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ABSTRACT 

This   is  the  final annual  report  for the contract 

entitled  "Post-Doctoral Research  in Seismology" which was 

initiated  on July  1,   1966  and was  carried out by many 

research  associates with the collaboration of  the 

staff members  of  the Department of Earth and Planetary 

Sciences  and Lincoln Laboratory.     This  report describes 

the work of  JOi.ge Mendiguren who was  supported by 

the  contract during  the period of  September  1972  to August 

1973.     A summary  listing of  publications  for the entire 

period of  July  1,   1966  to August  31,   1973  is  also given. 

-^"^*M'—*'^^*—'—~'^-—'~-**^'—*^'* '  ■ -—     IHM I i ,^^^tmUm^imtm^Mtm 



f 

-11- 

TABLE OF CONTENTS 

„ — m.-... 

ABSTRACT 

Identification of Free Oscillation 
Specf-al Peaks Using the Excitation 
Criterion 

Summary of Publications for the 
Entire Contract Period 

Page 

i 

1 

44 

i 

■IMflMMi ___—__-4_--i^-——B— aiaat.  -        i miiiv - ■ 



-1- 

Identification of Free Oscillation Spectral 

Peaks Using the Excitation Criterion 

In this final annual report, we describe the work 

of Jorge Mendiguren on the identification of free oscillation 

spectral peaks by the new powerful method called "excitation 

criterion".  An intensive search of higher modes was done 

using data for the July 30, 1970 Colombian deep shock. 

Spheroidal oscillations, ranging from the fundamental to 

the sixth higher overtone, and torsional oscillations up to 

the third higher overtone were identified.  Spheroidal 

oscillations for periods smaller than 100 seconds were clearly 

identified for the third and fifth overtone . 

The standard deviation of the measurements was estimated 

applying the excitation criterion to different subsets of 

stations.  Some of the eigenperiods measured for higher 

overtones, especially the third and fifth overtones at 

periods near 100 seconds were found to be very stable.  Dis- 

crepancies between eigenperiods for different subsets of 

stations are as small as 0.01%.  This is in agreement with 

the idea of a lower mantle with less important lateral 

heterogeneities than the upper mantle. 

Comparison of the eigenperiods determined for both the 

Alaskan 1964 and the Colombian 1970 eai L;.quakes showed 
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systematic differences. That difference is of the order of 

0.3% for oT modes while for oS modes it is much smaller, 

around 0.04%.  There are indications that such a discrepancy 

is also present for overtones.  This means that the lateral 

heterogeneities of the earth are such that, even with good 

coverage of stations, the average eigenperiods measured for 

shocks with different epicenters and source mechanisms will 

be different by a measurable amount. 

The effect of the scarce finiteness on the spectral 

resolution was theoretically analyzed.  We found that for 

oscillations with wavelengths about 6 times the source linear 

dimension or longer, the effect of source dimension is not 

too important.  A simple point, source can be assumed if we 

discard those stations vhere the theoretical amplitude of 

the mode under study is -2.5 times .mailer than the average 

amplitude computed for all the stations. 

The following paper by Mendiguren is reprinted from the 

Geophysical Journal of the Royal Astronomical Society, 33, 

1973. 
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Ctophyt. J. R. asir. Soc. (1973) 33. 281-321. 

Identification of Free Oscillation Spectral Peaks for 
1970 July 31, Colombian Deep Shock using the 

Excitation Criterion 

Jorge A. Mcndigurcn 

(Received 1973 February :6)• 

Summary 

The excitation criterion was applied to identify spectral peaks of free 
oscillations exc.ted by the Colombian deep .hock oi 1970 uly 3K Abou 
160 new overtones were identified. They range from ,7 to ,T tonionz\ 
modes and from .S to „S »pheroidal modes. Some ot the mod« .den m d 
have periods below 90s. The standard deviation ol the measured eigen- 
ncriods is in ceneral smaller titan 0-1 %. Companson ot ,S and 0T 
penoas w in t^ Alaskan (1964) and Colombian shocks eiaenpenods measured lor tnc AMSKJII U-'"-»> »»« ^ ,„,fu» 
Ihowra systematic difference. The difference is larger than the error ot the 
measurement, and this indicates that the average e^nfnrquenaes measured 
for each event arc biased by the epicentre location. Tnc eHect ot tateral 
heterogeneities of the Earth, aftershocks, and the choice ot source and 
Earth model when using the excitation cnter.on arc discussed in dOail. 

1. Introduction 
In recent years there has been an increasing emphasis on the use of free oscillation 

daUtXve models of the Earth's interior, e.g. Press (1968). Haddon and Bullen 
0969)!DZ .onsk. & Gilbert ,1972a). Johnson (1972). Most o, tl- ^ o-|| u,on 
data available for those studies correspond to modes with pertods longer than 250-^0*. 
BuTu is clear that additional higher mode data will be necessary tor a ^ore detailed 
EÄSn Of the Earth structure ,W,ggins 1972), and theretore new identification. 
of overtones at shorter periods are highly desirable. 

