AD-776 005

POST-DOCTORAL RESEARCH IN SEISMOLOGY

Frank Press, et al

Massachusetts Institute of Technology

Prepared for:

Air Force Office of Scientific Research
Advanced Research Projects Agency

31 August 1973

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151




TRy,

AFOSR - TR -74=03 15

Department of Earch and Planetary Sciences
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

POST-DOCTORAL RESEARCH IN SEISMOLOGY

AD776005

Final Report to

Air Force Office of Scientific Research

1 July 1966 - 31 August 1973

ARPA Order No. - 1827-3

Program Code - 3F1l0

Name of Contractor - Massachusetts Institute of Technclogy
Effective Date of Contract - 1 July 1966

Contract Expiration Date - 31 August 1973

Amount of Contract - $407,855.

Contract No. - AF49(638)-1763

Principal Investigators - Frank Press, 617/253-3382
M. Nafi Toks8z, 617/253-6382

Program Manager - William J. Best, 202/694-5456

Short Title of Work - Post-Doctoral Research in Seismology

Sponsored by
Advanced Research Projects Agency
ARPA Order No. 1827-3

e



|
|
E
|
i
I
i
i
|

|

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH (AFSC)
NOTICE OF TRANSMITTAL 19 DDCl e

This technical roor* "o i zz-':r'.ewed an -
approvad ioi p- © r A8 {Avi AFR 190-12 (7b)

Distribution S uadmited.

4
0. W. TAYLOR . o
Technical Information Officer S ‘:_é,

i

L

Qualified requestors may obtain additional copies from

the Defense Documentation Center. All others should

apply to the National Technical Information Service.

Approved for public release, distribution unlimited.

|

AT TR -vaﬂ ™




e T ——

-48-
UNCLASSIFIED

Security Classification A D 77
: DOCUMENT CONTROL DATA-R& D

(Security classilication of title, body of abstract and indexing ion must be d wher the overall report is classitied)
! ORIGINATING ACTIVITY (Corporate author) 28. REPORT SECURITY CLASSIFICATION
Massachusetts Institute of Technology UNCLASSIFIED
Department of Earth & Planetary Sciences 2b. GROUP
Cambridge, Massachusetts 02139

3. REPORT TITLE

POST-DOCTORAL RESEARCH IN SEISMOLOGY

4. DESCRIPTIVE NOTES (Type of report and inclusive dutes)
Scientific., ==------ Final.

m name, middle initial, last name)
Frank Press

M. Nafi Toks8z

Jorge Mendiguren

6. REPORT DATE 78, TOTAL NO. OF PAGES 7b. NO. OF REFS
31 October 1973 52 56
8a. CONTRACT OR GRANT NO. 98. ORIGINATOR'S REPORT NUMBE R(S)
AF49(638)-1763
b. PROJECT NO.
AO 1827-3
c.6 2701E ob. g;r.u ER ntnonr:«o(s) (Any other numbers that may be assigned
: AWOR -R-74-0818

10. DISTRIBUTION STATEMENT

Apprcved for public release, distribution unlimited.

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY
AFOSR  (NPG)
1400 Wilson Blvd.
> O0EER Arlington, Virginia 22209

s

13. 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 Jorge 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.

Feog uced y
¢ ’r\'{‘,"-"f\h‘.l*n" T[‘(‘HP\“(\I\'

INFORMATION SERV ‘-‘ E

P 1E1
rirgfiald VA 22151

Lt

D .'»::.v.n1473 UNCLASSIFIED

Se urity Classification




UNCLASSIFIED _49-

Security Classification

LINK A LiilA B s LINK C
KEY WORDS
ROLE wWT ROLE wWT ROLE wWT
Excitation criterion
Free oscillation spectral peaks
Seismology
Spheroidal oscillations
UNCLASSIFIED

Security Classification

T




/(/

Department of Earth and Planetary Sciences
Massachusetts Institute of Technology
Cambridge, Massachusetts 02135

POST-DOCTORAL RESEARCH IN SEISMOLOGY

Final Report to

Air Force Office of Scientific Research

1 July 1966 - 31 August 1973

ARPA Order No. - 1627-3

Program Code - 3Fr10

Name of Contractor - Massachusetis Institute of Technology
Effective Date of Contract - 1 July 1966
Contract Expiration Date - 31 August 1973

Amount of Contract - $407,855.
Contract No., - AF49(638)-1763

Principal lnvestigators - Frank Press, 617/253-3382
M. Nafi Toksdz, 617/253-6382

Program Manager - William J. Best, 202/694-545¢

Short Title of Work - Post-Doctoral Research in Seismology

Sponsored by
Advanced Research Projects Agency
ARPA Order No. 1827-3




ABSTRACT

This is the firal 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 Devartment of Earth and Planetary
Sciences and Lincoln Laboratory. This report describes
the work of Jorge 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.




