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purpon‘hem to develop methods which fac:htate thn mmnwment of W’ sourse: Hime
functions.

Under the mtmnuy hm: system model the seiqmomm wym fm’ ach. m are
appropriately regatded as the convolved output of the wavelet represénting the earthquake
sonroe time function with the transmissign responsg of the earth-seismograph system. There-
fore, in order to separate one slgnal from the convolved combination using conveational
fiitoring todhuitjles ‘stich as_iwvetse Wittor flltering, the dthick signial tubt bé kuswa, The

., dificulty in mﬁngme two compornents Krises becalise; Poherally, the trhnsmission response
is not precisely known so the problem is ésséntially oné of bitid dsconvelution. Omapﬁﬂnda
to deconvolution that has been fairly successful in exploration selsmology assumes the source
to be minimum phase (Robinson, 1967). . This assumption -is not striotly applicable toa
typical earthquake source time history, which yill -usually be a mixed - phase signal. In spite

of the above mentioned difficultiss, some ‘efforts have &egn itade to estimate the source time

histories of earthquakes. For example, Burdick and Helmberger (1974) extracted. the source ‘

. g of three deep focug events by doqonvol ‘the tra D response whinph
pncluded ﬂae M of instrument, cﬂlst, und Snelastic attent;at:on in q;e earth.

Another apprmh for filtering convolved and mnlﬁphéd Bndls i gencralimd liear, or
homomorphic filtering (Oppenheim ct a]., lspﬁi ‘The, basj¢ goncept is thaa! a product of
signals can be mapped into an addition.of signals by &n appropmtc transformation. In the

.. transform domain the MW’“M of lineqr filtering:ean: then be nt:ﬂzed to’ separate

*Department of Emhﬂeim Univamy of Roorkea. Roarkee. 247672 U.P,
**lnstitute of Reservoir Studies, Oil & Naturs! Gas Oon&l&&a. Aimedibad. - 390903 Gnluu
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logrithm is the *ppropriate separator transform ror onr objective:

into a sum. Wemumethe&l‘t!lqudﬂfhme' 8 to vary: oge

as the contribution from the transmission response tends 1o vary rdnﬂwlqupdly with
frequenoymthepmbmd of WWSSN long period seismegraphs. Consequas the
mveuemomofthelogoftheoompknmaﬂhem
| mmnmmmmmmwm ﬂ»ﬁ?ﬁ- while _tht.
transimisgion. response to AWRY the: oplgin. s, 40, recover the s
ﬁmmummw the inverse wamtmn;gm

this bonlineac fitering procéss LOG-EXP Sisering, - We oty fat. Lirves, CIO34)
ibe ummigmmmpaw can be mem‘ “ wmﬁﬁ waveles in this way, Also

Ulryol et al. (1972) sind Clayton'and Wigging (1976) were able to extract the growsd dis-
placement pulse from earthquake seismograms uting homomerphiq deconvolmlon. )

" ‘The objecgve of the pregent study is'to analyze long’ pquod WWSSN éi¥iogr
' %?wextractfhelﬁﬁxommthquﬂewmﬁm ygictich an

tranmiwon o mes to the reobrding‘mﬁons used in ‘the analysis.” ’l‘he emphasil ‘of the
asalysis, however, is on the recovery of the squiee 'ﬁme ﬂﬂmﬂin

mmummmmu

A digitized earthquake seismogram r(KT), which we shall henceforth write as rx , may be
repreaented by a convolutnon as follows: ' N

lk=ﬂx*8t+llx P PR ¢ )

where T dﬁnotu the umpliu intorval, which we will take-as unit.'t ml@uﬂmahg.
sy the sourve time ﬂmtion, 8x the pgrth-ﬁmh tmumhdm mmw,md Bx

N | o S

| RcZ)azmz*ﬂ(z; G{Z) o @
K= e e
where S(Z) and G(Z)are thez tmnsform of ix and g;; mmcgvgiy. and N js “the data
length. Hence, taking the natural logaritiin | followed by, an invme Z trsnsformaﬁon would
convertthe mnluplicanonma} into an addition. of s:gnah. SR _

| ﬁmafnsczwm(z; |
o R(zwmktz)wnm(zymusk(z;

Y

lmduhuﬁomvmozwnsfwmofﬁ(ziwhve
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whete /=0, &1, 2,1, aud contoue ingration ¥ ooustorclockwise, .