Unfortrnate y for per.ods below 250-300 s it is not possible to obta.n unamb.guous 
resuVtfus^g he conventional methods of spectral peak identification D^wonsk. & 
Sbcrt 197^) Those methods consist of comparing theoret.cal to observed eigen- 

Squeiaes combined with some ^^f -^l^^. ^f^ll 
polarization for d.fferent modes (e.g. BemolT. Press & Sm.th ^ N^;r^

r"S?" ? 
Slichter 1961) or separation of shear and volumetnc strams (e.g. Nowroozi 1965. 
^A IW6) &)Wof the limiUtions of these methods can be avowed us.ng the 
d^fferenUal attenuation criterion proposed by Dratler ^^^^J^ 
used by Dziewonsk. & Gilbert (1972b) lor per.ods below 250 s. This method i basea 
on the difference in attenuation for d.tTerent modes, and can be applied to identify 

SPhÄlÄ - short period, i. the cnter.on based on tl. 
ray-mod-duTlity: originally proposed by Brune (1964). it was later used by Alsop & 

•Rece'/ed in original form 1973 February 9. 
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282 J. A. Mcndiguren 

Brunc (1965) and Nowroozi (1972). The identifications obtained using this method 
have not been critically tested yet, and additional applications are necessary for a clear 
evaluation of its practical merits. 

Unlike the earlier methods, the excitation criterion (Mendiguren 1972:,, b, c, 1973) 
renders reliable identifications at all periods and can be applied to torsional as well as 
spheroidal modes, even in those cases with low Q values. Theoretically thij method 
should work for any well-excited mode if its amplitude and phase at the observing 
stations can be predicted using a suitable Earth and source model. 

In the following sections, the excitation criterion is discussed in more detail than 
in former publications. And finally the results of its application to the free o dilations 
excited by the Colombian deep shock of 1970 July 31 are thoroughly displayed. 

2. Theoretical and observed spectra of free oscillations 

The basic assumption underlying the excitation criterion is that the observed 
spectra of free oscillations can be predicted using suitable models for the Earth and the 
source mechanism. 

In this section it will be shown that for the case of the free oscillations excited by 
the Colombian deep shock of 1970 July 31. a simple dcuble-couplc source in a laterally 
homogeneous earth is an adequate model to predict the spectra of the fundamental 
spheroidal modes. In later sections this simple model is successfully used in the 
excitation criterion scheme to identify higher modes uniquely, and this indirectly 
proves that this model is also suitable to predict the spectra of overtones. Saito's 
formulae (Saito 1967) have been used in this study to compute (lie theoretical spectra. 

The displacement spectra of free oscillations excited by a double-couple source, 
having a step function as source time function and being imbedded in a laterally 
homogeneous earth can be expressed as follows (Saito 1967): 

t/' - I £ I ^pJ- TJia) T? (Ö, ft e"*"1-'' (1) 
m m-O   J      U) „j 

Ü« -1 t T   V   ( TO Si". „ (0. <£) + 7/ (a) Sa- ,(9, *)} (2) 
m m-O   J       W m,J -'«",/ 

where 

r,0,<j) = spherical co-ordinate system: r is measured from the centre of the 
Earth; the 0 = 0 axes passes through the hypoccntre; 4> is measured 
counterclockwise from the fault strike direction. 

j = radial order number. 
n m co-latitudinal order number; order of Legendre polynomial. 

nt m azimuthal order number; degree of Legendre polynomial. 
a m Earth radius. 

u)Kij » angular eigenfrequency corresponding to the mode of radial order y. 
t = time measured from the source origin time. 

S, T = superscripts indicating spheroidal and torsional modes. 
Fj*, Fj1 = radial and 0 displacement eigcnfunctions for spheroidal modes. 

YiT = <l> displacement eigenfunction for torsional modes. 
M, B = coefiicients which are functions of focal depth, Earth model and 

orientation of the double couple. 
T,m (0, <i>), Si", „ (0,4)), Si" , (0,0) = vector spherical harmonics 

W^MMM 
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r e * 

Vie,*) 0 i    a i;- 
8in£l     d<t> 

S",..(M) r.« 0 0 

s"j..(M) 0 i    an- 
(3) 

30 sinÖ - dip 

where 

/COS        v 

Y,m(0.<f>)=Pir(cosO)  I     mA 
\ sin        / 

The hypocentre parameters used to compute l and 2 are th( se given by NOAA: 

Origin time 17 h 08 in 5-4 s 

Latitude i-50s 

Longitude 72-6° W 

Depth 651 km 

(Magnitude r.j = 71) 

Fto. I. Equal area projection of the lower hemisphere.  Open and full circles 
indicate dilatations and compressions, respectively. 

« 
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Flo. 4. Theoretical line spectra of the radial displacement of spheroidal oscillations 
at LAH.^ Numbers under each line indicate the co-latitudinal order number. 
*+' and ' 1' indicate that the phase of the mode is 0 or w respectively. 

oS modes. The 0S spectra explain by itself most of the observed spectral features 
because as shown in Fig. 4 for LAH itation, nS dominates the vertical displacement 
at that frequency ranee. The amplitude of the other modes is much smaller. The same 
occurs at all other stations 

The close agreement shown in Figs 2 and 3 indicates that a point source in a 
laterally homogeneous Earth is an adequate model to predict the actual displacement 
spectra for this event. Limitations of this simple model due to lateral heterogeneities 
of the real Earth and source fimteness will be discussed in later sections. 

3. The excitation criterion applied to the spectra observed at a single station 

The close agreement shown in Figs 2 and 3 suggests that a simple method to 
identify spectral peaks is to compare ihcoretical to observed spectra at single stations. 
This technique was applied to «he oscillations excited by the Colombian shock and 
many overtones were identified. Some examples of those identitications on spectra 
obtained from records of WWSSN stations and the NE strainmeter at Nana (Peru) 
are shown in this section. 

