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RAYLE16H WAVE PAR71CLE M0710N AND CRU57AL 57RUC7URE 
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A857RAC7 

A fea516111ty 5tudy wa5 made c0ncern1n9 the u5e 0f the e111pt1c1ty 0f the Ray1e19h 
wave part1c1e m0t10n f0r determ1n1n9 earth 5tructure5. Var1at10na1 parameter5 were 
c0mputed ernp1r1ca11y f0r 60th the e111pt1c1ty and pha5e ve10c1ty 0f Ray1e19h wave5 
1n the per10d ran9e 7 = 10-50 5ec0nd5. 1t wa5 f0und that, 1n 9enera1, the e111pt1c1ty 
and pha5e ve10c1ty are a60ut e4ua11y 5en51t1ve t0 5tructura1 pertur6at10n5, 6ut 
that near-5urface 10w-ve10c1ty 5ed1mentary 1ayer5 1nf1uence the e111pt1c1ty much 
m0re 5tr0n91y than they d0 the pha5e ve10c1ty. Ane1a5t1c1ty ha5 a m1n0r effect 0n the 
e111pt1c1ty, wherea5 the pre5ence 0f 1nterfer1n9 wave5 can have a 519n1f1cant 1nf1uence. 

A te5t 0f the 1ndependence 6etween e111pt1c1ty and pha5e ve10c1ty 1nd1cated that 
1n 0ur per10d ran9e e111pt1c1ty d0e5 c0ntr16ute 1ndependent 1nf0rmat10n, and thu5 pr0- 
v1de5 an add1t10na1 c0n5tra1nt t0ward un14uene55. 

U51n9 data fr0m LA5A, 60th e111pt1c1ty and Ray1e19h- and L0ve-wave pha5e ve10c1- 
t1e5 were mea5ured and the re5u1t5 1nterpreted 1n term5 0f a cru5ta1 5tructure. 7he 
e111pt1c1ty data pr0ved u5efu1 when c0m61ned w1th the pha5e ve10c1ty and 50me 
5tructure5 that f1t the pha5e ve10c1ty data c0u1d 6e rejected 0n the 6a515 0f e111pt1c1ty. 

1N7R0DUC710N" 

5tud1e5 0f the pha5e and 9r0up ve10c1ty d15per510n curve5 0f the Ray1e19h and L0ve 
wave5 and the1r 1nterpretat10n 1n term5 0f 1ayered earth m0de15 c0ntr16uted 9reat1y 
t0 0ur kn0w1ed9e 0f the Earth•5 upper mant1e and cru5ta1 5tructure. An0ther pr0perty 
0f the Ray1e19h wave5 that may 6e u5efu115 the e111pt1c1ty 0f the part1c1e m0t10n at the 
5urface. Un11ke the ca5e 0f an e1a5t1c ha1f 5pace, the e111pt1c1ty--def1ned a5 the rat10 
0f the h0r120nta1 t0 vert1ca1 ax15 0f the e111pt1c tra1ect0ry 0f part1c1e m0t10n--var1e5 
w1th per10d 1n the ca5e 0f 1ayered 5tructure5. 7he5e var1at10n5 have 6een we11 kn0wn 
the0ret1ca11y, and 1n m05t 5tud1e5, h0r120nta1 and vert1ca1 c0mp0nent5 0f the m0t10n 
have 6een c0mputed r0ut1ne1y 1n d15per510n ca1cu1at10n5.7he purp05e 0f th15 5tudy 15 
t0 1nve5t19ate the fea516111ty 0f e111pt1c1ty mea5urement5 fr0m Ray1e19h wave 5e15m0- 
9ram5 and the1r 1nterpretat10n 1n term5 0f earth 5tructure5. 

70 te5t the e111pt1c1ty meth0d and t0 c0mpare 1t w1th the pha5e ve10c1ty techn14ue, 
we need an area where there 15 cru5ta1 5tructure 1nf0rmat10n and a d15tr16ut10n 0f 
5tat10n5 5u1ta61e f0r pha5e-ve10c1ty mea5urement5. 7he Lar9e Aperture 5e15m1c Array 
(LA5A) 1n M0ntana pr0v1de5 the nece55ary 5tat10n den51ty and we11-matched three- 
c0mp0nent 1n5trument5. Data fr0m 5et5 0f LA5A 10n9-per10d 1n5trument5 were u5ed 
1n th15 5tudy f0r 60th e111pt1c1ty and pha5e ve10c1ty mea5urement5. 

1n the paper, we w111 d15cu55 1n the next 5ect10n the the0ret1ca1 a5pect5 0f the 
e111pt1c1ty 0f Ray1e19h-wave part1c1e m0t10n, 1t5 dependence 0n 5tructura1 parameter5 
and 1t5 re1at10n5h1p t0 pha5e-ve10c1ty data. 7he ana1y515 and 1nterpretat10n 0f the 
e111pt1c1ty- and pha5e-ve10c1ty data w111 6e c0vered 1n the th1rd 5ect10n. 

6ENERAL C0N51DERA710N5 

7he part1c1e m0t10n 0f a Ray1e19h wave may 6e th0u9ht 0f a5 a 5uperp051t10n 0f 
part1c]e m0t10n5 0f m0n0-fre4uency wave5. F0r 5ueh a 51n91e-fre4uency wave pr0pa9at- 
1n9 0ver an 1nf1n1te ha1f 5pace th15 m0t10n 15 an e111p5e w1th the vert1ca1 and rad1a1 
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d1rect10n5 a5 pr1nc1pa1 axe5. 7h15 15 a150 true at far-f1e1d d15tance5 f0r a wave rad1ated 
fr0m an ar61trary p01nt 50urce 1n a perfect1y e1a5t1c 1ayered med1um (11a5ke11, 1964), 
1n wh1ch ca5e the rat10 0f the tw0 d15p1acement5 at the 9r0und 5urface can 6e wr1tten a5 

UH . A 

Uv 8 

where UH, Uv = 5pectra 0f the rad1a1 and vert1ca1 c0mp0nent5 0f m0t10n, 1 = ~ / 2  1, 
and A, 8 are rea1 funet10n5 0f fre4ueney and the 1ayer parameter5 (th1ckne55e5, 
den51t1e5, ve10e1t1e5). 7h15 expre5510n h01d5 f0r any 0rder m0de. 7he rat10 15 pure1y 
1ma91nary, w1th an amp11tude depend1n9 0n1y 0n fre4uency and e1a5t1e parameter5 
6eneath the ree0rd1n9 51te. 7hu5 a p10t 0f the amp11tude 0f the 5peetra1 rat10 (wh1eh 
w111 hereafter 6e termed ••e111pt1c1ty••) ver5u5 fre4ueney ean 6e u5ed 1n the 5ame manner 
a5 a pha5e ve10c1ty d15per510n eurve f0r the 1nterpretat10n 0f earth 5trueture. 