—

-iie

TABLE OF CONTENTS

ABSTRACT

Identification of Free Oscillaticn

Spectral Peaks Using the Excitation
Criterion

Summary of Publications for the
Entire Contract Period

Page

44




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 mantlie with less important lateral
heteroger.eities than the upper mantle.

Compariscn of the eigenperiods determined for both the

hlaskan 1964 and the Colombijan 1970 eart..quakes showed




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 scuirce 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 where the theoretical amplitude of
the mode under study is ~2.5 times cmaller 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,




Geophys. J. R. astr. Soc. (1973) 33, 281-321.

Identification of Free Oscillation Spectral Peaks for
1970 July 31, Colombian Dcep Shock using the
Excitation Criterion

Jorge A. Mendiguren -

(Received 1973 February 26)*

Summary

The cxcitation criterion was applied to idenufy spectral peaks of free
oscillaticns excited by the Colombian deep “ock of 1970 July 31. About
160 new overtones were 1dentitied. They range from , T to , T torsional
modes and from ,S to S spheroidal modes. Some of the moaes identitied
have periods below 90s. The standard deviation of the measured eigen-
periods is in general smaller than 0-1°,. Comparison of S and oT
eigenperiods measured lor the Alaskan (1964) and Colombian shocks
shows a systematic diltference. The ditlerence is larger than the error of the
measurement, and this indicates that the average eigentrequencies measured
for each event are biased by the cpicentre location. The ettect of lateral
heterogeneities of the Earth, aftershocks, und the choice ol source and
Earth model when using the excitation criterion are discussed in detail

1. Introduciion

In recent years there has been an increasing emphasis on the use of free oscillation
data to derive models of the Earth's interior, e.a. Press (1968), Haddon and Bullen
(1969), Dziewonski & Gilbert (1972a), Johnson (1972). Most ot the tree oscillaiion
data available for thosestudies correspond to modes with periods longer than 250-300s.
But it is clear that additional higher mode data wiil be necessary tor a more detatled
determination of the Earth structure (Wiggins 1972), and theretore new identitications
of overtones at shorter periods are highly desirable.

Unfortunately, for periods below 230-300 s it is not possible to obtain unambiguous
results using the conventional methods of spectral peak identification (Dzicwonski &
Gilbert 1972a). Those methods consist of comparing theoretical to observed ergen-
frequencies, combined with some additional criterion based on the ditference in
polarization for different modes (e.g. Benioll, Press & Smith 1961; Ness, Harrison &
Slichter 1961), or separation of shear and volumetric strains (e.2. Nowroozi 1965:
Smith 1966). Some of the limitations of these methods can be avoided using the
differential attenuation criterion proposed by Dratler et al. (1971), and extensively
used by Dziewonski & Gilbert (1972b) tor periods below 250s. This method is based
on the difference in attenuation for ditferent modes. and can be applied to idenufy
spheroidal modes with high Q values.

Another method which can be used at short periods is the criterion based on the
ray-mods duality; originally proposed by Brune (1964), it was later used by Alsop &

®Rece: /ed in original form 1973 February 9.
281




s

o g

282 J. A. Meudiguren

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

Unlike the earlier methods, the excitation criterion (Mendiguren 1972z, b, ¢, 1973)
renders rcliable identifications at all periods and can be applied to torsional as well as
spheroidal modcs, cven in those cases with low Q values. Theorctically this 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 diseussed in more detail than
in former publications. And finally the results of its apglication to the frez o cillations
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 cxcitation 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 Colon:bian decp shock of 1970 July 31, a simple dcuble-couple source in a laterally
homogeneous carth is an adequate model to predict the spectra of the fundamental
spheroidal modes. 1n later sections this simple model is successtully used in the
excitation criterion sclieme to identify higher modes uriquely, 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 computc the theoretical spectra.

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

UT= 3 5, T VT TR0 e 0
V=3 5T (R@STL 00+ T @S0 @
R m= " elen,

where

r,8,¢ = spherical co-ordinate svstem: r is mecasured from the centre of the
Earth; the 0 = 0 axes passcs through the hypocentre; ¢ is measured
counterclockwise from the fault strike direction.

j = radial order number.
n = co-latitudinal order number; order of Legendre polynomial.
m = azimuthal order number; degree of Legendre polynomial.
a = Earth radius.

w,, ; = angular eigenfrequency correspondirg to the mode of radial order ;.
t = time measured from the source origin time.

S, T = superscripts indicating spheroidal and torsional modes.

Y,’, ¥y = radial and 0 displacement eigenfunctions for spheroidal modes.
Y,T = ¢ displacement eigenfunction for torsional modes.

A, B = coeflicients which are functions of focal depth, Earth model and
orientation of the double couple.