Mtllil   III   li>lll*Vlli^MMIfBII   II 
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Fio. 5. Theoretical and observed spectra of the radial displacement component at KEV. 
The numbers under the theoretical line spectra indicate the co-latitudiml order number. 

'+* and ' I' indicate that the phase of the mode is 0 or IT respectively. 

Fig. 5 shows part of the radial component spectrum observed at KEV compared 
to the theoretical spectra of diflferent spheroidal modes. Hie identificationi of the ,S 
peaks are based on the dominant excitation expected for those modes ar.a the agree- 
ment between the theoretical shape of the ,S spectrum and the main features of the 
observed one. The other modes are not so well exciud and the spacing between 
theoretical peaks does not match, the observed one. 

In a similar way. Fig. 6 shows :S peaks identified in the co-latitudinal displacement 
spectra at ESK. ,S modes idctificd at ATU are shown in Fig. 7. 

Usually the ,S peaks in the colatitudinal component spectra are confusingly mixed 
with 0S peaks in the frequency range shown in Fig. 8, but in the particular case of 
BOG the extended node in the 0S spectra makes the ,5 peaks clearly visible. The 
theoretical prediction of the node in „S spectra gives support to those identifications. 
At both sides of the node the identifications are less reliable. 

MMMM .^^^^ fiM—^■■■^■■^ ■-- •"•     ii n i ■nafrrtiyauiMfiiihii^iir 
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Pre. 6. Theoretical and observed spectra of the co-latitudinal displacement 
component at ESK. 

The spheroidal modes have an azimutlial displacement component of very small 
amplitude when compared to the radial or co-latitudinal ones and their corresponding 
peaks nave never been otiserved before. As their amplitude goes like I IsinO (see the 
(t> component of S*,.« i'1 expression (3) they only could be observed close to the 
epicentre or its antipodes. Fig. 9 shows some of those peaks corresponding to the 
0S modes identified in an extended node of the „ T spectra at BOG, only 6») km from 
the epicentre. At both sides ot the node of „T the peaks are confusedly intermixed 
and no clear identilication is possible. Fig. 10 shows a more complete theoretical 
spectra of the a/miuthal component at BOG. Only the knowledge of the theoretical 
spectra makes those identifications reliable. 

The strain spectra observed by the NE component strainmeter at NNA is shown 
in Fig. 11 in comparison with the theoretical one. As the NE component strainmeter 
is directed at an angle ot = 17 from the station to epicentre direction, its spectrum 
shows intermixed torsional and spheroidal peaks. The theoretical strain was computed 
as a function of the €„„. e0<t„ c^ strains as follows. 

f« = fot cos2 a + cw sin2 at + eH sin a cos a 

eM, ett and c^ were computed taking appropriate derivatives of the displacement 
given by expressions (1) and (2). The agreement shown in Fig. 11 indicates that our 
simplified source and Earth models are also valid at the lowest frequency range. 

MMMflM 
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F.o. 8. Theoretical and observed spectra of the co-latitudinal displacement 
component at BOG. 
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iffi!? iff «quire larger amplitude to match the ohservations.  Those observed 
peaks indicated with a question mark have not a theoretical equivalent ano are 

attributed to recording noise. 
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All these examples indicate that if the spectra at only a few stations are available, 
some of the observed peaks can be identified by comparing theoretical to observed 
amplitude spectra at sincic stations. Usually this approach renders more convincing 
identifications when only one mode dominates the spectrum, like the 2S modes in 
Fig. 6. Those modes with smaller amplitude cannot be unambiguously identified 
using this technique. In those cases the method described in the next section should 
be used. 

4. The excitation criterion applied tn spectra observed at many stations 

The spectra indicated as |,IP|, M„l and l.l^l in Figs 12 and 13 are the absolute 
value of radial, co-latitudinal and azimut'nal spectra respectively, summed over all 
stations. This summation does not help mu:h to identify particular spectral peaks 
but enhances modes which are well evened, like those nS peaks between 002 and 
0-055 cycles/sec in \Ar\ or the sequence of 6S peaks in the same spectrum between 
0-07 and 0-008 cycles sec. Similarly a clear sequence of equally spaced 5S peaks is 
observed in |i4(| between 00075 and 0-0086cycles/sec. 

Ar in Figs 12 and 13 is the spectrum resulting from vectorial summation (phase 
and amplitude taken into account) of the same radial spectra used in |.4,|. The 
difference between Ar and |.4rl is striking, most of the peaks well devdoped in |.4r| have 
disappeared in Ar. This is due to the fact that for t = 0 the phase of a peak at a given 
station can be 0 or r (see expression (1) and (2)). The phase of a given peak is n at 
some stations and 0 at others and when the spectra are vectorially added those peaks 
tend to cancel each other. 0S:(, in A, is a clear exception; it shows a large amplitude 
because it just happens that it has the same phase at almost all the stations. 

It is possible to make the phase of a given mode the same in all the spectra by 
adding n to the observed ! pectra of those stations where its theoretical phase is n and 
leaving the remaining spectra unchanged. By doins that, the phase of the mode 
becomes equal to 0 at all stations and its peaks will add constructively when vectorially 
added. The result of such a summation alter phase shift lor the VS20 mode is shown 
as Ar* P in Figs 12 and 13. Now „Sjo dominates the spectrum; most of the other 
peaks have almost disappeared because they have a different phase at different 
stations. Note that PS:„ has disappeared now. Some peaks, such as 0S;; at the right 
of 0S20, have intermediate amplitudes because they have a spatial phase distribution 
close to that of c,S:n. Then it is clear that having a large number of spectra of stations 
all over the world and finding a suitable source and Earth model to predict the spectra 
at each station it is possible to filter out and unambiguously identify any peak if it is 
sufficiently well excited. Figs 14 to 28 show the result of application of this method 
to cases where the author believes that the identification is correct and the measured 
eigenfrequency is accurate. Doubtful cases are not shown. Particular comments on 
each mode identification are given in the Appendix. The display of detailed results 
has the purpose of allowing a critical analysis of these identifications when used for 
inversion. 