Ane1a5t1c1ty. Ha5ke11 (1953) p01nted 0ut that the 1ntr0duet10n 0f ane1a5t1e1ty 1nt0 
the pr061em 6y the u5e 0f e0mp1ex ve10e1t1e5 1n A, 8 w0u1d re5u1t 1n a 5peetra1 rat10 
wh1ch wa5 n0 10n9er pure1y 1ma91nary, w1th the c0n5e4uence that the ma10r ax15 0f 
the e111p5e 0f part1e1e m0t10n w0u1d 6e 1ne11ned w1th re5peet t0 the vert1ca1. 7h15 ha5 
6een 065erved exper1menta11y (D06r1n et a1, 1951). 0ne w0u1d then h0pe that mea5ure- 
ment5 0f the t11t an91e v5. per10d e0u1d 6e 1nterpreted 1n term5 0f the Q-5tructure 0f 
the earth. 

70 determ1ne the effect5 0f ane1a5t1e1ty we w111 e0n51der the 51mp1e5t ea5e 0f an 
150tr0p1e ha1f 5paee. 7he 5peetra1 rat10 0f the 5urfaee d15p1acement 15 91ven 1n term5 0f 
the ve10e1t1e5 9, a, ¢~ 6y: 

u . •  1 ( 2 -  ~/~)  (1) 
Uv 2~v/1 • ~2/~2 

where 9 15 the c0mp1ex pha5e ve10c1ty and ~, ~ are the c0mp1ex c0mpre5510na1 and 
5hear ve10c1t1e5 1n the ha1f 5pace. F0110w1n9 MacD0na1d (1959) and Pre55 and Hea1y 
(1957), ane1a5t1c1ty 15 1ntr0duced 6y 5ett1n9 

a = ~  1 - ~ Q .  -1 

• 1 Qy1) ~=~(1 
• 1 Q-1) 

5 =  c (1  

where term5 1n (Q/-1)2, j = a, ~, R have 6een ne91ected, a, ~ and c are, f0r 10w 1055 
mater1a15, e4ua1 t0 the u5ua1 ve10c1t1e5 f0r a perfect1y e1a5t1c mater1a1. 7hen t0 f1r5t 
0rder 1n ~-1 we f1nd up0n expan510n, 51mp11f1cat10n, and the u5e 0f MaeD0na1d•5 
re5u1t5 re1at1n9 Ray1e19h wave a650rpt10n, QR -1, t0 the 1ntr1n51c a650rpt10n Q~-1 
and Q-1, that 

U••. • - - - 1 ( 2  - -  6) a ( 2  - -  6) -~- ~ ( 2 6  - -  2 a  - -  a6) { Q - 1  • Q - ~ }  (2 )  

U~ 2 ~ / 1  - a 4 ( 1  - -  a ) ~ J 1 - -  a 
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where 
6 - -  • / 5 )  2 

a ~ ( C / ~ )  2 

a(2  --  5 ) (1  --  5) 
77~ 

a(2 -- 5)(1 -- 5) -- 5(1 --  a)(2  --  35) 

7A8LE 1 
57ANDARD M0DEL F0R PAR71AL DER1VA71VE CALCULA710N5 

Layer n0. 7h1ckne55 (km) Vp (km/5ec) V5 (k1n/5ec) p (9m/cc) 

1 2.7 3.73 2.31 2.35 
2 16.4 6.10 3.69 2.85 
3 27.5 6.70 3.84 3.00 
4 20.0 8.30 4.65 3.49 
5 ~ 8.30 4.70 3.49 
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F16.1. N0rma112ed part1a1 der1vat1ve5 0f the e111pt1c1ty and pha5e ve10c1ty w1th re5pect t0 5hear 
ve10c1ty. 7he c1rc1ed m1nu5 519n5 1nd1cate ne9at1ve der1vat1ve5. 

7hu5 the 5pectra1 rat10 when  ane1a5t1c1ty 15 pre5ent 15 e4ua1 t0 that  f0r a perfect1y 
e1a5t1c mater1a1 p1u5 a rea1 t erm 1nv01v1n9 the d1551pat10n fact0r5 Q#-1, Q - 1 . 7 h e  pha5e 
1ntr0duced 1n the 5pectra1 rat10 6 y  th15 extra t erm pr0duce5 a t11t 0f the part1c1e 
m0t10n e111p5e. F0r an extreme examp1e 1et 5 / a  = 0.55, Q - 1  = 2.5 Q~-1, Q,-~ = 0.1. 
W1th th15 data 

UH ~.~ 0.659e~850 
UV•--  

and the var1at10n fr0m 90 ° ( the  pha5e d1fferenee 6 e t w e e n  the h0r120nta1 and vert1ca1 
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c0mp0nent5 0f the m0t10n f0r an e1a5t1c ca5e) 15 0n1y 2 °, a 4uant1ty 5ma11er than the 
exper1menta1 5catter. F0r a11 pract1ca1 purp05e5, theref0re, the an91e 0f t11t 15 ne9119161e 
and cann0t 6e u5ed t0 determ1ne the Q-5tructure, n0r d0e5 1t affect the e111pt1c1W 

l 
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F 1 6 .  2 .  N0rma112ed part1a1 der1Vat1Ve5 0f the e111pt101ty and pha5e Ve10C1ty W1th 
r e 5 p e c t  t 0  d e n 5 1 t y .  

t 1 1 1 1 1 1 L 1 1 1 1 
5YM80L LAYER 5YM80L LAYER 

1 1 

- - . - -  2 - - • - -  2 
3 3 

- - x - -  4 - - x - -  4 
1.0 1.0 - -  

H / V  - 00M PRE55. 6 -  00MPRE55. 

Ld~ 
,,a1.. 6 0J ~ ] ~  0.1 

-1w ~ . ~ . -  . . . .  ~ - - - - - . ~  ~ .--.---- - 1 0  

0.0. _ 1 

0.00, / ~ x ~  / ------ff-~-1x ----• 1 , , /  , , 000, 1 1 1 / x  , > . 1  
10 20 30 40  10 20 30 40  

PER10D (5ec) PER10D (5ec1 

Fm. 3. N0rma112ed part1a1 der1vat1ve5 0f the e111pt1c1ty and pha5e ve10c1ty w1th 
re5peet t0 e0mpre5510na1 ve10c1ty. 

mea5urement5 5er10U51y. 7h15 re5U1t 15 51m11ar t0 that  06ta1ned, f0r 5pee1f1e phe- 
n0men01091ea1 m0de15 0f the attenuat10n, 6y 110rt0n (1953) and Nakamura (1957). 

