I 1 , I E N 0 
I L I N E = ( I - 1 ) / N X L + l 
XPLnT2 =34C. * F LCAT (I L I NE) - (X (1) -XMIN) •RANGE-20 , 
T P L 0 T 2 = F L 0 A t ( I - I B E G l N - ( ( I L I N E - 1 ) * N X L ) )*CQNST + 111 
I F ( I . E Q . ( N X L + 1 ) , . C R . I . E Q . { 2 * N X L + l ) ) G C TO 20 
CALL VEC TOR ( T P L C T l , i ) |FLCTl , T P L G T 2 , X P L 0 T 2 ) 
XPL0TI=XPLCT2 
TPL0T1=TPUCT2 
CONTINUE . . ; , • , 

CALL T S P { 9 3 9 , 4 8 , 2 3 ) 
Cisi'LL HORAf'(TI TLE (16) ,8 ) 

C 
C 
€ 
C 
C 
•c 
C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

' € 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

RETURN 
END 
SUBROUTINE C ARGRF ( X , V ,N) 

THIS PACKAGE PLCTS N PCINTS THE CART ES IAN CO-OROINAT ES OF THE 
J I H POINT BEING S P E C I F I E D AS X ( J ) , Y ( J ) . 

THE PACKAGE USES THE CCHfXN — 

COMMON / G R F F / T I T L E ( 2 0 ) , Xf^AX, XMIN, YMAX, YMIN, INDX, INDY, INO, 
I I D O T , A N S T R l , I F , X L I M I T , Y L I M I T , SCALX, SCALY 

THE T I T L E ARRA> CARRIES I NFCRff ATI CN FOR ANNOTATING THE OUTPUT 
'GRAPH.' THI S ARRAY ;! S ; S | T UP AS FOLLOWS - ^ 

TI TLE (1) - ) 
)CCNTAINS 24 HGLLEPITH CHARACTERS GIVING THE UNITS 

- ) 0 F THE ABSCISSAE T I T L E (3) 

TI T L E ( 4 ) 
TI TLE (5) 

)CCNTAINS 16 HOLLERITH CHARACTERS GIVING THE UNITS 
) C F THE ORDINATE 

TI TLE (6) - ) 
JCCNTAINS 80 HCLLEf i lTH OiARACTERS GIVING A T I T L E TO 
)THE GRAPH 

T I T L E (15) - ) 

T I T L E (16) -CONTAINS 8 HOLLERITH CHARACTERS GIVING DATE OF 
PRCCESSING 

T I T L E (17) -CCNTAINS 8 HOLLERITH CHARACTERS GIVING TIME OF 
PRCCESSING 

TI TLE (18) - ) 
)UNUSED 

T I T L E ( 2 C ) - ) 

XMAX ) S E T BOTH ECUAL I F PROGRAM TO CHClOSE THE ABSCISSAE 
XMIN ) S C A L E . CTHERWISE SET TC CHOSEN L i M l f S O F ABSCISSAE SCALE 

YMAX ) S E T 8CTH ECUAL I F PROGRAM TO CH(30SE THE ORDINATE S C A L E . 
YMIN )CTHERK1SE SET TO CHGS EN VALUES OF ORDINATE SCAL E 

61 



INDX I S AN INOICATCF FCP PLOTTING THE ABSCISSAE ON A LOG SCALE 
INOX = l ABSCISSAE ON LINEAR SCALE 
IN0X = 2 ABSCISSAE CN LCG SCALE 

INDY I S A S I M L A P INDICATOR FCR THE ORDINATE SCALE 

N .B . C C N T E M S CF APRAYS ARE KCD I F lED US ING LOG S C A L E . 

IND I S AN INDICATCR FCR CGNTBCLLING FRAME CALLS -
IND=1 CARGRF CALLS ADVFLM AND ENCFME 

= 2 CARGRF CALLS ENOFME BUT NOT ACVFLM 

lOOT I S THE SC4020 CODE CF THE REQUIRED PLOTTING SYMBOL 

ANSTRl INDICATES WHETHER THE PLOTTED POINTS HAVE TO 8£ JOINED tiP 
ANSTR1=1. POINTS NOT JOINED 

=2. POINTS JOINED 

I F S P E C I F I E S TYPE CF OUTPUT 
IF=1 CITPUT CN M C R C F I L ^ 

=2 OITPLT ON HARD COPY 
= 3 OITPLT CN BOTH f* ICRCFILM AND HARD COPY 

SUBROUTINE CARGRF ( X ,Y ,N) 

DIMENSION X(N) , Y(N) 

COMMON / G R F F / T I T L E ( 2 0 ) , XMAX, XMIN, YMAX, YMIN, INDX, INOY, IND, 
I I D O T , A N S T R l , I F , X L I M I T , Y L I M I T , SCALX, SCALY 

R F A L * 8 T I T L E , A J C I N , B L A N K , I N S T R l , D A T E , T I M E 

INTEGER PLACE X, PLACEY , X P L C T l , X F L 0 T 2 , Y P L O T l , Y P L 0 T 2 

DATA A J 0 I N / 8 H J C I N / , B L A N K / 8 H / 

C A L L OA TI ^ (DAIE ,T I f E ) 
I F ( I F ) 2 , 2 , 1 

1 I F ( I F - 4 ) 3 , 3 , 2 
2 IF=3 
3 I F ( IND. NE. 2) I ND=1 

I F ( I N D X . N E . 2 ) INDX=1 
I F ( I N D Y . N E . 2 ) INDY=I 
I F ( I D 0 T . G T . 6 3 ) 1001=48 
INSTR1=AJ0IN 
I F ( A N S T R 1 . E G . I . ) I NSTP1*8LANK 