Table 1 gives the eigenperiod measured in each case. The eigenfrequency was 
found by polynomial interpolation over 4 points of the discrete amplitude spectra. 
In order to enhance the signal to noise ratio the spectra at those stations where the 
theoretical amplitude of the mode under study was less than 0-5 times the average 
amplitude were discarded before summation. The resulting eigenperiods arc an 
amplitude weighted average over all observing stations. This scheme has the effect of 
assigning weights proportional to the signal to noise ratio. Identifications only up to 
the sixth spheroidal overtone and third torsional overtone were attempted in this study. 
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F». 12. Spectra resulting from summation of spectra observed at many stations 
over the Earth. The continuation of these spectra for smaller periods is shown in 

Fig. 13. 
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Eigenperiods found using the excitation criterion. ' T' and ' S.D.' are flw measured 
eigenperious and the correxponding standard deviations in seconds. ' Delta' is the 
difference In seconds between the eigenperiod measured using all stations and the average 

over four subsets of stations. 

Observed eigenperio Is 
.5. .5. 

H T S.D. Delta n T . S.D. Delta 

13 472-979 0 072 -0 000 23 229-347 0 057 0 006 
14 448-201 0 ■074 O 013 :<) 190-894 0 115 0 000 
15 426-056 0 050 0 000 M 161-353 U 087 -0 058 
16 406-746 0 103 -0-022 38 154-758 0 079 0 040 
17 389-134 0 us 0 007 39 151-475 0 001 -0 001 
18 374-010 0 04S 0 042 41 145-832 0 052 0-007 
19 360 n: 0 056 -0-011 42 143 047 0-121 -0 103 
20 347-505 0 057 0010 44 138-559 0 410 -0-048 
21 335-811 0 100 -0-007 50 125 386 0 282 -0 118 
22 325-059 0 027 -0 004 52 121 955 0 032 -0 013 
23 315-213 0 116 -0 021 53 120 074 0-034 0 014 
24 306 279 0 0« 0 030 55 116-581 0 052 0 009 
25 297-664 0 013 0 005 
26 289-601 0 026 -0-000 
27 282-181 0 054 0-0O5 tS, 
28 275-113 0 054 -0 024 n T S.D. Delta 
29 268-436 0 043 0-009 
30 262-060 0 098 0 013 6 595 011 0-756 0 039 
31 255-952 0 110 0 009 7 535-260 0 990 0-279 
32 250-309 0 095 0 019 10 415 916 0 770 -0-279 
33 244-919 0 133 0 030 11 387-999 0 207 -0082 
34 239-585 0 041 0 012 12 365-230 0-248 0-009 
35 234-579 0 036 0-008 13 343-219 0-357 -0 170 
36 229-806 0 038 -o-oos 14 325-867 0-462 -0 042 
37 225-215 0 036 -0-009 15 306 400 0-407 -0 336 
38 220-742 0 015 -0002 28 169-251 0-033 -0 002 
39 216-478 0 033 0 001 29 164-587 0-097 -0-043 
40 212-381 0 035 -0 004 30 160-553 0-031 0 010 
41 208-347 0 029 0003 31 156-616 0-094 -0-043 
42 204-579 0 022 0 001 32 152-684 0-037 0 010 
43 200-927 0 031 0 004 33 149-169 0-155 0 094 
44 197-398 0 028 -0-000 35 142-614 0-074 -0-008 
45 193-875 0 041 -0-002 36 139-507 0-041 0-002 
46 190-624 0 042 0 015 37 136-648 0-001 -0-000 
47 187-258 0 093 -0040 33 133-858 0-104 0 086 
48 184-289 0 139 0 052 39 131-134 0 060 0 016 
49 181-002 0 021 0004 40 128-538 0-002 -0-001 
50 178-351 0 115 0-037 
51 175-267 0 075 -0-017 
52 172-541 0 032 0 003 >5. 
53 170-089 0 Oil -0 002 n T S.O. Delta 
54 
55 
56 
!7 
58 
59 

167-368 
164-840 
162-482 
160-265 
157-844 
155011 

0 
0 
0 
0 
0 
0 

047 
064 
130 
066 
060 
032 

0 005 
0 015 
0 033 
0 076 

-0 006 
-0-002 

i 

8 
9 

10 
11 
12 

371-856 
354-296 
338-464 
323-954 
310-149 
297-475 

0-108 
0-183 
0-803 
0-152 
0-260 
0 075 

-0-075 
0 021 
0-374 

-0-057 
0-174 

-0 006 
13 284-982 0-050 -0 029 

iS, 14 273-351 0098 -0-007 
ff T S.D. Delta 15 262-467 0 091 0 031 

16 251-984 0 043 -0-003 
16 298-930 0 398 -0-047 17 242-443 0 125 -0 024 
18 274-752 0-282 0 035 18 233-286 0-120 -0 077 
21 245-017 0 278 0-004 19 224 910 0 121 -0019 
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Table 1 (continued) 

20 
21 
22 
23 
24 
42 
43 
44 
45 
46 
47 
48 
49 
30 
51 
52 
53 
54 
56 
57 
58 

24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
46 

*S. 