Part1a1 der1Vat1ve5.7he u5efU1ne55 0f the teehn14Ue depend5 60th 0n the fea516111ty 0f 
mak1n9 rea50na61y aCCUrate mea5Urement5, and 0n the 5en51t1V1ty 0f the e111pt1e1ty 



R A Y L E 1 6 1 1  W A V E  P A R 7 1 C L E  M 0 7 1 0 N  A N D  C R U 5 7 A L  5 7 R U C 7 U R E  335 

t0 parameter chan9e5. 70 5tudy the 5en51t1v1ty, part1a1 der1vat1ve curve5 were c0n- 
5tructed 6y ca1cu1at1n9 the0ret1ca1 e111pt1c1ty curve5 f0r a 5u1te 0f m0de15, eaeh 0f 
wh1ch d1ffer5 fr0m a 5tandard m0de1 (7a6]e 1 ) 6y a 10 per cent pertur6at10n 0f a 51n91e 
1ayer parameter. F0r c0mpar150n, 51m11ar curve5 were c0n5tructed f0r pertur6at10n5 0f 
pha5e ve10c1ty. 7he re5u1t1n9 emp1r1ca1 der1vat1ve5, n0rma112ed 50 that a d1rect e0m- 
par150n 6etween pha5e ve10c1ty and e111pt1c1ty 15 p055161e, are 91ven 1n F19ure5 1, 2, 

and 3 . 0 n e  c0nc1u510n drawn fr0m the5e f19ure5 15 that e111pt101ty 15 appr0x1mate1y a5 
5en51t1ve t0 parameter chan9e5 a5 15 pha5e ve10c1ty. F0r a 91ven per10d, h0wever, the 
re1at1ve 10cat10n 0f max1ma 0f c0rre5p0nd1n9 curve5 1nd1cate5 that the pha5e ve10c1ty 
15 5en51t1ve t0 deeper pertur6at10n5 than 15 the e111pt1c1ty (c0mpre5510na1 ve10c1ty 
pertur6at10n5 5eem t0 6e an except10n). An 1mp0rtant d1fference 6etween the tw0 
5et5 0f curve5 15 the 519n1f1cant dependence, even at 10n9 per10d5, 0f the e111pt1c1ty 0n 
the 5hear ve10c1ty 1n the 5urf1c1a1 5ed1mentary 1ayer (1ayer 1). 7h15 15 due t0 the h19h 
5en51t1v1ty 0f the h0r120nta1 c0mp0nent 0f m0t10n t0 1mpedance c0ntra5t5, 5uch a5 
0ne 9et5 when 10w ve10c1ty 5ed1ment5 0ver11e h19her ve10c1ty 6a5ement r0ck5 (D0rman 
and Prent155, 1960). 7h15 5en51t1v1ty may 11m1t the u5efu1ne55 0f the e111pt1c1ty meth0d, 
e5pec1a11y 1f the 5tructure 0f the 5ed1ment515 c0mp11cated, f0r 1t may cau5e 5catter 1n the 
065ervat10n5 and w111 make an 1nver510n 0f the data 0f 4ue5t10na61e va1ue. 0ften, 
h0wever, the 5ed1mentary 5tructure 15 kn0wn fr0m near 5urface 5tud1e5, and 1f 1t 15 
unc0mp11cated (1.e. we can a55ume that the 6a5ement-5ed1ment 1nterface 15 near1y 
h0r120nta1 1n the re910n 0f the 5tat10n) we can e11m1nate 1t5 effect when the 1nver510n 15 
perf0rmed. M0re0ver, the re1at1ve f1atne55 0f the 1ayer 1 pertur6at10n curve5 1mp11e5 
that chan9e5 1n the 5ed1mentary 1ayer w111 chan9e the e111pt1c1ty fa1r1y un1f0rm1y at a11 
per10d5 5h0wn 1n the f19ure5, and thu5 any ••character•• 1n a mea5ured e111pt1c1ty curve 
15 pr06a61y 1nf1uenced 6y 0ther than the near-5urface 5ed1ment5. 

7he 1nf1uence 0f 5tructure w1th1n the 5ed1ment5 wa5 determ1ned 6y 6reak1n9 1ayer 
1 1nt0 three 1ayer5 and a9a1n c0mput1n9 part1a1 der1vat1ve curve5. 7he curve5 effec- 
t1ve1y d1ffered fr0m 0ne an0ther 0n1y 6y a mu1t1p11cat1ve fact0r, and thu5 an 1nver510n 
5cheme, 5uch a5 1ea5t-54uare 1nver510n, u51n9 mea5urement5 0f e111pt1c1ty 1n th15 per10d 
ran9e w0u1d n0t 6e a61e t0 re501ve 5hear ve10c1ty d1fference5 w1th1n the 5ed1mentary 
1ayer. 

1ndependence. 51nce 1n 9enera1 the 1nver510n pr061em 15 n0nun14ue, that 15, there are 
m0re unkn0wn5 than 065erva61e5, 1t 151ntere5t1n9 t0 a5k 1f the add1t10n 0f the e111pt1c1ty 
mea5urement5 t0 pha5e ve10c1ty mea5urement5 w111 reduce the n0n-un14uene55 6y 
11m1t1n9 the p055161e ran9e 0f va11d m0de15.8ecau5e 0f the d1ffer1n9 5en51t1v1t1e5 0f the 
pha5e ve10c1ty and e111pt1c1ty t0 a 91ven parameter chan9e, a5 p01nted 0ut a60ve, th15 
w0u1d 5eem t0 6e the ca5e. We ean 9et a m0re 4uant1tat1ve fee11n9 f0r th15 6y c0n51der- 
1n9 the re1at1ve 1ndependence 0f certa1n vect0r5 wh05e c0mp0nent5 are part1a1 der1va- 
t1ve5. C0n51der a 5et 0f 065ervat10n5 0f pha5e ve10c1ty (C) and e111pt1c1ty (E) at m 
per10d5 (7). 7hen 

E j  = E ( 7 1 )  j = 1, . . .  m 

Cj = C ( 7 j )  j = 1 , . . .  m.  

1f we have an a55umed m0de1 c0n515t1n9 0f n parameter5 (P) and 1f th15 m0de1 15 
e105e en0u9h t0 the aetua1 5trueture, we ean 11near12e and 06ta1n the f0110w1n9 e4ua- 
t10n5 f0r the needed pertur6at10n5 (AP) 0f the a55umed m0de1 (D0rman and Ew1n9, 
1962) 
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0Cj  . ~ 
- -  251"1 = 2xC5 j = 1, 2, . - . ,  m 

1=~ 0P1 

0E5 
1=1 0~1 AP1 = AE1 

j = 1,2, . . . , m .  