T.”(0,9), S\",»(0,9), S;" , (0, ¢) = vector spherical harmonics

ol s
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Wentification of free oscillation spectral peaks
r e
= 1 av®
T 6.9) 0 v 3¢
s' i.n (0, ¢) Yu- 0

arr

1 oy~
sinf . a¢

5%3,.(6,¢) ¢

CoSs

Y (0,6) = P, cos0) ( mg)

sin
The hypocentre parameters used to compute 1 and 2 are those given by NOAA:
Origin time 17h 08 m 545
Latitude 1-5°S
Longitude 72-6°W
Depth 651 km
(Magnitude r, = 7-1)

Fa. 1. Equal area projection of the lower hemisphere. Open and full circles
indicate dilatations and compressions, respectively.
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284 J. A. Mendiguren

The nodal plane solution needed to compute A and B was derived from P wave
observations (Mendiguren 1972a) and it is shown in Fig. 1. Its parameters are:

Dip direction Dip Trend Plunge
Plane a NI22°w 58°
Plane b N75°E 2
Pressure axis N32°E 75°
Tension axis N116°W 12°
Null axis NIS3°E 8°

The HBI1-6 Earth model of Haddon & Bullen (1969) was adopted in this study but,
as discussed in Section 6. the selection of the Earth model is not critical in the excitation
criterion scheme. The corresponding free oscillations eigenfunctions were computed
using a program written by R. Wiggins (1968). Theorztical spectra were computed
for 83 WWSSN stations. while the observed specira was obtained from long period
seismometer records at those stations. A list of the stations is given in the Appendix.
The method of data processing is also described in the Appendix.

Figs 2 and 3 show the resulting theoretical radial displacement spectra for funda-
mental spheroidal modes compared to the observed ones at 20 stations. The main
features of the observed spectra are closely reproduced by the theoretical spectra of
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STATION LAW RADWAL COMPONENT

8e137°
p » 2084°

| | 1 1 | | 1
02 003 004 003 006 007 o8 009 oo
. FREQUENCY (CYCLES/SECOND)

FiG. 4. Theoretical linc spectra of the radial displacement of spheroidal oscillations
at LAH. Numbers under each line indicate the co-latitudinal order number.
*+" and ‘1" indicate thai the phase of the mode is O or respectively.

oS modes. The ,S spectra explain by itself most of the observed spectral features
because as shown in Fig. 4 for LAH station, »S dominates the vertical displacement
at that frequency range. 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 mode! to predict the actual displacement
spectra for this event. Limutations of this simple model due to lateral heterogeneities
of the real Earth and source finiteness will be discussed in later sections.

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

The close agreement shown in Fies 2 and 3 suggests that a simple method to
identify spectral peaks is to comnare iheoretical to observed spectra at single stations,
This technique was applied to the oscillations excited by the Colombian shock and
many overtones were identified. Some examples of those identitications on spectra
obtaincd fro:n records of WWSSN stations and the NE strainmeter at Nana (Pcru)
are shown in this section.

e e o
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Fia. 5. Theoretical and observed spectra of the radial displacement componert at KEV.
The numbers under the theoretical line spectra indicate the co-latitudinal order number.
‘+*and * I" indicate that the phase of the mode is 0 or = respectively.
Fig. 5 shows part of the radial component spectrum observed at KEV compared
to the theoretical spectra o different spheroidal modes. The identifications of the S
peaks are based on the dominant excitation expected for those modes ard the agree-

ment between the theoretical shape of the | S spectrum and the main teaturcs of the
observed one. The other modes arc not so well exciied and the spacing between
theoretical peaks does not match the observed one.

In a similar way, Fig. 6 sliows .S peaks identified in the co-latitudinal displacement
spectra at ESK. (S modes tde.itificd at ATU are shown tn Fig. 7.

Usually the ;S peaks in the colatitudinal component spectra are confusingly mixed
with ¢S peaks in the frequency range shown in Fig. 8, but ir the particular case of
BOG the extended node in the ,S spectra makes the ;S peaks clearly visible. The
theoretical prediction of the node in ,S spectra gives support to those identifications.
At both sides of the node the tdentifications are less reliable.
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FiG. 6. Theoretical and observed specira of the co-laritudinal displacement
componeni at ESK.

The spheroidal modes have an azimuthal displacement component of very small
amplitude when compared to the radial or co-latitudinal ones and their corresponding
peaks have never been observed before. As their amphtude goes like | isin@ (see the
¢ component of 5™, , in expression (3) they only could be observed close to the
epicentre or its antipodes. Fig. 9 shows some of those peaks corresponding to the
oS modes identified in an extended node ot the , T spectra at BOG, only 6.0 km from
the epicentre. At both sides ot the node ol , T the peaks are contusedly intermixed
and no clear identification is possible. Fig. 10 shows a more complete thecretical
spectra of the azimuthal 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 s shown
in Fig. 11 in comparison with the theoreucal one. As the NE component strainmeter
is directed at an angle x = 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 ¢pg, Coa, Coq Strains as follows.