GO TO ( 5 5 , 6 C ) ,INDX 
£0 POSXT=P0SMI N( >,N) 

P0SX=ALCG1C(PCSXT) 
P 0 S X T = P 0 S > T * C . 9 9 9 9 
DO 2C1 T=1 ,N 
I F ( X(I ) . L E . C . C) X( I ) = PGSXT 
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2C1 CQNTI NUE 
C A L L CLOG (X,N) 

55 GO TO (65 , 7 C ) ,1 NOV 
IC PnSYT=PGSMIN( \ ,N ) 

PDSV=ALOGIC ( P C S \ T ) 
P a S V T = P 0 S Y T * C . 9 9 9 9 
DO 202 I = 1 , N 
I F { Y ( t ) . L E . C . O ) \ ( I ) = F C S V T 

2C2 CONTINUE 
C A L L CLOG (V,N) 

( 5 I F ( { X M A X - X M I N ) . G T . 1 . G E - 7 ) G D TC 66 
CALL AMAX(X,N,XNX) 
C A L L A M I N ( x , ^ , x ^ ^ ) 
I F ( (XMX-XMN). L T . l . O E - 7 ) Xf*X=XMX + 1 . 0 E - 7 
GO TO 6 7 

6 6 XMX=XMAX 
XMN = XMIN 

t l I F ( (VMA X - > M N ) . G T . 1 . 0 E - 7 ) G C TC 68 
CALL AMAX(V,N,VfX) 
C A L L AMI N (>,N,>fN) 
I F ( ( Y M X - V N N ) , L T . l . O E - 7 ) V N X = Y M X + 1 . 0 E - 7 
GO TO 2CO 

ee \Mx=YMA X 
VMN=YMIN 

2CC GO TO ( f e e , 8 8 9 ) ,IND 
SEE CALL ADVFLW( IF ) 
€6S CALL E XPH V X 1 2 3 ,27 ,923) 

CALL S C A L E N { X , X L I M T , S C ALX, PLACEX ,X F ACT8, N,XMX, XMN ) 
CALL S C A L E N ( Y , Y L I H T , S C AL Y , PL AC EY ,Y FACT R, N, YMX, YMN ) 
GO TO ( 7 7 7 , 7 7 8 ) ,1 ND 

777 C A L L VECTOR (115 ,923 , 1 0 0 3 , 9 2 3 ) 
CALL VECTOR (123 ,931 ,123 , 4 3 ) 

00 5 I=1 ,11 
F A C T 0 R = F L 0 A T ( I - 1 ) * 8 0 . 
X X A L = 2 0 3 . + F A C T C R 
YSCAL=43.+FAC TCR 
CALL V E C T 0 R ( X S C A L , 9 2 3 , X S C A L , 9 3 1 ) 
CALL VEC TOR(115 , V S C A L , 1 2 3 , Y S C A L ) 

5 CONTINUE 

778 IGUIDE = 1 
IDRAW = 1 
I F ( I N D X . E Q . 2 . AND. X (1) . L T . PCSX) IGUICE=2 
I F ( I N D Y . E Q . 2 . AND. V ( l ) . L T . POSY) IGUICE=2 
GO TO ( 9 9 8 , 9 9 9 ) , I G U I D E 
XPL0T1 = ( X ( 1 ) - > L I F I T ) * S C A L X *• 1 2 3 . 
YPL0T1 = 9 2 3 . - ( V ( 1 ) - Y L I M T ) *SCALY 
CALL P L O T ( X P L C T l , I D C T , Y P L C T l ) 
I0RAW=2 
I F d N S T R l . N E . AJCI N)IDRAW=1 

999 I G U I O E = l 
C 

DO 10 I = 2 , N 
I F ( I N D Y . E Q . 2 . AND. V ( I ) . L T . POSY) IGUICE=2 
I F ( I N D X . E Q . 2 . AND. X ( I ) . t T . PCSX) IGUICE=2 
GO TO ( 9 9 7 , 9 9 6 ) , I G U I D E 

997 XPL0T2 = ( X ( I ) ~ > L I M T ) ^ S C A L X + 1 2 3 . 
YPL0T2 = 9 2 3 . ~ ( ( Y d ) - V L I MIT) • S C A L Y ) 
C A L L P L C T ( X P L C T 2 , I D C T , Y P L C T 2 ) 
GO TO ( 9 9 5 , 9 9 4 ) ,IDRAV( 
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SS^i CALL VEC T p R ( X F L C T l , Y F L G T l ,XPLCT2 , YPLaT2 ) 
YPLOTl = Yf?L0T2 
XPLOTl =XPL0T2 
I G U I 0 E = 1 
TDK AW=2 
I F d N S T R l . N E . AJCIN)IDRAK=1 
GO TO I C 

c<6 IDRAW=l 
IGUIDE=1 

IC CONTINUE 
C 
C 

GO TO (7 7<5,780) ,1 ND 
l i e Y4=4. *YFACTR 

X^ = 4 , * X F A C T R 

DO 30 I =1 ,3 
F = ( i - n 
YLIM = Y L I M T + F « Y 4 
GO TO (21 ,31) ,1 NDY 

31 Y L I M = 1 0 . * * V L I H 
21 XLIM = XL1MIT+F*X4 

GO TO ( 2 2 , 3 2 ) ,1 NDX 
32 X L I M = 1 C . * * X L I H 
22 Y P 0 S = 9 1 5 . - F * 3 2 0 . 