216-949 
209-564 
202-620 
195-938 
190-068 
111-451 
109-476 
107-776 
105-976 
104-197 
102-585 
101-141 
99-462 
98-014 
96-439 
94-961 
93-725 
92-336 
90-103 
88-882 
87-654 

S.D 

0-064 
0-035 
0-047 
0 295 
0 033 
0 033 
0-082 
0-032 
0-094 
0 101 
0-074 
032 

■084 
020 
-069 
052 
193 
184 

-001 
0 000 
0-031 

0 
0 
0 
0 
0 
0- 
c 
0 

*s. 
S.D. 

tS. 

147-027 
143-594 
140-266 
137-122 
134-064 
131 176 
128-477 
125-881 
123-433 
121 030 
118-768 
116 633 
114-527 
112 543 
110-590 
108 665 
106-850 
105 051 
103-354 
101-707 
100-079 
97 040 

S.D. 

0-028 
0-019 
0 066 
0047 
0 057 
0 020 
0061 
0056 
0-053 
0-017 
0-020 
0-040 
0-038 
0 017 
0 000 
0-001 
0-001 
0 026 
0-002 
0 052 
0-001 
0-016 

Delia 

0 010 
0 014 
0 001 
0-066 

-0 Oil 
-0 001 

0-019 
0 010 
0 049 

-0-070 
0 029 
0 008 
0 059 

-0-006 
-0-013 
-0-036 
0 161 

-0 013 
-0-000 
0000 

-0 Oil 

Delta 
32 135-649 0071 -0-001 
33 132-825 0-102 0011 
34 129 931 0 063 -0-014 
J5 127-243 0 030 0-007 
36 124-668 0 045 0 006 
37 122-242 0019 -0 001 
38 119-843 0035 0009 
39 117-608 0035 0 025 
40 115-436 0-077 0 019 
41 113-375 0021 0-001 

Delta 

0-005 
-0-004 

0008 
0-023 

-0005 
-0 010 
-0030 
-0011 
-0026 
-0 006 
-0 000 
0 006 

-0002 
-0 009 
0 000 
0000 
0 000 
0 015 
0-000 
0 032 
0 000 
0 009 

16 
17 
18 
19 
in 

21 
22 
23 
24 
25 
26 
27 
28 
29 
32 

n 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
29 
30 

7 
8 
9 
10 
11 
12 
13 
14 
15 
!6 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

475-191 
438-962 
407-752 
381 228 
359077 
339 239 
322837 
306-996 
293 364 
280-515 
269-202 
259-092 
249-158 
240-977 
232-529 
225-190 
218-379 
211-948 
205 853 
200-270 

tS, 

172-342 
166-159 
160-577 
154-973 
!30 U90 
145-756 
141-909 
138-329 
134-794 
131-784 
128-697 
125-951 
123-514 
121043 
114-452 

574-487 
539-946 
506-832 
477-511 
452-933 
431-229 
410-350 
392-354 
374-555 
358-718 
346 142 
332-855 
321 953 
310 362 
300-186 
290-660 
281-887 
264-934 
257-830 

.r. 

S.D. 

0 104 
0 201 
0-218 
0 084 
0-045 
0017 
0 031 
0-053 
0-053 
0-034 
0 101 
0036 
0 080 
0-019 
0-073 

,7-. 

0 
0 
0 
0 
1 
0- 
0 
0 
0 

S.D. 

0 181 
1-233 
0-306 
0-281 
-220 
-590 
-210 
-259 
-086 
-174 
-286 
•251 
351 

0-322 
0-260 
0 079 
0 321 
0-178 
0 325 

S.D. 

0-617 
0 393 
0-797 
0 504 
0-486 
0-151 
0 398 
0 197 
0-074 
0 151 

-253 
•343 

155 
224 

-112 
0 052 
0 141 
0-024 
0 103 
0-040 

Delta 

-0- 
-C 
-0- 
-0 

0 
0- 

-0- 
0 

079 
026 
183 
063 
030 

-000 
-007 
049 

-0-020 
-0-018 
-0-072 
0 007 
0 001 

-0015 
0 032 

Delta 

0041 
0-155 
0-183 
0-141 

-0018 
-0 070 
-0 095 
0 098 

-0-738 
033 
028 
110 

-002 
077 
022 
047 

0 198 
-0-024 
0 083 

-0 
-0 

0 
0 

-0 
-0- 
-0 

Delta 

0 096 
0-067 
0 307 
0 098 
0 006 
0-172 
0 075 
0 009 
0 0C6 
0 054 

113 
138 
044 
048 
001 
010 
Oil 
007 
034 
001 

e 
E 
s 
s 
C 
2 
s 
s 

t 

F 
r 

c 
d 
c 
i 

s 
t 
t 
c 
I 
( 
r 
r 

s 
a 
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xT. iT, 
M T S.D. Delta n T S.D. Delta 
27 194 943 0-022 -0 016 25 17,-123 0-126 -0-033 
28 190 085 0 109 -0 035 27 162-581 0-138 0-000 
29 185-338 0 096 -0020 28 158-409 0-150 -0037 
31 176-849 0130 0 053 29 154 571 0 (M9 0-005 
32 173-027 0 324 -0-205 32 144-201 0 210 0 016 
33 169-156 0 041 0-019 37 130 406 0-268 -0-172 
34 165-715 0085 0-064 38 128-168 0-099 0 055 
35 
36 
37 