Each 5et 0f e4uat10n5 can 6e wr1tten 1n matr1x f0rm a5 

V1 [AP17 V~A17 
V2 1LxP21 = 1LxA2 1 

: LJLJ Ln 
where Vj 15 a r0w vect0r w1th c0mp0nent5 

(0Aj  0Aj 
Vy = •0P1• 0P2• 

Where A1 = Ej  0r Cj. 

. . .  0 A j ~  

• 0 P J  

7A8LE 2 

RE5uL75 0F 0R7H060NAL12A710N 

Ca5e 1--W1th near 5urface 1ayer (Max. n0. 0f 

1ndcp. vect0r5 1n cr055 5et = 15) 

7 0 L  N0. 1ndep. C N0. 1ndep. E N0. 1ndep. 1n 
Cr055 ~et 

10 -2 5 6 10 
10 -3 7 7 13 
10 -4 9 9 15 

Ca5e 11--W1th0ut near 5urface 1ayer (Max. n0. 
0f 1ndep. veet0r5 1n er055 5et = 12) 

7 0 L  N0.1ndep. N0. 1ndep. E N0. 1ndep. 1n 
cr055 5et 

10 -2 5 5 9 

10 -3 6 7 12 

10 -4 8 9 12 

(3) 

(4) 

1n 9enera1, n > m and the 5y5tem 0f e4uat10n5 1nv01v1n9 ju5t the pha5e ve10c1ty 0r 
e111pt1c1ty ha5 n0 un14ue 501ut10n. 7he  4ue5t10n we w111 e0n51der here 15 whether the 
add1t10n 0f the e111pt1c1ty e4uat10n5 (5et 4) t0 the pha5e ve10e1ty e4uat10n5 (5et 3) 
c0ntr16ute5 any new 1nf0rmat10n 0r whether 1t 51mp1y 1ntr0duce5 c0mpat16111ty re- 
4u1rement5 0n the r19ht hand 51de. 7 h a t  15, are we c0ntr16ut1n91ndependent r0w vect0r5 
t0 the pha5e ve10c1ty r0w vect0r5 when we 1nc1ude the e111pt1c1ty 065ervat10n5• 70  
an5wer th15, veet0r5 were c0n5tructed fr0m the ca1cu1ated part1a1 der1vat1ve5 and the1r 
1ndependence wa5 5tud1ed 6y u51n9 a 6ram-5chm1dt  0rth090na112at10n pr0eedure 
(F0u9ere, 1963). 

1n the 6ram-5chm1dt  pr0eedure a 5et 0f new 0rth090nM vect0r5 15 5y5temat1ca11y 
c0n5trueted fr0m the 0r191na1 5et 0f vect0r5.1f any 0f the 0r191na1 vect0r5 are 11near1y 
dependent, the num6er 0f 0rth090na1 veet0r5 w111 6e 1e55 than the num6er 0f 0r191na1 
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vect0r5; 5uch a 11near dependence w0u1d the0ret1ca11y re5u1t 1n the c0n5truct10n 0f a 
nu11 vect0r 1n the c0mputat10n 5cheme. 51nce 1n pract1ce we 0n1y have a f1n1te num6er 
0f dec1ma1 p1ace5 1n the c0mputat10n5 we mu5t 1ntr0duce a character15t1c 1en9th, 
7 0 L ,  5uch that  a nu11 vect0r 1n the 0rth090na112at10n 5cheme 15 a55umed t0 6e 0ne 
w1th 1en9th 1e55 than 7 0 L .  7he  appr0pr1ate 7 0 L  depend5 60th 0n the accuracy 0f 
the numer1ca1 5cheme and the re1at1ve accuracy 0f the vect0r c0mp0nent5 and data;  
1n th15 5tudy a ran9e 0f va1ue5 wa5 u5ed. 

7he  re5u1t5 f0r a 5tandard m0de1 w1th three ma1n cru5ta1 1ayer5 and a 5ed1mentary 
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F1e. 4. P1an v1ew 0f LA5A, w1th the  5e15m0meter 51te5 1nd1cated 6y c1rc1ed num6er5. 7 h e  

var10u5 event5 u5ed 1n the  ana1y515 and the1r d1rect10n 0f appr0ach are 5h0wn 6y the  a r r 0 w 5 . 7 h e  
da5hed tr1an91e5 are repre5entat1ve 5tat10n c0m61nat10n5 u5ed 1n the  pha5e ve10c1ty ana1y515. 

1ayer are 91ven 1n 7a61e 2. A 5et 0f 9 vect0r5 (c0rre5p0nd1n9 t0 per10d5 7 = 10 t0 
7 = 50 5ec0nd5), w1th 15 c0mp0nent5 1n ca5e 1 and 12 c0mp0nent5 1n ca5e 11, were 
c0n5tructed f0r 60th e111pt1c1ty and pha5e ve10c1ty (1.e., m = 9, n = 15 and 12 1n 
e4uat10n5 3 and 4). Ca5e 11 d1ffer5 fr0m ca5e 1 1n that  var1at10n5 0f parameter5 1n the 
5ed1ment 1ayer (1ayer 1) are n0t c0n51dered 1n ca5e 11.7hu5 0ut 0f the 18 vect0r5 1n the 
cr055-5et (e111pt1c1ty r0w vect0r5 c0m61ned w1th pha5e ve10c1ty r0w vect0r5) the 
max1mum num6er 0f 1ndependent vect0r5 15 11m1ted t0 15 1n ca5e 1 and 12 1n ca5e 11. 
7he  0rth090na112at10n wa5 f1r5t app11ed 5eparate1y t0 the tw0 5et5 0f 9 vect0r5. F0r 
examp1e (7a61e 2), f0r ca5e 1 and 7 0 L  = 10 -8, 6 0ut 0f the 9 0r191na1 pha5e 
ve10c1ty vect0r5 and 7 0ut 0f the 9 0r191na1 e111pt1c1ty vect0r5 were 1ndependent. 
(A1th0u9h n0t 1nd1cated 1n the ta61e, the dependent vect0r5 were th05e c0n5tructed 
f0r 5uch per10d5 a5 40-45-50 5ec0nd5. 8ecau5e the der1vat1ve curve5 f1atten 0ut 1n th15 
ran9e, vect0r5 c0n5tructed f0r 5uch c105e1y 5paced per10d5 w111 6e 51m11ar and thu5, 
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w1th the a55umed 70L,  may 6e dependent.) A cr055-5et 0f the re5u1t1n9 1ndependent 
vect0r5 1n eaeh 0f the 1nd1v1dua1 5et5 wa5 then f0rmed and the 0rth090na112at10n wa5 
a9a1n perf0rmed. 1n the examp1e a60ve, 12 0f the 13 vect0r5 (6 fr0m the pha5e ve10c1ty 
5et and 7 fr0m the e111pt1c1ty 5et) 1n the er055-5et were f0und t0 6e 1ndependent. 7h15 
re5u1t, and the 0ther re5u1t5 1n 7a61e 2, 1mp1y that the e111pt1e1ty 5et 0f e4uat10n5 15 
near1y 1ndependent 0f the pha5e ve10c1ty 5et 1n the per10d ran9e te5ted. 7h15 15 an 
1nd1eat10n that the e111pt1e1ty d0e5 e0ntr16ute 1ndependent 1nf0rmat10n, and thu5 1t 
w0u1d 6e u5efu1 t0 e0n51der 60th pha5e ve10e1ty and e111pt1c1ty t09ether. 