XPOS=52 .+F*320 . 
CALL T S P ( 1 2 , 4 8 , Y P C S ) 
GO TO (23 ,33) , INDY 

33 CALL C4C2CE (YLI >',11 ,2 ) 
GO TO 41 

23 CALL C4C20F ( Y L I N , 1 3 , F L A C f i Y ) 
41 C A L L T S P ( X P C S , 4 8 , 9 4 2 ) 

GO TO ( 2 4 , 3 4 ) ,1 NOX 
34 CALL C4C20E (XLI K , l l , 2 ) 

GO TO 3C 
24 CALL C4G20F (XLI f ,13 , F L A C E X ) 

30 CONTINUE 
C 

C 
C 

I F ( TI TLE ( 1 6 ) . NE.DATE)GG TO 780 

CALL T S P ( 4 8 , 4 8 , 2 9 1 ) 
CALL VFRAM(TI T L E ( 4 ) ,16) 
CALL T S P ( 7 6 C , 4 8 , 9 5 8 ) 
CALL HORAMdl T L E d ) ,24) 
CALL T S P ( I 3 C , 4 8 , 2 3 ) 
CALL HORAM(TI T L E ( 6 ) , 80 ) 

78C CALL ENDF^fE 
RETURN 
END 
FUNCTION POSf<IN(X,N) 

C 
C F INDS MINIMUM P O S I T I V E VALUE OF ARRAY X 
C 
C 

DIMENSION >(N) 
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c 
IND = G 
00 10 I = 1 , N 
I F ( X d ) . L E . C . O G C TC 10 
INO=I 
GO TO 1 

10 CONTINUE 
1 I F d N D . N E . O G O TO 7 

PRINT 2C 
2C Ff3RHAT( l \2HlAN ARRAY F R O . «HICH THE SMALLEST POSm^^^^^ 

IQUESTED FOR GRAPHING V*AS ALL NEGATIVE YOUR JOB HAS THEREfORt B t t N 

2 TERMINATED) 
C A L L F I NI SH 
C A L L E XI T 

7 KQ=INO . • 
5 KP=KQ 
2 I F ( K Q - N ) 3 , 4 , 4 
3 KQ=KQ+1 

I F ( X { K Q ) . L E . O . O ) G C TC 2 
I F ( X ( K P ) - X ( K Q ) ) 2 , 5 , 5 

4 POSMIN = X{KP) 
RETURN 
END 
SUBROUTINE CLOG(X ,N) 

.0 
C CONVERTS ARRAY X TO COMI'CN LOGS 
c • . 
c 

OIMENSKIN X(N) ' , 
C 

DO I I = I ,N 
X( I ) = A L O G l O I X d ) ) 

1 CCNTI NUE ' 
RETURN 
END 
SUBROUTINE S C A L E N ( X , X L I ̂ 'IT , S C ALX, I PL ACE, FACTOR, N, XMAX, XMIN ) 

C 
C COMPUTES SCALING VALUES FCR CARGRF 
c 
c 

c 

c 

c 

DIMENSION X(N) 

DOUBLE P R E C I S I O N X R G , R , F A C T , S 

XRG=XMA X-XMIN 

R=C.COC 
1 I F ( X R G . L T . ( 1 0 . b 0 0 * * i R * . 0 0 0 0 0 0 0 0 0 1 ) ) GO TC 2 

R=R+1.GDC 
GO TO 1 

2 I F ( R . L T . l . C O O ) GC TC 5 . 
if=ACT = { i C . C D 0 * * ( R - l . D b O ) * . 0 ( ) 0 0 0 0 0 0 d l 2 5 l 
S=O.ODO 

3 I F ( X R G . L £ . F A C T * ( 2 . C D 0 * * S ) ) G O T O 4 
S = S+1. ODC 

• • 'GO "to' 3" ' ^ • V . -

4 FAC TOR = ( F A C T * ( 2 . 0 0 0 * * S ) ) « l O . O D - 2 
XLIMI T = XMIN/FACTOP 
L I M I T X = X L I M I T - . 9 9 9 9 9 
XLI MI T=FLOAT(LI f»I TX) *FACTCR 
I F ( X M I N . L T . XLI f^ lT) XLI MI T=XLI MIT-FACTOR 
SCALX = 8 G . / F A C TOR 65 



c 

1 P L A C E = 1 3 . - R 
I F ( I P L A C E . L T . 1)1 PLACE=1 

RETURN 
F.m , 
SUBROUTINE AMAX (>,N,XHAX) 

C 
C FINDS MAXIf«LH VALLE CF ARRAY X 

X' . 
DIMENSION X(N) 
KQ = 1 

2 KP = KQ 
5 I F (KQ -N) 3 ,4 ,4 
3 KQ = KQ + 1 

I F ( X ( K P ) - > ( K G ) ) 2 , 5 , 5 
4 XMAX = X(KP) 

RETURN 
END 
SUBROUTINE AMI N (X ,N ,XMIK) 

C 
C F INDS MINIMUM VALUE CF ARRAY X 
C 

DIMENSION X(N) 
KQ = 1 

5 KP = KQ 
2 I F ( K Q - N ) 3 , 4 , 4 
? KQ = KQ + 1 

I F ( X ( K P ) - X ( K Q ) ) 2 , 5 , 5 
4 XMIN = X(KP) 

RETURN 
END 
SUBROUTINE CGNTUR (A ,NX , NY ,N ,CST E P , CLGW, CHIGH, I F ) 