€,y = Cpg COSZ A +0Cyq SIN2 A+ oy SN X COS X

€es, €00 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 arc also vahid at the lowest frequency range.
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function simulating the elfect of the finite record length. o7 modes have been
slightly displaced toward lower frequencies 10 match the observations. oS, und
382 to 28, require larger amplinudes to match the observations. Those observed
peaks indicated with a question mark have not a theoretical equivalent ang 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 identificd by comparing theoretical to observed
amplitude spectra at single stations. Usually this approach renders more convincing
identifications when onr!y one mode dominates the spectrum, like the ,S modes in
Fig. 6. Those modes with smaller amplitude cannot be unambiguously identified
using this techuique. In those cases the method described in the next section should
be used.

-

4. The excitation eriterion ayplicd to spectra observed at many stations

The spectra indicated as 14,1, |4,/ and |4, in Figs 12 and 13 are the absolute
value of radial, co-latitudinal and azimutihal spcctra respactively, summed over all
stations. This summation does not help much to identily particular spectral peaks
but enhances modes which are well excited, like those S peaks between 0-02 and
0-055 cvcles/sec in |A,l or the sequence of (S peaks in the same spectrum between
0-07 and 0-008 cycles/sec. Similarly a clear sequence of equally spaced S peaks is
observed in |4} between 0-0075 and 0-0086 cycles/sec.

A, 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 4, and |4,! is striking, most of the peaks well developed in | 4,] have
disappeared in A,. This is due to the fact that for t = 0 the phasc of a peak at a given
station can be 0 or r (sce expression (1) and (2)). The phase of a given peak is m at
some stations and 0 at others and when the spectra are vectorially added those peaks
tend to cancel cach other. ,S,¢ 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 = to the observed spcctra of those stations where its theoretical phase is 7 and
leaving the remaining spectra unchanged. By doing that, the phase of the mode
becomes cqual to 0 at all stations and its peaks will add constructively when vectorially
added. The result of such a summation atter phasc shift tor the (S,, mode is shown
as A, » P in Figs 12 and 13. Now S, dominates the sncctrum: most of the other
peaks have almost disappeared because thev have a difierent phase at different
stations. Note that oS-, has disappcared now. Some peaks, such as ¢S, at the right
of ¢S,,. have intermediate amplitudes because they have a spatial phase distribution
close to that of ,S.,. Thenitis clear that having a large number of spectra of stations
all over the world and finding a swtable 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 identitication is correct and the measured
eigenfrequcncy is accurate. Doubtful cases are not shown. Particular comments on
each mode identirication are given in the Appendix. The displav of detailed results
has the purpose of allowing a critical analysis of these identifications when used for
inversion.

Table | gives the eigenperiod measured in each case. The cigenfrequency 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 umes the average
amplitude were discarded before summation. The resulting eigenperiods are an
amplitude weighted average over all observing stations. This scheme has the effect of
assigning weights proportional to the signal to noise ratio. Identitications only up to
the sixth spheroidal overtone and third torsional overtone were attempted in this study.
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Table 1

Eigenperiods found using the cxcitation criterion. * T and * S.D.' are the measured
eigenperious and the corresponding standard deviations in seconds. * Defra”® is the
difference in seconds between the eigenperiod measvred wsing all stations and the average

13
14
18
16
17
18
19
20
21
22
2
24
25
26
27
28

30
31
32
3

3
36
37
k1]
39
41
42
43
45
47
49
51
53

s
56

58
59

16
18
21

T

472-979
448-201
426056
406:746
389-134
374-010
360-112
347-505
335-811
325059
315-213
306279
297-664
289- 601
282-181
275-113
268-436
262:060
255-952
250-309
244-919
239585
234:579
229-806
225215
220-742
216-478
212-381
208347
204:579
200-927
197378
193-875
190-624
187-258
184-289
181-002
178-351
175-267
172-541
170-089
167-368
164-840
162-482
160- 265
157-844
155-011

T

298-930
274:782
245-017

over four subsets of stations.