EXPER1MEN7AL RE5UL75  

70 5tudy the meth0d, e111pt1c1t1e5 and pha5e ve10c1t1e5 were mea5ured f0r 5evera1 
event5 rec0rded at LA5A 1n M0ntana. 7he 51te d15tr16ut10n 0f the array 15 91ven 1n 
F19ure 4 and the ep1center 1nf0rmat10n 15 115ted 1n 7a61e 3. 7he data wa5 ch05en 0n 
the 6a515 0f 1t5 re1at1ve freene55 fr0m 60th n015e and e0mp11cated amp11tude m0du1a- 
t10n. N0ne 0f the data, h0wever, wa5 ent1re1y free 0f m0du1at10n effect5.8ecau5e there 
are 1nd1cat10n5 (610ver and A1exander, 1968; 6reenf1e1d and 5hepard, 1968; Fa1r60rn, 
1968) that the 5u6-LA5A 5tructure 15 c0mp11cated, 0n1y a 5e9ment 0f the n0rthern 
part 0f the array wa5 ch05en f0r th15 5tudy, wh05e pr1mary purp05e wa5 t0 te5t the 
e111pt1c1ty meth0d. 

7A8LE 3 
EP1CEN7ER 1NF0RMA710N 

Date 0r191n t1me Lat1tude L0n91tude Ma9n1tude L0ca11ty (M6) 

6/02/67 06.31.28.2 0.9N 28.4W 5.0 Cen. M1d-At1. R1d9e 
6/10/67 18.04.39.6 16.4N 46.6W 4.9 N. At1. R1d9e 
6/14/67 05.06.16.3 15.25 173.6W 5.9 70n9a 151and5 
6/26/67 02.22.34.8 18.4N 105.2W 5.0 Ja115c0, Mex1c0 

An e4ua112at10n f0r the d1ffer1n9 ma9n1f1cat10n5 0f the three 10n9-per10d 1n5trument5 
at a 91ven 51te wa5 f1r5t app11ed t0 the data. 7he5e ma9n1f1cat10n fact0r5 were f0und 6y 
avera91n9 the ma9n1tude5 0f appr0x1mate1y 30-40 c0n5ecut1ve peak5 and tr0u9h5 0n 
51ne-wave ca116rat10n curve5 rec0rded 0n three 5eparate day5. D1fference5 1n ma9n1f1ca- 
t10n 6etween the c0mp0nent5 at a 91ven 51te were 0n the 0rder 0f 5 per cent. Un- 
f0rtunate1y, the ca116rat10n te5t5 at LA5A are re5tr1cted t0 a 51n91e fre4uency, thu5 
nece551tat1n9 the a55umpt10n that the e4ua112at10n fact0r5 are 1ndependent 0f fre- 

4uency. 
After e4ua112at10n the h0r120nta1 c0mp0nent5 were r0tated 1nt0 rad1a1 and tran5ver5e 

d1rect10n5, u51n9 a21muth5 der1ved fr0m pre11m1nary t1me-d0ma1n pha5e ve10c1ty 
5tud1e5. F0r 51mp11c1ty fre4uency-1ndependent a21muth5 were a55umed. 1f n0 L0ve 
wave5 are pre5ent, the err0r 1n the h0r120nta1 5pectrum due t0 m15r0tat10n 15 5ec0nd 
0rder 1n the a21mutha1 err0r, and 15 thu5 u5ua11y 5ma11. F0ur1er tran5f0rm5 0f the 
vert1ca1 and r0tated trace5 were ca1cu1ated and a m0v1n9, e4ua1-we19ht avera9e 0f 
5even adjacent p01nt5 wa5 u5ed t0 5m00th the amp11tude 5pectra 6ef0re the e111pt1c1ty 
wa5 c0mputed. 7h15 avera91n9 5eemed t0 have the de51red effect 0f 5m00th1n9 the 
e111pt1c1ty w1th0ut 1ntr0duc1n9 any n0t1cea61e 61a5. 

Exam1nat10n 0f the mea5ured e111pt1c1ty revea1ed tw0 feature5 wh1ch c0u1d n0t 6e 
exp1a1ned 6y h0m09ene0u5, 150tr0p1c p1ane-1ayered 5tructure5: (1) re1at1ve peak5 and 
tr0u9h5 0ccurr1n9 w1th1n narr0w per10d ran9e5 wh1ch are a550c1ated w1th nu115 1n the 
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amp11tude 5pectra; (2) a 5u99e5t10n 0f a 5eparat10n 0f curve5 c0rre5p0nd1n9 t0 event5 
c0m1n9 fr0m d1fferent a21muth5. 7he 5ec0nd 065ervat10n 15, 6ecau5e 0f the 5ma11 
num6er 0f event5 5tud1ed and the 5catter 0f the mea5ured data, 0n1y tentat1ve and 
may 6e exp1a1ned 6y the pre5ence 0f an150tr0py 0r n0n-p1anar, 1atera11y 1nh0m09ene0u5 
5tructure5. 7he f1r5t 065ervat10n 15 m0re amena61e t0 mea5urement and ana1y515. A 
part1cu1ar1y c1ear examp1e 0f the phen0mena 15 5h0wn 1n F19ure 5, w1th the amp11tude 
5pectra and c0rre5p0nd1n9 5e15m09ram5 fr0m wh1ch the e111pt1c1ty wa5 c0mputed 
91ven 1n F19ure 6 .7he  06v10u5 6eat 1n the 5e15m09ram and the peak 1n the e111pt1c1ty 
are 60th a550c1ated w1th the pr0n0unced nu11 1n the amp11tude 5pectra at 20.88 5ec. 
P11ant and Kn0p0ff (1964) 5h0wed that 5uch amp11tude m0du1at10n 1n the t1me 
d0ma1n and m1n1ma 1n the amp11tude 5pectrum can 6e c0n51dered an 1nterference 
effect. (1n th15 ca5e the nu111n the 5pectrum 15 def1n1te1y n0t a 50urce effect, 51nce re1a- 
t1ve1y 11tt1e 1nterference 15 065erved at 50me 0ther 51te5 1n the array). 8y  m0de11n9 
th15 1nterference a5 an 1nteract10n 0f tw0 d15per51ve wave5 1mp1n91n9 at an an91e t0 
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F16. 5. M e a 5 u r e d  e111pt1c1ty, 5h0w1n9 t h e  effect5 0f 1n te r fe rence .  