C 
C 

C 
C 

DIMENSION A ( N , K ) 
CALL AD V F L f ( I F ) 
H> = 1 0 . 2 / F L C A T (NX) 
HV = 1 0 . 2 / F L G A T ( N V ) 
QX=C.C2 
QV = C. 02 
DC =C STEP 
C3=CL0V« 
C4=CHIGH 
C K 4 + D C 
C 2 < l + D C 
CALL 0 B C 7 A ( A , 0 C ,C1 , C 2 , C 3 » C 4 , N X , N Y , H X , H Y , Q X , 0 Y , 0 . , 1,N) 
CALL ENDFME 
RETURN 
END 

SUBROUTI NE CB07 A (F ,DC ,C1 ,C2 , C 3 , C 4 , N X , NY, HX, HY, QX, QY, COSS,NQ, IDF ) 

DIMENSION F ( I D F , I D F ) 
COMMON / C C N T / 0 X , CV ,CCSG , S I KG, OX, C Y , C X , C Y , X , Y , A, B, C, D,CON, I H L , IHK 
IHL=l . 
IHK=2 
IH0=3 
CEN=10C. 
OX = QX 
OY = QY 66 



COSG = C C S S 
OX > 'KX ^ \ . . 

• DY '= HY 
: X „ N K - i -
•••I'Y.'i ' N V -1 ' • ; 

AA ^ DX « FLOAT (I X) 
BB = OY * FLOAT (I Y) 
CX = 0 . 5 * OX 
C V = 0 . 5 * DV , ' 
SING = S Q R T ( 1 . - C C S G * C C S G ) 
DELR = l . G / D C 
IF (COSG) I C l ,1C2 ,102 

I d OX = OX - O V * F L C A T ( I \ ) * C C S G 
IC2 I F imi 1 C 5 , 1 C 5 , 1 0 4 
1C4 XD = C E N * ( C X ) 

YD = C E N * (OY) 
C A L L QUACK(XD , Y D , I H L ) 
XD = CEN*(CX+AA) 
CALL QUACK (XD , Y D , I H K i 
XD = C E N * (GX+AA+8B*CCS6) 
YD = C E N * (GY+BB*SI NG) 
CALL QUACK{XD , Y O , I H K ) 
XD = C E N * (CX+B8*CCSG) 
CALL QUACK(XD , Y D , I H K ) 
XO = C E N * ( C X ) 
YD = C E N * (OY) 
C A L L QUACK(XD , Y O , I H K ) 
I F ( N Q - l ) 1G5 ,105 ,106 

1C6 CONTINUE 
1X1=1 X-1 
I Y1=I Y-1 
00 1C7 J = 1 , I Y 1 
00 1C8 1=1,1 XI 
X = FLOAT (1) * DX 
Y = F L O A T ( J ) * DY 
XD = C E N * (CX+X+Y*CCSG) 
YD = C E N * ( C Y + Y * S I NG) 