162-356 0032 -0008 41 121-571 0-048 -0 007 
159 113 0 022 0-018 42 119-330 0-172 0-177 
155-982 0 034 0013 

38 153-165 0 115 -0060 
39 150-253 0 056 0 008 
40 147-681 0-007 0007 »T, 

SJ>. 
41 
42 

145-121 
142-661 

0 049 
0052 

0 006 
0 010 

n T Delta 
43 140-230 0111 0 006 17 189-973 0-247 -0 154 
44 137-960 0 082 0021 19 178-104 0-080 -0 016 
45 135-638 0-330 -0-285 24 154-809 0184 -0 110 
47 131-592 0-222 -0-101 25 150-663 0-047 -0025 
49 127-651 0 021 -0 012 2b 146-936 0-310 -0 189 
31 124-127 0-539 -0-411 28 140-390 0-099 -0-067 
54 119 127 0 050 -0004 29 137-193 0-067 0 020 

5. Accuracy of the measured eigenperiods 

The error in the eigenperiods determined by vectorial summation of spectra was 
estimated as follows. Tl;e stations were grouped into four subsets based on the 
geographical location with respect to the epicentre. The first subset includes those 
stations located at epicentral distance between U" and 5°, 10" and 15°. 20° and 25' and 
so on. The second subset includes the remaining stations. The third subset was 
formed with those stations located at azimuth between Ü and 5\ 10 and \5\ 20J and 
25° and so on. The fourth subset includes all the stations not contained in the third 
subset. This particular way of gn uping stations has the characteristic that each subset 
samples apnroximately the same regions of the Earth. Therefore it is expected that 
the bias introduced by the difTerent combination of stations on the measured eisen- 
periods may be minimized. The lluctuations in the eigenperiods found for each subset 
results primarily from errors due to noise, data handling, and an unknown clTect of 
combining different station data. The excitation criterion was applied separalelv to 
each one of these subsets and the eigenperiods were measured. In general, the 
difference in eigenperiods among subsets is very small and indicates that the excitation 
criterion renders stable results. In many cases the summation of only 20 spectra gave 
stable estimates of overtone eigenperiods. The difference between the average eieen- 
periods over the four subsets and the eigenpenod found from a combination of all 
stations is given in Table 1, The standard deviation of the eigenperiods determined 
using all stations was estimated dividing the standard deviation found for the subsets 
by y/2, as each subset contain? half the total number of stations. The standard 
deviation of each measurement is listed in Table I. Those standard deviations are of 
the same order of the SliM found for the Alaskan earthquake free oscillations 
(Dziewonski & Gilbert i972a) for those modes identitied in both cases. This agree- 
ment indicates that summing vectonally the spectra or taking the average over 
measurements at single stations gives results of a similar accuracy. 

The average standard deviation for nSn to 0Ssn eigenperiods measured at different 
subsets is 0-025 per cent. As each subset samples the same region of the Earth, the 
average 0-025 per ,ent may be considered the minimum expected bias introduced by 
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lSerrainS,e,eCti0n 0f Statl0nS and cpicentrc location for any o5- cigcnpcriod 

Figs 29 and 30 show the 0S, and 0Tn cigenperiods measured for the Alaskan and 
Colombian events, taking the average eigenpenods publ.shed by Dcrr (1%9) as 
reicrcncc. 

The mean difference between Derr's eigenpenods and the Colombian data in the 
range Irom „5,3 to 0S4n is +0030 per cent while tlic mean difference between Dcrrs 
averages and the Alaskan data is 0058 per cent. The Colombian Q ita is closer to 
Derr I averages than the Alaskan data, but while the lines lor the Alaskan and Colom- 
bian shock are roughly parallel to each other, they show a more erratic departure from 
Uerrs averages. This demonstrates consistency of data obtamed lor the Alaskan 
and Colombian shock and also suggests that the Dcrrs data have large scattering 
The systemat.c difference between the .Mgenpcriods on the Alaskan and Colombian 
shocks in the ranee from ,Sn to „5,0 is 0045 per cent. It is smaller than the standard 
deviation ol the measurements at individual stations nut it is larecr than the standard 
error ol the mean. This indicates that the heterogeneities and amsotropies of the 
tartrt are such that tor a given epicentre and the present distribution of stations the 
average eigentrequen.y measured over all stations mav differ from the decenerate 
«M xu V Meal a,V*ragtlatCraily homo"neo"s Earth bv an amount lareer than the 
StM. 1 he lull circles in Fig. 29 indicate tne eigenperiods measured for the Colombian 
snock on the co-latitudinal component. The mean deviation between the vertical and 
co-latitudinal measurements is 0023 per cent. This difference can he attributed to the 
ditlcrent combination ol stations used in each case. As shown in Fig 3 lor KOD 
the excitation ol the vertical and horizontal component are different for each mode 
ata given station. The horizontal spectra were not combined with the vertical spectra 
because while 0S, modes dominate the vertical component they are more contaminated 
Oy other modes in the horizontal component, see A, and .10 in Pi" 12 If we had 
combined both data the systematic deviation between the Colombian and Alaskan 
measurements would have been reduced to about 0035 per cent but it still would be 
significant. 

r- 

14       "       "       ■•       -       .-       1.      tf 
Fi.K\29', Ei<enPeriods of »Si modes measured tor the Alaskan and Colombian 
»hock plotted as a function of it. The ü reference line corresponds lo the a\era-c 
«jenpenods published K Dcrr [I'M). Full circles indicale eiccnpenods measure'd 

for the Colombian shock on the co-lauiudinal componem. 
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COLOMBIAN 

ALASKAN 

a 
z 
c 
u   o 

IJ I 5 I I 24 J 1 30 

nlo.'J!!^'S7Peri0dSÜ!l'rVni0dcSmeaSl'rcdforlheAlaskanandColümbian shocks 
plotted as a function ol n. Tne 0 reference line corresponds to the average e.gen- 

periods published by Dcir (19'.9). 