Observed eigenperiods

OS- ISI
S.D. Delia n T . S.D. Delta
0-072 ~0:000 23 229-347 0-057 0-006
0-074 0-013 29 190- 894 0-115 0-000
0-050 0-000 36 161-353 U-087 -0-058
0-103 -0-022 38 154-758 0-079 0-040
0-118 0007 k) 151-475 0-001 -0-001
0-048 0-042 q1 145 832 0-052 0-007
0-056 -0-011 42 143-047 0-121 -0-103
0-057 0-010 44 138-559 0-410 -=0-048
0-100 -0007 S0 125-386 0-282 -0-118
0-027 —-0-004 52 121-955 0-032 -0-013
0116 -0-021 53 120-074 0-034 0-014
0-065 0-030 s 116-581 0-052 0-009
0-013 0005
0-026 -=0-000
0-054 0-005 25,
0-054 -0-024 n T S.D. Delia
g,gg; 8‘8?3 6 595-011 0-756 0-039
0-110 0-009 7 535-260 0990 0-279
0-095 0-019 10 415-916 0-770 -0-279
0:133 0-030 11 387-999 0-207 -0-082
0-038 —0-008 14 325-867 0-462 -0-042
0-036 —0-009 15 306-400 0-407 -0-336
0-015§ —0:002 28 169-251 0-033 -0-002
0-033 0-001 29 164587 0-097 -=0-043
0-03$ - 0-004 30 160-553 0:031 0-010
0-029 0-003 k]| 156-616 0-094 —-0-043
0-022 0-001 32 152-684 0-037 0-010
0-031 0-004 3 149-169 0-15§ 0-094
0-028 —0-000 35 142-614 0-074 -0-008
0-041 -0-002 36 139-507 0-041 0-002
0:093 —-0-040 38 133-858 0-104 0-086
0-139 0052 39 131-134 0-060 0-016
0-021 0-004 40 128-538 0-002 -0-001
0-115 0-037
0-075 -0-017 s
. 9 b I
88:; _838; n T S.D. Delta
0-047 0-005 7 371856 0-108 -0-075
0-064 0-015 8 354-296 0-183 0-021
0-130 0-033 9 338-464 0-803 0-374
0-066 0-076 10 323-954 0-152 ~0-057
0-060  -0-006 1 310-149 0-260 0-174
0-032 —0-002 12 297-475 0-075 -0-006
13 284-982 0-050 -0-029
o
S : : -0
S:D. Delra 16 251-984 0033  —0:003
0-398 -0-047 17 242-443 0-125 -0-024
0-282 0-035 18 233286 0-120 -0-077

0:278 0-004 19 224:910 0-121 -0-019
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32
k]
34
K} ]
36
37
38
39

41

24
25
26
27
28

30
3
32
33

3s
36
37
k1
39

41
42
43

46

T

216-949
209-564
202-620
195-938
190-068
111-451
109-476
107-776
105-976
104-197
102- 58S
101-141
99-462
98-014
96-439
94-961
93-725
92:336
90-103
88-882
87-654

T

135-649
132-825
129-931
127-243
124668
122-242
119-843
117-608
115-436
113-375

T

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

0-064
0-035
0-047
0-295
0-033
0-033
0-082
0-032
0-094
0-101
0-074
0-032
0-084
0-020
0-069
0-052
0-193
0-184
0-001
0-000
0-031

S.D.

0:071
0-102
0-063
0-030
0-045
0-019
0-035
0-035
0-077
0-021

lSI
S.D.

0-028
0-019
0-066
0-047
0-057
0:020
0-061
0:056
0:-053
0:017

200
SEeR
wO o

288882888

200000000
S S

o
—
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Table 1 (continued)

Delta

0-010
0-014
0-001
0-066
-0-011
—0-00)
0-319
0-010
0-049
-0-070
0-029
0-008
0-059
—0-006
-0-013
—0-036
0-161
-0-013
—0-000
0-000
-0:-011

Delta

-0:001
0-011
-0-014
0-007
0:006
—0-001
0-009
0-025
0-019
0-001

©cooo0o0000
S82888
W G
N O W

g8

o I

10
11
12
13

15
16
17

19
20
21
22
23
24

-

26

T

172-342
166-159
160-577
154-973
150-090
145-756
141:909
138329
134-794
131-784
128-697
125-951
123-514
121-043
114:452

T

574-487
539-946
506-832
477-511
452:933
431:229
410350
392-354
374-555
358-7118
346-142
332-855
321-953
310-362
300-186
290- 660
281-887
264-934
257-830

T

475-191
438-962
407-752
381-228
359-0M7
339-239
322-837
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

S

S.D.

0-104
0201
0-218
0-084
0-045
0-017
0-031
0-053
0-053
0-034
0-101
0-036
0-080
0-019
0-073

S.D.

0-181
1:233
0-306
0-281
0-220
0-590
0-210
0-259
1:086
0174
0-286
0-251
0-351
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
0-0%4
0-151
0-253
0-343
0-155
0-224
0-112
0-052
0-141
0-024
0-103
0-040

Delta

-0-079
—0-026
-0-183
-0:063
0-030
0-000
=0-007
0-049
-0-020
—-0-018
-0:072
0:007
0:001
=0-015
0-032

Delta

0-041
0-155
0-183
0-141
-0-018
-0-070
=0-095
0-098
-0:738
-0:033
-0-028
0-110
0:002
-0-077
-0:022
—0-047
0-198
-0-024
0-083

Delta

-0-096
0-067
-0-307
0-098
—-0-006
0-172
-0:075
0-009
0 CC6
—0-054
0:113
0-138
0-044
0-048
-0-001
-0-010
-0-011
0-007
0-034
0-001
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Table 1 (continued)