I C e CALL QUACK(XD,YD, IHC) 
1C7 CONTINUE 
1C5 CONTINUE 

S M A L L = l . E - 6 
DO 112 J = l ,1 Y 
00 113 1 = 1 , I X 

C 
C 
C FOR REASONS WHICH K I L L BECOME APPARENT, CONTOUR VALUES SHOULD NOT 
C EXACTLY C C I N C I D E V«ITH F I E L D V A L U E S . TO TAKE AN EXAMPLE, SUPPOSE 
C F I E L D VALUES ARE READ IN AS A=25.3 8=29.4 C=29 .4 0=26 .5 AND 
C THE CONTOURS ARE RECUESTEO BY PUNCHING C l = 2 0 . 4 C2=38.4 DC=4.5 
C THERE I S THEN THE DANtJER THAT CGNTCUR 2 9 . 4 MIGHT BE I D E N T I F I E D AS 
C INTERSECTING SIDE BC ( S E E L I N E OF EXECUT-
C 3C2 I F ( ( B - C C N ) * ( C - C C N ) . L T . O I 303 ,304 ) . 
C I F BY CHAICE KE GC TC 303 , WE WILL GET TO 4 0 2 , 4 0 4 , 4 1 0 , O R 412 AND 
C GET OVERFLCl* CN DIV ID ING BY ( C - 8 ) . 
C AS ANOTHER E X A f P L E , A fALFUNCTICN CAN OCICUR WHEN ONLY ONE OF 
C THE 4 F I E L D VALUES I S E(3UAL TO A CONTQJR L E V E L . SUPPOSE A = 2 5 . 2 , 
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9 .5CC16 ,CC31 . 5C56 .CC77 . 0 0 1 0 5 . 0 1 . 5 0 0 1 . 0 0 0 0 .00035 . 0 0 1 0 0 . 0 5 2 . 0 0 0 . 6 4 0 1 6 7 . 2 .C4 eC4C îCi5' 
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7 .SCO 1 1 . 5 0 2 1 . 5 C 3 5 . 5 G 4 7 . 0 0 5 8 . 5 0 1 . 0 0 0 0 . 8 0 0 0 . 0 0 0 3 0 . 0 0 7 5 . 0 0 3 4 . 6 0 0 . 3 2 0 1 6 1 . 5 . C 6 4 C 4 0 . o n 
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5 . 5 0 G 1 C . 5 C 3 3 . 5 0 1 C 3 . 0 2 0 3 . 0 3 7 5 . 0 1 , 5 0 0 6 , 0 0 0 0 . 0 0 0 3 0 . 0 0 7 5 . 0 0 1 5 . 8 0 1 , 2 6 0 1 1 6 . 1 , 2 5 6 0 4 0 , 0 0 
9 . C 0 0 1 5 . 0 0 3 0 . G G 5 2 . 5 C 7 2 . 0 0 1 0 1 . 0 3 . 0 0 0 0 . 8 0 0 0 . 0 0 0 3 0 . 0 0 7 5 . 0 0 3 7 . 2 0 1 . 0 2 0 1 4 4 , 3 , C 9 6 C 4 0 , C O ' 
8 , 5 C C 1 5 . 0 0 3 0 . 5 C 5 7 . C C 8 1 . 0 0 1 1 7 . 0 3 . 0 0 0 1 . 0 0 0 0 . 0 0 0 3 0 . 0 0 7 5 . 0 0 3 2 . 1 0 1 . 0 2 0 1 6 9 , C . 1 2 e C 4 C . C C 
7 . 5 C G 1 4 . 0 0 3 4 . C C 6 9 . 0 0 1 0 1 . 0 1 4 8 . 0 3 . 0 0 0 1 . 5 0 0 0 . 0 0 0 3 0 . 0 0 7 5 . 0 0 2 3 . 4 0 1 . 0 2 0 1 9 6 . 6 . 1 9 2 C 4 C . C C 
7 . 5 C C 1 5 . 5 C 4 4 . 0 C S 8 . 0 0 1 5 4 . 0 2 3 7 . 0 3 . 0 0 0 3 . 0 0 0 0 . 0 0 0 3 0 . 0 0 7 5 . 0 0 1 2 . 5 0 1 . 0 2 C 1 6 5 . C . 2 5 6 G 4 C . C C 
8. C C C 1 7 . 5 C 5 5 . 0 C 1 4 1 . 0 2 4 3 . 0 4 1 4 . 0 3 . 0 0 0 6 . 0 0 0 0 . 0 0 0 3 0 . 0 0 7 5 . 0 0 1 2 . 8 0 2 . 0 4 C 1 4 9 . 5 . 3 6 4 0 4 0 . C C 
7 . S C O 1 1 . 5 0 2 1 . C C 3 4 . 0 C 5 4 . 5 0 5 6 . 0 0 0 . 8 0 0 0 . 8 0 0 0 , 0 0 0 3 0 . 0 0 7 5 . 0 0 4 1 . 0 0 0 , 3 2 0 1 7 3 . C . C 6 4 C 4 0 . C G 
7 , C C C 1 1 . 0 C 1 9 . 5 C 3 4 . 0 C 4 7 . 0 0 6 5 . 0 0 0 . 8 0 0 1 . 0 0 0 0 . 0 0 0 3 0 . 0 0 7 5 . 0 0 3 6 . 1 0 0 . 3 2 0 1 5 3 . C . C 6 4 C 4 C . C O 
6 . 5 C G 1 C . C C l 9 . 5 C 3 6 . 0 0 5 8 . 0 0 9 6 . 0 0 0 . 8 0 0 1 . 5 0 0 0 . 0 0 0 3 0 . 0 0 7 5 . 0 0 2 5 . 6 0 0 . 3 2 0 1 7 C . 7 . C 9 f c C 4 C . C C 
4 . 5 C C e . 5 0 0 1 7 . 5 0 4 7 . 5 0 9 5 . 5 0 1 7 6 . 0 0 . 8 0 0 3 . 0 0 0 0 . 0 0 0 3 0 , 0 0 7 5 . 0 0 1 4 . 0 0 . 3 2 0 0 1 9 3 . C . 1 9 2 C 4 C . C C 
4.CG0fi.C0Cl 8 . 5 C 7 3 . 0 C 1 7 2 . 0 3 4 0 . 0 0 . 8 0 0 6 . 0 0 0 0 . 0 0 0 3 0 . 0 0 7 5 . 0 0 1 4 . 0 0 0 , 6 4 0 1 3 6 , C.256C4C.'>0-C 
8 . C 1 2 . 5 2 4 . 5 4 4 . 5 6 2 . 5 8 7 . 0 0 1 . 0 1 . 0 0 . 0 2 5 . 1 0 0 . 5 0 . 2 0 0 . 6 4 C 1 4 1 . 7 , C 6 4 C 4 C . . C G 
8 . C 1 3 . 0 2 7 . 5 4 9 . 0 5 7 . 5 9 2 , 0 0 1 . 5 1 . 0 0 . 0 2 5 . 1 0 0 . 3 5 , 8 0 0 . 6 4 0 1 9 3 . 5 . C 9 6 C 4 C . C 0 
9 . 5 1 7 . 3 4 . 5 6 2 . 5 8 7 . 0 1 1 9 . 0 3 . 0 1 . 0 0 . 0 2 5 . 1 0 0 . 1 8 . 8 0 C . 6 4 C 1 5 C . C . C 9 6 C 4 C . ^ G 0 
9 .5 1 5 . 5 3 0 . 5 5 2 . 0 6 8 . 5 8 6 . 0 0 3 , 0 0 . 8 0 . 0 1 5 , 1 0 0 . 1 8 . 2 0 1 . 0 2 0 1 4 6 , 2 , 1 9 2 0 4 0 , 0 0 
7 . 5 1 3 . 5 2 9 . 5 5 2 . 5 7 4 . 1 0 2 . 0 3 . 0 1 . 0 0 . 0 1 5 , 1 0 0 . 1 6 , 8 0 1 , 0 2 0 1 2 6 . 3 . 1 9 2 C 4 C , C C 
7 . 0 1 3 . 29 . 5 6 0 . C 9 2 . 0 1 4 2 , 0 3 , 0 1 . 5 0 . 0 15 . 1 0 0 . ? 7 - / i n 5 r ^ n t o o 
6 . C 1 1 . 5 3 2 . 0 8 4 . 0 1 4 8 . 2 5 5 . 0 3 . 0 
4 . 5 1 0 . 0 3 7 . 5 1 2 5 . 5 2 5 0 . 4 6 8 . 0 3 , 0 
7 . 0 1 2 . 0 2 4 . 5 4 2 . C 5 6 . 5 7 2 . 0 0 1 . 5 
6 . 5 1 1 . 0 2 3 . 0 4 2 . 5 6 2 . 0 8 8 . 0 0 1 . 5 
5 . 5 C.C 2 2 . C 4 8 . 0 7 7 . 0 1 2 8 . 0 1 . 5 
4 . 5 8 . 0 2 2 . C 6 5 . 5 1 3 0 . 0 2 3 7 . 0 1 . 5 3 . 0 0 . 0 1 5 , 1 0 0 . 2 6 . 0 0 2 , 0 4 0 1 6 4 , 9 , 5 1 2 C 4 C , C C 
3 . C 6 . 5 2 3 . 1 0 7 . 239. 4 6 7 . 0 1 . 5 6 . 0 0 . 0 15. i n n . n . A n - j n / . m c 