It is remarkable that the dilTerence in eigenperiods h-tve different sign for 0r and 
oS    It is also d.ncrent m magnitude. The systematic difference in 0f, eigenperiods 
n the range f.om   A   ,o nT   is 0-321 percent or 7 t.mes larger than the^dtirer nee 
or 0Sn ctgenpenods.   fhc Colombian data shows faster Rayleigh waves and slower 

Love waves as compared with the Alaskan shock. A sim.lar tvpc of observation was 

wats" t ^   T WhH0 f0imd a difrerenCC '" p:iase Ve,0cil> 0^4 ^ -tTL" waves at 200 s measured over many great circle paths for the Niigata 1964 event and 
over paths through Pasadena (Toksoz & Anderson 196^) - ia ' M cvent and 

.„H rS«!l'L- OVe"oncs for >S' mod« are there suffcient data to compare Alaskan 
S^. tf m

u
eaSUrumCntS'   The CoIomtian cicenperiods SS7 to ,Sn are con- 

ststently smaller than the Alaskan. The average difference is 0115 ^crUnVwWIe 
0-090 per cent is the average S.D. of the measurements. 

6. The excitation criterion, ccneral remarks 

«llJS 'r"3 0 i!^ cxcltaIlon cr,,crion dePends on how well we can predict theoreti- 
cally the tree oscillation spectra at a given station. Since the theoretical spectra are 
derived by assummg an Earth and source model the question is how cm cal is the 
choice ot those models !or a successful peak identification 

from HBlSmlin ^T^'T^ ldC,lt"icd ,n ,hlS papcr thc chanPc of ™M from HB1-6 (Haddon & Bullen 1969) to the 508A/ (Press 1968; Kanamori 1970) 
tJrn! 'T any Sifificsm MW m the results.  The mam features of thc 
hcorefcal spectra at each station remained the same, and the onlv effect of chancing 

the Earth model was to shift the eigenperiods and slightlv chance the amplitudes this 
resuk .s due to the fact thai a change in Earth model does not chance dVasticaMy the 
shape of the cigcnfunctions. at least for modes of low radial order. Eor hieher over- 
tones the shape ot the eigenfunctions becomes more structure dependent and in those 

■MUk. -mm — • ■■ • 
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MSCS clearer iden.Kkat.on should be expected when usins a more accurate Earth 

^ed^sr,he exc,ta,,on cr'tcrion is - —"> ^d- - ^ 
A more serious difficulty is posed by the lateral heterogeneities of the real Earth 

Mcnd.guren (1972a) observed that a laterally homogeneous Earth model is adequate 
to P«diCt the spectra ot modes wah lone wavelcncths. But for shorter wavelengths 
the lateral hetcroccneities cause an increasing disagreement between theoretical and 

retmw f
SrCtKa ant'"nallv "J0™ ""'^ ^^ the Prcdict^ spectra do not 

resemble the observed ones. 1 hat critical wavelength is diilcrent tor diilcrcnt modes 
and depends on the depth ot penetration in each case. For example tor „ T modes the 
crmcal penod is around JOOs while tor 0S modes it is around ISOs (Mcndicuren 
iy/ia). In general those modes with much of their energy in the upper 300 km of the 
Earth arc more affected than those modes penetratine deeper, fhcrefore for each 
particular mode there is a critical frequency beyond which it is not possible to orcdict 
adequately the spectra assuming a laterally homogeneous tarth and hence the exc.ta- 
fion criterion cannot be applied. 

The assumption of a point source model in the excitation criterion scheme used 
or the Colombian earthquake was adequate because the linear dimension of the 

source were smaller than IGOkm (Mendiguren 197:a) or about 10 times smaller than 
the shortest wavelength of the identuied mo ks. For shocks associated with lareer 
faul dimenstons the source timteness should be taken into consideration (e a Press 
et a. 1969) when computing the theoretical spectra and the phase correction before 
vcctonal summation. 

The complications imroduced by the presence of aftershocks in the studv of free 
oscillations have been overestimated in the past (K. Aki. private communication) 
Earlier it was argued that as the amplitude goes like the square root of the energy the 
amplitude of long period oscillations should be proportional to ./ hr'- where W " is the 
surface wave magnitude. But in fact the amplitude at long periods is proportional to 
the seismic moment (Aki 1967) or proportional to U)"-. 

Anyhow, when applying the excitation criterion in the presence of large aftershocks 
their ellect on the observed spectra could be taken into account if their source 
mechanism and seismic moment were known. The predicted specira would be in this 
case the result ot summing the sp JCtra for the mam event and aftershocks. Aftershocks 
were not observed in the case of the Colombian shock. 

An obvious extension of the excitation criterion would be to sum vectoriallv the 
spectra ot many earthquakes recorded at manv stations (Mendiguren Wc) 'The 
spectra for each shock should be corrected for their corresponding source mechanism 
this is similar to the super-resolution technique proposed by Gilbert (1970) to 
separate singlets of each multiplet. 