1T 'Y

n T S.D. Delta n T S.D. Delta
27 194-943 0022  —0-016 25 1714123 0126  —0-033
28 190085 0109  ~0-03§ 27 162- 581 0-138 0-000
2 185-338 009  —0-020 28 158409 0150  —0-037
3l 176-849 0-130 0053 29 154- 571 0-049 0-005
32 173-027 0324 —0-205 12 134201 0-210 0-016
3 169-156 0-041 0-019 37 130-406 0268  —0-172
34 165-715 0-085 0-064 18 128- 163 0-099 0-055
3s 162-356 0032  —0-008 4 121-571 0048  —0-007
36 159113 0-022 0-018 ) 119-330 0-172 0-177
37 155-982 0-03 0-013

8 153-165 0115 —0-060

39 150-253 0-056 0-008

“ 147- 681 0007 0-007 T

4 145-121 0-049 0-006

£ 142-661 0-052 0-010 n T 5Dk Defta
4 140-230 0-111 0-006 17 189-973 0247  —0-154
4“4 137-960 0-082 0-021 19 178-10% 0:080  —0-016
45 135-638 0330 —0-285 24 154-509 0184  —0-110
4 131-592 0222 —0-101 25 150663 0047  —0-025
4 127651 0021  —0-012 2 116-936 0310 —0-189
s1 124-127 0539  —0-41l 28 140-390 0:09  —0-067
4 119-127 0-050  —0-004 29 137-193 0067 0-020

5. Accuracy of the measured eigenperiods

The error in the eigenperiods determined by vectorial summation of spectra was
estimated as follows. The stations were grouped into four subscts based on the
geographical location with respect to the epicentre. The first subset includes those
stations located at epicentral distance between 0 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 0" and 5°, 10° and 15°, 20° and
25° and so on. The fourth subset includes all the stations not contained in the third
subset. This particular way of grc uping stations has the charactenstic that each subset
sajaples approximately the same regions of the Earth. Therefore 1t is expected that
the bias introduced by the ditierent combination of stations on the measured eigen-
periods may be minimized. The tluctuations in the eigenperiods found for each subset
results primarily from crrors due to noise, data handling, and an unknown efiect of
combining different station data. The excitation criterion was applied separately to
each one of these subsets and the eigenperiods were measured. In gencral, the
difference in eigenperiods among subsets is very small and indicates that the excitation
criterion renders stable results. In maay cases the summation of only 20 spectra gave
stable estimatcs of overtone eigenperiods. The difference between the average eicen-
periods over the four subsets and the eigenperiod found from a combination of all
stations is given in Table 1. The standard deviation of the civenperiods determined
using all stations was estimated dividing the standard deviation tound fo- the subsets
0y /2, as each subset contains hali’ the total number of stations. The standard
deviation of each measurement 1s listed in Table 1. Those standard deviations are of
the same order of the SEM found for the Alaskan earthquake tree oscillations
(Dziewonski & Gilbert 1972a) for those modes identitied in both cases. This agree-
ment indicates that summing vectorially the spectra or taking the average over
measurements at sin2le stations gives results of a similar accuracy.

The average standard deviation tor 8,4 to 4Ssa 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 exyected bias introduced by
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the arbitrary selection of st
determination,

Figs 29 and 30 show the S, and o T, cigenperiods measured for the Aluskan and
Colombian events, taking the average eigenperiods published by Derr (1969) as
reference.

The mean difference between Derr's eigenperiods and the Colombian data in the
range from ,S,, to ,S,, is +0-030 per cent while the mean difference hetween Derr's
averages and the Alaskan duta is 0-0358 per cent. The Colombian « 'ta is closer to
Derr’s averages than the Alashan data. but while the tines for the Alaskan and Colom-
bian shock are ronghly paraltel to each other, they show a more erratic departure trom
Derr’s averages. This demonstrates consistency of data obtained for the Alaskan
and Colombian shock and also sugocests that the Derr’s data have laree scattering.
The systematic dilfercnee between the sizenperiods on the Alaskan and Colombian
shocks in the range from 051310 9814 15 0-045 per cent. 1t s smaller than the stundard
deviation of the measurements at individual stations but 1t is laroer than the standard
error of the mean. This indicates that the heterogenerties and amisotropies of the
Earth are such that tor a given epicentre and the present distribution ol stations the
average eigenfrequency measured over all stations may ditfer f[rom the degenerate
value of the ideal average laterally homowencous Earth by an amount lareer than the
SEM. The full circles in Fir. 29 indicate tne eigenperiods measured tor the Colombian
shock on the co-latitudinal component. The mean deviation between the vertical and
co-latitudinal measurements is 0-023 per cent. This dilterence can be attributed to the
different combination ot stations used in each case. As shown in Fig. 3 for KOD
the excitation of the vertical and horizontal component are different for each mode
at a given station. The horizontal spectra were not combined with the vertical spectra
because while S, modes dominate the vertical component they are more contaminated
by other modes in the horizontal component, sce A, and A, in Fig. 12, If we had
combined both data the systematic deviation between the Colombian and Alaskan

measurements would hiave been reduced to about 0-035 per cent but it still would be
significant,

ations and epicentre location for any .S, eigenperiod

18 19 1 " s 3 = ) w0 3
FiG. 29. Eigenperiods of ,S, modes measured for the Aliskan and Colombian
shock plotted o+ a function of 7. The 0 reference hne corresponds 10 the average
eigenperiods published by Derr (1969). Full circles indicate cicenperiods measured

for the Colombian shock on 1he co-lantudinal component.
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;1 -==COLOMBIAN