1 . 0 0 . 0 2 5 , 1 0 0 . 
1 . 0 0 . 0 2 5 , 1 0 0 . 
1 . 0 0 . 0 2 5 , 1 0 0 . 
0 . 8 0 . 0 1 5 , 1 0 0 . 
1 . 0 0 . 0 1 5 , 1 0 0 . 
1 . 5 0 . 0 1 5 , 1 0 0 . 
3 . 0 0 . 0 1 5 , 1 0 0 . 
6 , 0 0 . 0 1 5 . 1 0 0 . 
0 . 8 0 . 0 1 5 . 1 0 0 . 
1 . 0 0 . 0 1 5 , 1 0 0 . 
1 . 5 0 . 0 1 5 , 1 0 0 . 
3 . 0 0 . 0 1 5 , 1 0 0 . 
6 . 0 0 . 0 1 5 . 1 0 0 , 
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10.5 21 .5 39,C 53.C 6 9 . 0 0 1 . 0 
^-'^ 20. C 39.5 5 7 . 0 8 2 . 0 0 1 . 0 

19.C 42.5 7 2 . 0 120 .01 .0 
16 .5 56.5 1 2 1 . 2 3 3 . 0 1 . 0 
20 .0 37.0 5 2 . 0 6 8 . 0 0 0 . 8 
1 8. C 37 .0 55 . 0 80 .000 .8 
16 . 5 39.5 6 9 . 0 120 .00 .8 
14 .5 53 .0 117 . 229 .00 .8 
15 .5 28 .5 39 .5 5 2 . 0 0 0 . 8 
14. 5 28 .5 4 2 . 0 6 1 . 0 0 0 . 8 
13 .5 3C.0G52.5 90 .000 .8 
12 . 0 4C .5 9 0 . 0 1 7 3 . 0 0 . 8 
17. 0 30 .0 4C.0 5 2 . 5 0 1 . 0 
16.C 3C.0 4 4 . 0 6 4 . 0 0 1 . 0 
15. G 32.5 55 .5 9 2 . 0 0 1 . 0 
19. 0 33 .0 44 . 5 57 .001 .5 
1<). 5 35 .0 4 9 . 0 6 8 . 0 0 1 . 5 
18. C 38.5 60 .5 99 .001 .5 

1 1 . 5 2 4 . 5 4C.5 54 .5 6 5 . 5 0 3 . 0 
11.5 24. 0 45 .0 6 3 . 0 87 .003 .0 
10.5 25 . 5 52.5 79. 0 119 .03 .0 

_ 11.C 30.C 73.5 1 2 4 . 209 .03 ,0 
122362 1704 CC55 

K0N/GC55 2 2 . 7 
° 1.6 C C 
l l U U l l l l l l U 

(12F5. 0) 
1Z2362 1704 CC55 04 
4 1 . 

6.C 

5.5 
4 . 5 
5.C 
5.C 
A.5 
4 .5 
4 . 5 
4 . 5 
4 . 5 
3.5 
5 .0 
4 . C 
3.5 
5.5 
5 . C 
4 . 5 
6.5 
6.5 

a 6.5 
• 9.5 

£. 5 
7.C 
9.C 
6. C 
7 . 5 
6. 5" 
7. 5 
6. 5 
t . 5 
5. C 
?. 5 
•?. 5 
6. 5 
c .C 
c,. C 
8 . C 

0 .8 
1.0 
1.5 
3.0 
0 .8 
1.0 
1.5 
3 .0 
0 .8 
1.0 
1.5 
3 ,0 
0 .8 
1.0 
1.5 
0 .8 
1.0 
1.5 
0 .8 
1.0 
1.5 
3 .0 

0 . 0 
0 . 0 
0 . 0 
0 . 0 
0.6 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 

15. 100. 35 .70C. 
15 . 100. 33 .00C. 
15. 100 . 2 6 , 2 0 0 . 
15. 100. 1 7 . 0 0 1 . 
15 . 100 . 3 9 . 3 0 0 . 
15. 1 0 0 . 35 .50C. 
15 . 100 . 28 .00C. 
15 . 100 . 2 1 . 6 0 1 ' . 
15 . 75 . 3 7 , 0 0 c . 
1 5 , 75 .0 3 2 , 2 0 0 . 
15 , 7 5 . 2 3 , 3 0 0 . 
15 , 7 5 . 1 7 . 5 0 1 . 
15 . 7 5 . 3 4 , 3 0 0 . 
15 . 7 5 . 29 .9dC. 
15 . 7 5 . 2 0 . 7 0 0 . 
15 . 7 5 . 3 0 . 0 0 1 . 
15. 7 5 . 2 5 . 2 0 1 . 
15 . 7 5 . 2 0 . 3 0 1 . 
15. 7 5 . 3 4 . 3 0 2 . 
15, 7 5 . 2 9 . 2 0 2 . 
15. 7 5 , 2 1 , 0 0 2 . 
1 5 . 7 5 . 1 1 . 5 0 2 . 