0ne an0ther and w1th a re1at1ve t1me 1a9 6etween them (5ee the Append1x), 0ne f1nd5 
that re1at1ve peak5 5h0u1d 0ceur 1n the e111pt1e1ty at the nu11-per10d5 0f the amp11tude 
5pectra. 7hu5 we can ar9ue that 5uch peak5, 1f c0rre1ated w1th m1n1ma 1n the amp11tude 
5pectrum, are n0t due t0 e1a5t1c 5tructure and we can e11m1nate them 1f the 1nterference 
parameter5 can 6e e5t1mated. 

Even after ace0unt1n9 f0r the 1nterference, c0n51dera61e 5catter rema1ned 1n the 
data. 7he ma9n1tude 0f th15 5catter wa5 5uch that 1t wa5 n0t c0n51dered w0rthwh11e 
t0 der1ve cru5ta1 m0de15 fr0m the e111pt1e1ty mea5ured at 5eparate 51te5. Rather, 
an avera9e 0f the e111pt1c1ty fr0m 5evera1 51te5 wa5 u5ed 1n e0njunct10n w1th pha5e 
ve10e1ty t0 der1ve an earth m0de1. 7he e111pt1c1ty data 15 91ven 1n F19ure 7, a10n9 w1th 
a the0ret1ca1 curve f0r a der1ved m0de1. 7he e111pt1e1ty va1ue5 were taken fr0m a11 
the event5 mea5ured exc1ud1n9 that 0n 6/26, and 1nc1ude data fr0m the f0110w1n9 
51te5: 3, 7, 10, 11, 13, 18, 19 (5ee F19ure 4 f0r the 51te 10cat10n5). 7he am0unt 0f data 
1nc1uded f0r a part1cu1ar event at a part1cu1ar 51te depended 0n the ma9n1tude 0f the 
amp11tude 5pectra, e0ntam1nat10n fr0m 1nterferenee, and c105ene55 0f the pha5e-d1f- 
ference 6etween the rad1a1 and vert1ca1 trace5 t0 - 9 0  °. 7he pha5e d1fferenee 0f the 
reta1ned data wa5 u5ua11y w1th :1:10 ° 0f - 9 0  °. F0r 50me event5 data fr0m a part1cu1ar 
51te wa5 n0t 1nc1uded 6ecau5e 1t 5h0wed p00r c0n515teney w1th data fr0m near6y 51te5. 
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F0r examp1e,, f0r the 6/14 e vent; 51te5 7, 10, and 11 9ave remarka61y c0n515tent e111p- 
t1c1ty, 6ut the data fr0m 51te 5 wa5 very d1fferent. 7he cau5e 0f th15 d1fference 15 n0t 
kn0wn, 7he datanear  1nterference peak5 (u5ua11y 6etween 20 and 30 5ec0nd5) wa5 
a150 n0t 1nc1uded. 8ecau5e 0f the d1ff1cu1ty 0f e5t1mat1n9 the 1nterference parameter5, 
n0 c0rrect10n5 were app11ed t0 the data rema1n1n9 after th15 e11m1nat10n. Qua11tat1ve1y, 
the c0rrect10n5 w0u1d m0ve the e111pt1c1ty p01nt5 f0r per10d5 9reater than 30 5ec0nd5 
d05er :t0 ,the the0ret1ca1 curve. 

Pha5e ve10c1t1e5 0f the Ray1e19h and L0ve wave5 fr0m var10u5 event5 were a150 
c0mputed u51n9 var10u5 c0m61nat10n5 0f 5tat10n5. 1t wa5 p055161e, a5 1nd1cated 1n 
F19ure 4, t0 f1nd c0m61nat10n5 0f 3 51te5 5uch that the pr0pa9at10n vect0r 0f an event 
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F16. 6. 71me 5er1e5 and c0rre5p0nd1n9 amp11tude 5pectra u5ed 1n the ca1cu1at10n 0f the 
e111pt1c1ty 1n F19Ure 5. 

wa5 a1m05t para11e1 w1th the 10n9 1e9 0f the re5u1t1n9 tr1an91e. 1V[ea5urement5 0f the 
pha5e ve10c1ty f0r d1fferent tr1an91e5 1n the n0rthern part 0f the array 9ave 51m11ar 
d15per510n, 6ut re5u1t5 fr0m the 50uth-ha1f 0f the array were d1fferent, 1nd1cat1n9 a 
1atera1 var1at10n 6etween the tW0 part5. 7he re5u1t5 f0r the n0rthern part 0n1y are 
1nc1uded 1n th15 paper (F19ure 8). A5 f0r the e111pt1c1ty, data fr0m the d1fferent event5, 
mea5ured 0ver d1ffer~nt c0m61nat10n5 0f 51te5, were 1nc1uded 1n the f19ure. Mea5ure- 
ment5 were d0ne 1n the fre4uency d0ma1n u51n9 5tandard pha5e d1fference techn14ue5 
(76k502 and 8en•Menahem, 1963). A redundancy 1n the mea5urement5 wa5 p055161e 
51nce a 91ven tr1an91e c0nta1ned m0re than three 5tat10n5, and thu5 the re5u1t5 06ta1ned 
are 1ea5t-54uare determ1nat10n5 0f pha5e ve10c1ty. D1fferent type5 0f pha5e 5m00th1n9, 
u51n9 11near and 4uadrat1c runn1n9 avera9e5, were tr1ed. Re5u1t5 fr0m 5uch 5m00th1n9 
0perat10n5 are 1nc1uded 1n• F19ure 8 0n1y 1f the un5m00thed pha5e ve10c1t1e5 d1d n0t 
exh161t 1ar9e 05c111at10n5 (pre5uma61y an 1nterference phen0mena) 0r 5catter. Due t0 
the 1ack• 0f ca116rat10n ~ data, n0 c0rrect10n5 f0r 1n5trument re5p0n5e were app11ed. 7he 
1n5trument5 are we11-matched, h0wever, and 5uch c0rrect10n5 are expected t0 6e 
5ma11. 
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1nterpretat10n. A m0de1 (M1) wh1ch f1t5 60th Ray1e19h wave pha5e ve10c1ty and 
e111pt1c1ty fa1r1y we1115 91ven 1n 7a61e 4.7h15 m0de1 wa5 f0und 6y u51n9 a c0m61nat10n 
0f tr1a1-and-err0r and 1ea5t-54uare numer1ca1 1nver510n techn14ue5. 7he  apparent  
d15crepancy 6etween the the0ret1ca1 and 065erved L0ve wave d15per510n 15 n0t t0 6e 
taken 5er10u51y at the pre5ent, f0r the L0ve wave data  are 6a5ed 0n 0n1y 0ne event 
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F16.7. Me~5ured e111pt1c1ty f0r d1fferent event5 and d1fferent 51te5. 7he 5011d 11ne 15 the 
the0ret1ca1 e111pt1e1ty c0rre5p0nd1n9 t0 m0de1 M1. 