=——ALASKAN

S ECONDS

12 15 [ ] 21 24 27 o

r1G. 30. Eigenperiodsof, T, modes measured for the Alaskanand Colombian shocks
plotted as a funciion of u. Tne O reference line corresponds 1o 1he average eigen-
periods published by Deir (1919).

It is remarkablc that the difference m eigenperiods have ditferent sign for , T, and
oS, Itis also different 1in mugmitude. The systematic difference in o 7, cigenperiods
in the range from 4T, to , Ty is G321 per cent or 7 times kareer than the diiference
for oS, cigenperiods. The Color:bian data shows faster Raylereh waves and slower
Love waves as compared with the Alaskan shock. A similar type of observation was
made by ALi (1966) who found a difference in phase velocity ol 0-4 per cent for Love
waves at 200 s micasured over many great circle paths for the Niigata 1964 cevent and
over paths throngh Pasadena (Tokséz & Anderson 1963).

Only with overtores for 45, modes are there suffcient data to compare Alaskan
and Colombian measurciments. The Colominan cicenperiods 4S- to ,S,, are con-
sistently smaller than the Alaskan. The average difference is 0-1135 per cent while
0-090 per cent is the average S.D. of the mcasurements.

6. The excitation criterion, general remarks

The success of the excitation criterion depends on how well we can predict theoreti-
cally the I'rec oscillation spectra at a given station. Since the theoretical spectra are
derived by assuming an Earth and source model the question is how critical is the
choice of those models for a successtul peik identification.

In the case of the I'ree ocillations identified in this paper the change of model
from HBI'6 (Haddon & Bullen 1969) to the 5:08 M (Press 1968: Kanamori 1970)
did nat introduce any significant difference 1n the results. The main features of the
theoretical spectra at cach station remained the same, and the only elfect of changing
the Earth mode! was to shift the cigenperiods and sheitly change the amplitudes. This
result is duc to the fact that a change in Earth mode! does not change drastically the
shape of the cigenfunctions, at least for modes of low radil order. For higher over-
tones the shape of the eigenfunctions becomes more structure dependent and in those
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cases clearer identification should be cxpected when using a more accurate Earth
model. But in general, the excitation criterion is not critically dependent on the
assumed Earth model.

A more scrious difficulty is posed by the lateral heterogencitics of the real Earth.
Mendiguren (1972a) observed that a laterally homogencous Earth model is adequate
to predict the spectra of modes with long wavelengttis. But for shorter wivelengths
the lateral heteroweneities cause an increasing disasreement between theorctical and
observed spectra and tinally at some critical frequeney the predicted spectra do not
resemble the observed ones. That eritical wavelenath is duierent for diiierent modes,
and depends on the deptk ot penetration in each case. For example tor . T modes the
critical period is around 300's wiule for 0> modes 1t 1s around 1805 (Mendizuren
1972a). In general those modes with much of their enerey in the upper 300 km of the
Earth arc more atlected than those modes penctrating deeper,  herzlore for eacly
particular mode there is a critical frequency beyond wlhich it 1s not possible to nredict
adequately the spectra asswming a laterally homogeneous Earth and hence the exeita-
tion criterion cannot be upplied,

The assumption of a point source model in the excitation criterion scheme used
or the Colombian earthquake was adequate because the linear dumension of the
source were smalier than 100 km (Mendiguren 19722) or about 10 times smaller than
the shortest wavclength of the identified mo {es. For shocks assoctated with laraer
fault dimensions the source tiniteness should be taken into consideration (e.g. Press
ct al. 1969) when computing the theoretical spectra and the phase correction betore
vectorial summation.

The complications introduced by the presence of aftershocks in the study of free
oscillations have been overestimated in the past (K. \Ki, private communication).
Earlier it was argued that as the amphtude goes like the square root of the energy the
amplitude of long period oscillations should be proportional to V107 where M, s the
surface wave magnitude. But in tact the amplitude at long pertods is proportional to
the seismic moment (Aki 1967) or proportional to 10,

Anyhow, when applying the excitation critcrion in the presence of Lurpe aftershocks,
their effect on the observed spectra could be taken into zccount il their source
mechanism and scismic moment were known. The predicted spectra would be i thus
case the result o summing the sy ctra for the main event and attershocks. Aftershocks
were not observed in the case of the Colomban shock.