Records of different components, namely horizontal and vertical, or records from 
different types ot instruments could also be combined. It should be possible to collect 
systematically data for many years a id continuously improve the resolution of the 
method and the accuracy of the measured eipennenods. 1 he use of manv earthquakes 
is specially desirabl: because, as shown in Section 5. the epicentre location and the 
arbitrary distnbut.on of stations introduce a bias in the cigenperiod determination 
which may be larger than the standard deviation of the average 

The excitation criterion can also be applied to other types of geophysical observa- 
tions where the excitation of the different superimposed signals can be theoretically 
predicted. ' 
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Appendix 
Data processing 

Records of the three components long period seismograph at 82 WWSSN stations 
were digitized. Since, for most of the records, the shortest period present was loncer 
than 8 s, the records were digitized at an interval of 4s to avoid the aliasing etlect. 
In a few cases, where high frequencies were present, the digitizing interval was reduced 
to 2 s. The starting time of digitization was taken as early as practically possible, but 
in most cases, the first train of higher modes could not be included because the record 
trace was off scale. The digitization of each record was terminated when a clear train 
of surface waves was no longer visible. The resulting record length ranged from 4 to 
18h. The digitized records were corrected for recording drum drift (Mitchell & 
Landisman 1969). In order to save computation time when computing the spectra, 
the number of digitized points was reduced to one fourth by successive averaging 
over 9, 7, 5 and 3 points (Blackman & Tukey 1958), Then one out of every four points 
was taken, increasing the time interval between points to 16 s. In addition, the dicitized 
records were high-pass tiltered. taking out those periods longer than 700 s. 

Since the theoretical spectra are given for the radial, co-latitudinal andazimuthal 
components, the N-S and E-W records of each station were vectorially summed to 
synthesize the co-latitudinal and a/imuthal components. The resultant records were 
analysed using the fast Fourier transform over 16384 points. In the next step, the 
spectra were corrected for instrument response (Hagiwara 1958) and for the low-pass 
filter response of the decimation procedure, 

A digitized version of the Naria strammeter record, with readings at every 60s, 
was provided by Drs S. Smith and D. Anderson. The elfect of Earth tides was 
eliminated through high pass liitering. 
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All the tlieoretical and observed spectra shown in the figures of this study were 
multiplied by co   for an adequate graphical representation. 

Comments of the individual peak identifications 

The measured eigenperiods were considued reliable and reported in this study 
only when the measurement was not affected bv interfering modes or noise Large 
peak amplitude compared to the amplitude of the surrounding noise and a smooth 
and symmetrical peak shape were considered indications of small interference In 
addition, the magnitude of the standard deviation and the stability of the measure- 
ments among ditlerent subsets were taken into account to judge the reliability of each 
measured eigenperiod. An additional critical test before rcportinc an identification 
was to plot the measured eigenfrequencies as a function of n (co-latitudinal order 
number, e.g. 0Sn) and require a close Ht to a smooth curve. All these elements were 
taken into account to accept or reject identifications. 

The theoretical eigenfrequency for the HBI-6 Earth model corresponding to each 
mode being identified is indicated in Figs 14-28 with a larcer vertical tick on the 
frequency axis. 

0S modes. The fundamental spheroidal mode „S dominates the vertical displace- 
ment spectra above 160-s period and the identified peaks have a large amplitude over 
the surrounding noise. 

,5 modes. These modes are heavily interfered with the 0S modes. The reported 
peaks ire those which satisfy most of the tests for a reliable measurement. For 
example in the case of ,5,,, Fig. 17, the identified peak is surrounded by other large 
amplitude peaks but the identification is reliable because the measured eigenfrequency 
is exactly the same for each of the four stations subsets, see Table 1. 

iS modes. In general these are modes well observed on the co-latitudinal com- 
ponent. 

jS modes. Spectral peaks have been observed from jS, at 415 s to 3Sit at 87 s. 
jS, is a special case with a large signal to noise ratio (Fig. 33) but a large standard 
deviation. The reported eigenperiod satisfies the required smoothness in the period 
f. n plot. Observed on the co-latitudinal component. 

4S modes. Observed v.ithin a short frequency range, its peaks are well developed 
on the co-latitudinal component. 

JSQ modes. These modes are well excited and the identifications are very reliable. 
Observed on the co-latitudmal component. 

„So modes. These modes, like the S modes were observed in the vertical com- 
ponent, and they show more interfering noise than those spheroidal modes observed 
in the co-latitudinal component. 

0T modes. Reliable measurements have been done up to 0 r,0. For larger n values 
the lateral heterogeneities of the Farth affected the spectra to the extent that the 
laterally homogeneous Farth model is not valid any imrc (Mendiguren l,)72a) and 
the excitation criterion fails to render accurate results. 

J modes. Modes up to , r,4 have been identified. These modes contain energy 
at larger depth than the „T modes and are not so atfected by the lateral heterogeneities 
of the upper 2üÜ-3UOkm (Meno.^uren lt;72a). 

2T and jT modes. Only a few 1 olated groups of modes have been observed with 
sufficient clarity to be reported. 
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WWSSN stations used in this study 

A^AP^AIT f, ^C S,a,i0nS USed in this study are ,he followin,: AAE AAVf 
r^p'rHr rnV' rk2'^ ARE' ATl- Am DEC- BHP. BKS. BOG BUL CAR, CHG. COL. COP, COR. CTA. DUG. ESK FLO GDH Gir r.or rR-7 
QUA. HKC. HNR. 1ST. JCT. JER. KBL. KEV KIP KOD KON *™ **"' 
"M. LON. LPA, LPB. MAL. MAT. MSH. NAT. NDI  NOR NUR  OXF PDA 
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