. U":». U 7 J . w 0 .0 - - - „ " „ . , i . . r-

04 1NCPEMENT=10 (AN EXAMPLE OF A COMPLETE 
111142. 1122000 300 

1 10 8 22 1 1 24 198 10 
11 

«;,60182.2. 
•360160.C. 
960159 .6 . 
020176.C. 
960187 .2 . 
960162.C. 
960162.C. 
28018C.C. 
960187 .2 . 
960163 .8 . 
96C181.5. 
28C199.G. 
960180.C, 
96C155.C. 
960172 .7 . 
020166.C. 
020142 .6 . 
C2C159,7, 
C4C2CC,C, 
040165 .8 . 
C4C165.8. 
040146 .2 . 
DATA SET) 

192C4C.00 
192C4C.CC 
256C4C.CC 
512C4C.CC 
192C4C,CC 
192C4C.CC 
256C4C.CC 
512C4C.CC 
256C4C.CG 
256C4C.CC 
384C4C.C0 
76eC4C.CC 
'256C4C.CC 
256C4G.CC 
384C4C.CC 
256C4C.CC 
256C4C.CC 
3e4C4C.CC 
3e4C4C.CC 
384C4C.CC 
512C4C.CC 
7,6EC40.CC 

'C126 

,2 I G . 

4934 
5G15 
5C64 

CALIBRATION PULSE CF SEISMG CATA NUMBER 
4 1 . 80. 17C. 346 . 557 . 896. 11.2 .096 .08 9 4 2 . ' 

ECCC 5001 5C1C 5C11 5007 5005 5029 5032 4998 5000 5015 5015 
5C13 5C13 504C 5C58 5052 5040 5029 5045 5053 5044 5027 5060 
5C61 5C47 5049 5C4 8 5056 5032 5045 5037 4995 4989 5001 4966 

497C 4985 4948 4955 4929 4956 4964 4944 4962 4981 4988 
5C46 5G71 5C85 5078 5076 5077 5082 5101 5106 5088 5085 

5C64 5C29 502C 4991 4970 4957 4936 4950 4955 4915 4959 4980 
4egC 5GC2 5036 5C69 5081 5073 5086 5135 5106 5072 5100 5096 
EGC6 5G02 4978 4956 4931 4912 4890 4926 4936 4931 4991 5025 
5C47 5C64 5C71 51CC 5115 5129 5101 5072 5051 5032 5025 4986 
4937 4925 4956 4946 4929 4968 4990 5003 5040 5075 5105 5125 
5128 5C94 5087 5058 5034 5001 4958 4938 4920 4918 4922 4936 
4993 5C42 5C49 5C58 5085 5127 5132 5115 5091 5054 5036 4994 

^ 4962 4946 4942 4925 4905 4992 5032 5029 5070 5095 5142 5140 
' 5 0 89 5C54 5032 5029 4995 4926 4920 4966 4959 4957 5036 5100 
; ;C95 5C62 51CC 51C7 5085 5040 4991 4985 4992 4961 4921 4973 

49eC 4992 5029 5C82 5085 5105 5135 5130 5087 5006 4974 4910 
' 4660 4£24 4916 5C21 5086 5124 5187 5215 5181 5107 5005 4936 

4656 4775 4828 4892 4988 5138 5315 5287 5162 5006 4960 4991 
4967 4666 4836 4896 4953 5062 5190 5187 5070 5121 5226 5140 
4992 4765 46CC 4838 5225 5389 5362 5220 4986 4887 4895 4934 
4953 4984 5038 5083 5101 5112 5138 5132 5062 4955 4920 4996 
5fCa 5C58 5C78 5G67 5058 5056 5062 5056 5047 5031 4958 4995 
5C55 5C54 4966 5011 5109 5103 5051 5026 5033 4992 4932 4962 
4996 5C29 5G57 5C60 5049 5048 5042 5002 4956 4985 4987 4958 
5C32 5C57 5035 5060 5027 5020 5013 4981 4977 4978 4986 5000 

C126 

.C4 

C126 2 
C126CCC1 
C126CCC2 
C126CCG3 
C126CCC4 
C126GGC5 
C126CCC6 
C126CCC7 
C126GCCE 
C126CCC9 
C126CC1C 
C126CC11 
C126CC12 
C126CC13 
C126CC14 
C126CC15 
C126CC16 
C 1 2 6 C C n 
C126CC18 
C126CC19 
C1260C2C 
C126CC21 
C126GC22 
C126CC23 
C126GC24 
C126CC25 
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Letter to the Editors 

The Source-Layering Function of Underground Explosions 
and Earthquakes—an Application of a ' Common Path' 

Method 
p. D. Marshall and P. W. Burton 

(Received 1971 August 10) 

The vertical component of surface motion, R{(o), created by a Rayleigh wave in a 
layered medium, at a point distant r from a source, is given by the expression: 

R((a) = .L(co, d) *7(co) * A(m) * S(co) 

where K is a constant and L(co, d), I(co) and S(co) represent the amplitude response 
of the layered medium as a function of frequency and source depth d. the amplitude 
response of the instrument, the absorption term and the source spectral function 
respectively. The Rayleigh wave amplitude R{co) is expressed in the angular 
frequency domain (Toks6z, Ben-Menahem & Harkrider 1964). 