An obvious extension of the excitation criterion would be to sum vectorially the
spectra of many earthquakes recorded at many stations (Mendigurcn 1972¢). The
spectra for each shock should be corrected for their corresponding source mechanism.
This is similar to the super-resolution technique proposed by Giloert (1970) to
separate singlets of cach multiplet.

Records of ditferent components, namely horizontal and vertical, or records from
different types of instruments could also be combined. It should be possible to collect
systematically data for many vears aad continuously improve the resolution of the
method and the accuracy of the meastred eigenperiods. 1lic use of manv carthquakes
is specially desirabl: because, as shown 1n Section 3. the epicentre location and the
arbitrary distribution ot stativns introduce a buas in tie cizenperiod determination
which may be larger than the standard deviation of the average,

The excitation criterion can also be applied to other tvpes ol zcophysical observa-
tions where the excitation of the different superimposed signals can be theorctically
predicted.
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Appendix
Data processing

Records of the three components long period seismogriaph at 82 WWSSN stations
were cigitized. Since. for most of the records, the shortest period present waus longer
than 8s, the records were digitized at an interval of 45 to avoid the aliasing etlect.
In a few cases, where high frequencics were present, the digitizing interval was reduced
to 2s. The starting time of divit:zation was taken as early as practically possible, but
in most cases, the first train ot h. rher 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 loncer visible. The resulting record lenath ranged trom 4 to
18 h. 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
over9, 7, 5and 3 points (Blackman & Tukev 19358). Then one out of every four points
was taken, increasing the time interval between points to 16s. In addition, the digitized
records were high-pass filtered. taking out those periods longer than 700's.

Since the theoretical spectra are given tor the radial, co-latitudina! and azimuthal
components, the N-5 and E-W records of each station were vestoriatly summed to
synthesize the co-latitudinal and azimuthal components. The recultant records were
analysed using the fast Fourier transform over t6384 points. In the next step, the
spectra werc corrected for instrument response (Hagiwara 1958) and for the low-pass
filter response of the decimation procedure.

A digitized version of the Nana strainmeter record, with readings at every 60s,
was provided by Drs S. Smith and D. Anderson. The effect of Earth tides was
eliminated through high-nass filtering.

T ————— e
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All the theoretical and observed spectra shown in the figures of this study were
multiplied by w? for an adequate grapkhical representation.

Comments of the individual peak identifications

The measured eigenperiods were considired reliable and reported in this study
only when the measurement was not atiected by interfering modes or noise. Large
peak amplitude compared to the amplitude of the surrounding noise and a smooth
and symmetrical pcak shape were considered indications of small interference. In
addition, the magmitude of the standard deviation and the stability of the measure-
ments amiong ditferent subsets were taken into account to judge the rcliability of each
measured eigenperiod.  An additional critical test before reporting an identification
was to plot the measured eigenfrequencies as a function of (co-latitudinal order
number, ¢.g. ,S,) and require a close fit to a smooth curve. All these elements were
taken into account to accept or reject identitications.

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

oS modes. The fundamental spheroidal mode ,S dominates the vertical displace-
ment spectra above {60-s period and the identified peaks have a large amplitude over
the surrounding noise.

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

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

38 modes. Spectral peaks have been observed from 3Ssat 415s to 45,4 at 87s.
35, Is a special case vath a large signal to noise ratio (Fiz. 33) but a large standard
deviation. The reported cigenperiod satslies the required smoothness in the period
v. nplot. Observed on the co-latitudinal component.

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

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

¢S50 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.

oT modes. Reliable measurements have been done up to o Tyo. Forlarger n values
the lateral heterogencities of the Earth aflected the spectra to the extent that the
latcrally homogeneous Earth model 1s not vahd anv more (Mendiguren 1972a) and
the excitation criterion fails to render accurate results.

T modes. Modes up to , T, have been identitied. These modes contain energy
at larger depth than the s T modes und are not so affected by the lateral heterogeneities
of the upper 200-300 km (Menaizuren 19724).

2T and ;T modes. Only a few 1colated groups of modes have been observed with
sufficient clarity to be reported.
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W WSSN stations used in this stud y

The code names of the stations used in this study are the following: AAE, AAM.
ADE, AFI, AKU, ALQ, ANP, ARE, ATL, ATU. BEC, BHP, BKS, BOG, BUL,
CAR, CHG, COL, COP, COR, CTA. DUG. ESK, FLO. GDH. GIE, GOL. GRAI,
GUA, HKC, HNR, IST, JCT, JER. KBL, KEV, KIP, KOD, KON, KTG. LA,
LEM, LON, LPA, LPB, MAL. MAT, MSH, NAT. NDI, NOR, NUR, OXF. PDA.,
PMG, POO, PTO, QUE. QUI. RAB, RAR, RIV, SBA, SCP, SDB. SHA. SHI.
SHK, SHL, SJG, SNG, STU, TAB. TAU, TOL, TRI, TRN, TUC, UME, VAL,
WEL, WES, WIN. -
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