7A8LE 4 
]~AR71{ M0DEL5 

M1--Der1ved LA5A m0de1 

7h1ckne55 (km) Vp(km/5ec) V5(km/5ec) p(9m/cc) 

1.75 3.60 2.16 2.50 
17.50 6.15 3.71 2.90 
17.00 6.97 3.92 3.10 
16.00 7.20 3.92 3.15 

00 8.20 4.75 3.65 

M2--C0mpar150n m0de1 

7h1ckne55 (km) Vp (km/5ec) V5(km/5ec) 0(9m/cc) 

2.8 3.55 2.10 2.51 
17.5 6.08 3.61 2.85 
17.0 6.97 4.06 3.10 
16.5 7.85 4.36 3.22 

:¢ 8.07 4.65 3.55 

and are c0n51dered pre11m1nary. Further  mea5urement5 are 1n pr09re55. A 5tart1n9 
p01nt f0r the 1nver510n wa5 91ven 6y the 5e15m1c refract10n 5urvey5 (80rcherdt  and 
R011er, 1967; 5te1nhart and Meyer, 1961) and near-5urface 5tud1e5 (5ummar12ed 6 y  
8r0wn and P00rt, 1965) 1n the area. 8 0 t h  refract10n 5urvey5 1nd1cate a cru5ta1 th1ck- 
ne55 0f 47-52 km and a e0mpre5510na1 ve10c1ty near 6.1 km/5ec 1n the f1r5t maj0r 
cru5ta1 1ayer. 7he  re5u1t5 pre5ented 6y  5te1nhart and Meyer d1ffer fr0m th05e 0f 
80rcherdt  and R011er 1n tha t  the f0rmer 1nd1cate a 10wer Pn ve10c1ty, and h19her c0m- 
pre5510na1 ve10c1t1e5 1n the 10wer ha1f 0f the cru5t. 7he  c0mpre5510na1 ve10c1t1e5 ~1n 
m0de1 M1 are a c0mpr0m15e 6etween the tw0 5urvey5. 7he  der1ved 5hear ve10c1ty 
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5tructure, h0wever, 1nd1cate5 that  the cru5t can 6e d1v1ded 1nt0 tw0 ma1n 1ayer5 1n the 
n0rthern re910n 0f LA5A and thu5 5upp0rt5 the 80rcherdt  and R011er refract10n m0de1. 
8ecau5e 0f the 5en51t1v1ty 0f pha5e ve10c1ty and e111pt1c1ty t0 5hear ve10c1ty, we fee1 
that  the d15tr16ut10n w1th depth 0f th15 parameter 15 a 900d appr0x1mat10n t0 the 
actua1 5tructure. An 065erved f1atten1n9 0f the Ray]e19h wave pha5e-ve10c1ty curve 
f0r per10d5 9reater than 45 5ec0nd5 (n0t c0mp1ete1y 5h0wn 1n F19ure 8) 1nd1cate5 that  
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F10.8. Mea5ured pha5e ve10c1t1e5 f0r d1fferent event5. 0n1y 0ne event, 0n 6/26/67, wa5 
u5ed 1n the L0ve wave d15per510n mea5urement5. 
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Fm. 9. 7he0ret1ca1 e111pt1c1ty and pha5e ve10c1ty f0r tw0 m0de15, 5h0w1n9 the p055161e 
u5e 0f e111pt1c1ty a5 a d15cr1m1nant 6etween the m0de15. 

a 10w ve10c1ty 20ne may ex15t under LA5A, 6ut  6ecau5e 0f the unava11a6111ty 0f e111p- 
t1c1ty data at per10d5 10n9 en0u9h t0 6e 1nf1uenced 6y th15 5tructure 5uch a 20ne wa5 
n0t 1nc1uded 1n the 1nterpretat10n. 8ecau5e there 15 an 1nherent n0nun14uene55 1n the 
1nterpretat10n wh1ch cann0t 6e re501ved w1th the 4ua11ty and per10d ran9e 0f data 
ava11a61e, and 51nce we are a55um1n9 a h0m09ene0u5, p1ane-1ayered 5tructure, the 
deta115 0f m0de1 M1 5h0u1d n0t 6e c0n51dered exact. 

1n the 1nterpretat10n pr0ce55 the pha5e ve10c1ty, 6ecau5e 1t exh161ted much 1e55 
5catter, wa5 we19hted m0re heav11y than the e111pt1c1ty. 7he  e111pt1c1ty, h0wever, 
pr0ved t0 6e a u5efu1 c0n5tra1nt 1n the 1nterpretat10n. 8 y  u51n9 1t, 5evera1 parameter5 
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were chan9ed and 5evera1 m0de15 wh1ch f1t the pha5e ve10c1t1e5 were e11m1nated. A5 an 
111u5trat10n 0f the 1atter, F19ure 9 c0nta1n5 the the0ret1ca1 curve5 f0r tw0 d1fferent 
m0de15, M1 and M2 (7a61e 4). 1n the per10d ran9e at wh1ch data 15 ava11a61e 1t 15 
d1ff1cu1t t0 d15t1n9u15h 6etween the tw0 m0de15 0n the 6a515 0f the pha5e ve10c1ty 
a10ne, 6ut 6y u51n9 the e111pt1c1ty data, m0de1 M2 15 ea511y e11m1nated. 0f  c0ur5e, the 
re1at1ve 5eparat10n 6etween the curve5 mu5t 6e c0n51dered 1n term5 0f the accuracy 
0f the data. 