Tor a closed system comprising a single epicentre, path and recording station: 

S(co) * L(co, d) ^ ^ (̂ (co) 
R((o) K./(w)*^(co) 

is a function of frequency only, and constant at a given frequency; a(co) is a 
characteristic of the system and independent of the source. Any two events which 
occur at the same epicentre have a common path parameter a(co) and therefore are 
related by the expression 

Si(co)*Li(cQ,rf) ^ 82(03) *L2((o,d) 

The terms i?i(o)) and i?2(co) can be obtained by Fourier analysis of the Rayleigh 
wave trains. This gives a means of relating the spectral source-layering functions 
S((o) *L(co,d) for two events; the terms for absorption, scattering and lateral 
refraction along the path and the instrument are eliminated. 

It is usually difficult to assess the source-layering term. This paper suggests the 
comparison of a known with an unknown source, by means of the common path 
method to solve the problem. 

The source spectrum for atmospheric explosions has been pubhshed by Carpenter 
& Marshall (1970) using data from the large explosions fired over Novaya Zemlya 
in 1962. Since 1964 large underground explosions have taken place very close to 
these epicentres. Rewriting relation (1) for these two types of event leads to; 

R»*S^(f l ' )*-L/« ' '0) (2) 
S„(a)) * L„(co, d) •• -^j^^ • 

3 1 MAY m ) 7 
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lOOs 

Fio. 1. Recordings at Quetta of (a) Atmospheric and (b) Underground 
explosions at Novaya Zemlya. 

•O'Ol 
10 20 30 40 

Period (s) 
50 

F I G . 2. The log source-layering function of an underground explosion (from the 
Quetta records). 
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Period (s) 

F I G . 3. The mean and one standard deviation variation of tlie log source-layering 
function of an underground explosion (from the summation of three sets of 

records). 

The term L^((o, 0) can be considered as constant because i t is a slowly varying 
function of t» in the range of interest (Carpenter & Marshall 1970). Rayleigh waves 
f rom two explosions at Novaya Zemlya and recorded at Quetta, Pakistan, were 
analysed (Fig. 1(a) and (b)) and their Fourier spectra obtained. 

Atmospheric explosion: 

Underground explosion: 

27.9.62 
74.3° N 
27.10.66 
734° N 

0803 G M T 
52-4° E 
0558 G M T 
54-9° E. 

hoi 0 k m 

hc^Okm. 

The spectral source-layering function (illustrated i n Fig. 2) for this underground 
explosion was calculated for a set of discrete frequency points by substitution into 
equation (2) at each frequency point. The perturbations at the higher frequencies are 
probably due to differences in the background noise levels. There is more noise on 
the underground explosion record than on the atmospheric explosion record (Fig. 
1 (a) and (b)); ideally the signal-to-noise ratio would be the same for each seismogram. 

Perturbations due to noise were reduced by the similar analysis of records f rom 
Albuquerque and Istanbul and then summing the individual spectra, the summed 
spectrum obtained is shown in Fig. 3. This process is valid for explosive sources 
because they are radially symmetric. The inclusion of one standard deviation f rom 
the mean in Fig. 3 illustrates the variation of the spectra which make up the average 
spectral values. The variation is reasonable although only a few records were 
analysed. 

The ' Common Path ' method can be extended to earthquake investigation by using 
this known source-layering function, The assumption is that L„((», d) does not vary 
significantly over many regions of the world because explosions are shallow events, 
and L„(co, d) depends mainly on gross crustal features. The large differences in crustal 
thickness between Kazakh S.S.R. and Nevada U.S.A. cause observable differences 
in SJfij)*L„{(o,d) (see Fig. 4, Marshall 1970). However, S„(c») * L„(c», d) esti
mated in a region of normal crustal thickness may be applied in a region of similar 
crustal thickness. 
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» 0-5 

-So 35-
Period (s) 

F I G . 4. The log source-layering function of an earthquake (from Milrow records). 

The Rayleigh waves f rom an underground explosion and an earthquake which 
occurred in the same epicentral region were used to calculate the earthquake source-
layering function: 

K„(co; 

The events selected were: 

Underground explosion: 2.10.69 2206 G M T 

(MILROW) 

Earthquake: 

57-4° N 179-2° E 

18.9.69 0844 G M T 
52-5° N 173-5° E. 

h^24km 

and the resultant spectrum of the earthquake is shown in Fig. 4. The summation 
of several spectra cannot be applied to earthquakes because the source is radially 
asymmetric. This necessarily implies a study of the variation with azimuth. 

As anticipated by other studies (SIPRI 1968; Marshall 1970) the source layering 
functions for the earthquake and explosion are significantly different, particularly at 
the longer periods. No further interpretation of the earthquake spectrum is attempted 
here except to say that the minimum at T ^ 28 s in the earthquake spectrum is 
associated with the depth of the source (Douglas, Hudson & Kembhavi 1970). 

To proceed further with the present analysis and obtain S„(co) we must eliminate 
L„(c», d). This can be done when the crustal structure is known in the region of 
Novaya Zemlya. 

U.K.A.E.A., 
Blacknest, 

Brimpton, 
Reading RGl 4RS 

Department of Geology, 
University of Durham, 

Durham City, 
Durham. 
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