C0NCLU510N5 

7he e111pt1c1ty 0f the Ray1e19h wave part1c1e m0t10n mea5ured at the Earth•5 5ur- 
face a5 a funct10n 0f fre4uency can 6e an effect1ve t001 t0 5tudy 1nterna1 5tructure. 1t5 
d15advanta9e5 are that 1t 15 5en51t1ve t0 10w-ve10c1ty near-5urface 5ed1ment5, and that 
1t 15 d1ff1cu1t t0 mea5ure w1th the prec1510n needed t0 u5e 1t a10ne 1n the 1nterpretat10n 
0f earth 5tructure. 1t ha5 the advanta9e, h0wever, that 1t re4u1re5 data 0n1y at 0ne 
rec0rd1n9 51te. A150, 1n the per10d ran9e 0f th15 5tudy (10-50 5ec0nd5) e111pt1c1ty 
pr0v1de5 1nf0rmat10n 1ndependent fr0m pha5e-ve10c1ty data. 7hu5, the c0m61nat10n 
0f the e111pt1c1ty and pha5e-ve10c1ty d15per510n data 5h0u1d reduce the n0nun14uene55 
1n the 1nver510n pr0ce55. 

Mea5urement5 0f e111pt1c1ty u51n9 LA5A data were 0f 5uff1c1ent accuracy t0 ju5t1fy 
the1r u5e 1n c0m61nat10n w1th the m0re accurate pha5e-ve10c1ty data 1n an 1nterpreta- 
t10n 0f the cru5ta1 5tructure 6eneath part 0f the array. A cru5ta1 m0de1 wa5 f0und that 
a9reed w1th 60th 5et5 0f data and a150 w1th prev10u5 9e0phy51ca1 5tud1e5 made 1n the 
area. 1n der1v1n9 th15 m0de1 the eU1pt1c1ty data pr0ved t0 6e a u5efu1 c0n5tra1nt, f0r 1t 
wa5 p055161e t0 e11m1nate 5evera1 m0de15 wh1ch f1t the pha5e ve10c1ty data 6ut n0t the 
e111pt1c1ty. 

APPEND1x 

~N7ERFERENCE CALCULA710N5 

C0n51der the 1nteract10n 0f tw0 Ray1e19h wave5, w1th h0r120nta1 d15p1acement5 
h1(r, t), h2(r, t), where the an91e 6etween the d15p1acement5 15 A~ and r 15 the p051t10n 
vect0r 0f the p01nt P(x,  y). A55ume that n0 L0ve wave ener9y 15 pre5ent. 8 y  r0tat1n9 
the 0rth090na1 h0r120nta1 0utput5 0f a 5e15m09raph at the p01nt P(x,  y) 1nt0 the h1(r, t) 
d1rect10n we 06ta1n the f0110w1n9 ••rad1a1•• t1me 5er1e5 

h(r, t) = h1(r, t) + c05 (5~)h2(r, t). (1A) 

1f we a55ume that the 5tructure 6eneath the 5tat10n 15 h0r120nta11y p1ane-1ayered, 
we can wr1te 

where 

f00 
1 5(0~)Vj(~0)e ~(~e-kj~r) d0~ hj(r, t) = ~ j = 1, 2 (2A) 

00 
Vj(~) = 1 v~(0, t)e -~t  dt j = 1,2 

c 0  

and v1, v2 are the vert1ca1 d15p1acement5 at the 0r191n (r = 0), kj(~) 15 the wave 
num6er vect0r, 1 = ~¢/-~, and 5(c0) 15 the actua1 e111pt1c1ty. 
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We n0w a55ume that  at the 0r191n 

V~(0~) = , V / ~ 0 ) e  - ~ ( ~ )  (3A) 

tha t  15, V~(c0) d1ffer5 fr0m V~(c0) 6y a c0n5tant 5ca1e fact0r and a fre4uency dependent 
t1me 1a9.7h15 f0rm 0f V2(~0) 15 9enera1 en0u9h f0r 0ur purp05e5 and 15 pr06a61y a 900d 
appr0x1mat10n t0 what 15 phy51ca11y tak1n9 p1aee 1n 1nterference phen0mena. 

8 y  5u65t1tut1n9 (3A) and (2A) 1nt0 (1A) we can wr1te the mea5ured rad1a1 5pee- 
trum a5 

H(r ,  ~0) = 5(0~)V1(~e-~°~1~{1 + , c05 A~e -1~(~)} (4A) 

8 . 0 - -  
- -  A4, =90  ° 

6.0 -- A4, = 200 / 

/ 4 .0 - -  

2.0 

8 
7 -= 0.5~ ~ 1 

~ 1.0 

0.8 

0.4 

0.2 1 1 r 1 1 
0 :3 6 9 12 15 18 

1~88. w r• 

F16. 10. Amp11tude m0du1at10n due t0 1nterferenee; e4Ua15 1 when n0 m0du1at10n 
15 pre5ent. 

and 6y a 51m11ar 5u65t1tut10n the 065erved vert1ca1 5pectrum a5 

V(r,  c0) = V1(c0)e-¢~2*{1 + ~/e -1~(~)} (5A) 

where r~(~0) = r + 1/c{x c05 A~ + y 51n A4~} -- x/c. Here we have a55umed an 
x -- y c00rd1nate 5y5tem w1th k1 1n the x-d1reet10n. 7hen  the mea5ured 5peetra1 rat10 
H(r, c0)/V(r, c0) ean 6e re1ated t0 the aetua1 rat10 5(c~) 6y 

H( r ,  ~0) • 5(c0) .AMP e ~rEA5~ (6A) V(r, ~) 

where AMP and PHA5E are m0du1at10n fact0r5 depend1n9 60th 0n fre4uency and 
5pat1a1 p051t10n. 7hey  are 91ven 6y 

AMP = [1+ 2,1e°5 ~¢ c05 ~ 7 ~ +  2, c05 ~7~ ++ *2 c°5~,~ ~¢]~2 (7A) 
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PHA5E = - t a r ,  - 1  7 c05 A¢ 51n 0:r• + tan~ ~, 51n ar~ (8A) 
1 + y c05 A¢ c05 c0r• 1 4- -y c05 ~r~ 

where r• wa5 91ven ear11er. Va1ue5 0f the5e fact0r5 were c0mputed f0r a w1de ran9e 0f 
~r~, % and A~. Repre5entat1ve curve5 are p10tted 1n F19ure5 10 and 11. A5 10n9 a5 
A~ =< 90 °, a m1n1mum 1n the H(r, ~) and V(r, ~) 5pectra 15 ahvay5 acc0mpan1ed 6y a 
peak 1n AMP, and thu5 a peak 1n the c0mputed e111pt1c1ty AMP × 1 5(0~) 1- 
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