‘ formed by reversing the first
tively (Bogert et al., 1963; Schafer, 1969). . .
. The inverse proces 10 §o back Into the originsl time damain is dafiaed. by the. foliowing

~ steps,

bJE ]
ﬁ(ﬂ'}mg % 2
R L I :
R(z)..'eip[ﬁ(m. - o - ®

-
i

| m%%fn(bﬂ-t iz

-

- In practiee the contour C is'taken to be the unit circle and: the fast Fourier transform
algorithm is used for implementing the above proeedu;e_. o

- An xomlla a64% sigustin the gyefency domain est atso by dos s ¢ Kshion aast.

" 20us'to:fke sesiend:pamer spocteal analysis.. In this case oaly the cositiy-transfori of In | K|

’ 'l‘lu complexewumhumanl :mpm-unt propemﬂ. Of pusrtiéular hm in ‘sgnat
processing are the folfowing (Schafer, 1969; Kemerait end Childers; 1972):

1) The omplox copstrum factors » signl into # teximiim and miniaum phase com-
ponents. Let *x be-a mixed phase signal - A .

Then in the quefrency domain we have '

~ A T f: Lt .‘
X = x'ﬂl + i:l'lx 1.\! (7
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“such that ' o
' X8 =0 for /<0 a
)  XPM =0 for I>0 ;
. - EE KT . $ip
2) Anoth_er important Property concerns Tepeated signals. Let
o mekbe,
whéte th bighit cobiists of the original sighal dnd its échio.  Thehn e Z transform of ix
¢valuated on theé ynit clitiéis © S ) e
| o) =F(o)[1 +ac-8ki] o
where the écho contribiutes a périodic ébtnp’otlent' with period 2x/K;. This contribution
becomes additive in the log spectrum, ' '
n 8(0) =In F@) + In(1 4 ggomiske] ~ay

Expanding the second term jin a power series and ¢valuating the complex cepstrum gives

| =T+ a30-K)—@2) 3(—2Ky) +. .. 1
fora < 1, and T S
S afix, + (1/2) 8¢ +Ka)~(11280 3¢/ + 2K,) +. .. (13)

A more general result can bo derived for the model of a series of impulses febrmnting
the transmission response of a medium - S : ) o

Z s t-K) - - - (14)
where ax ie the stfensth of the K-th'arrival at time K. Thc Fourier t‘rinsform of the impulse
response is given by '

N

1(»)=2¢x°“"‘_- - (15
- ' ‘
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and the log spectrum by ‘ '

. | f(mj‘miln[g ak + Zgggxa; t.zos u(K«-Jj]
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“Rn' multiple echoes in the complex cepstrum i we will- find. contributions at various
combinations of the differences of arrival times, Tbe magnitude of these contributions is likely

to be almast always small in the case of the real earth as they represent products of small qti-
atities (reflection ooeﬁclents) :

- In order to cofisider the effect of attenugt;qn on complex eepstmm of echioes; let us oomidor
that the spectrum of the echo is modified by a factor e~ a5 compared to the spectrym of the
original sighil due t6 the additioniil travel path, Ta this cb.se the complex cepstrum given by

(12) or (13) would bave time functions of the fom—;m instead of impulses corres- .

ponding to the contribution of the echo at /=L. - Therefote, the cotnplex cépstriith will appear ‘
‘ smeared and it may not always be possible to identlfy the presence of echoes,

Resnllllllil)m

e

. LOG-BJEP anulym was done on thiee teleueismic recordmgs at WWSSN satations AAE,
MAT (P-wave), and VAL (S-wave) for the 1967 Koynia Dam arthquake (hypocentral parame-
ters determined by the India Mateorological Department are: _Date December 10, 1967, Lat
17°2.4'N, Losig 7498, M=6.3, H="8 km, OT=23h 5lm 19s) A long dita window was
selected in’ Giéﬁ‘to MB&B the reverberations gcneralbd by the otiset of the wave, The ulmp»
grads tie Motin i mii'é 1. The seisthogtams wéieé s: edat 0.5 sec mtcrvals oor
to the Nyquist ftéw of 1 Hz. Gomputauonal cohsi erdhons requife that the aampﬁg
rate of the phasé spectrum b6 riipid enough so that the computed phase ih equation (i
(seconid term on the right #id8) {s continuous (Schafet 1969). The phage term usually has
diseoitinuitics because of the multivaldéd naﬁure of the i inverse taiigent w“hlch can be success-
fally u&imted only if the phase function is well sai i Accorgﬁgnly zeroes were appended
to the saimpléd selsivgram data vector to make a totgl iength of 1024 points. Because of the
nonliéd# speratioiis o logaritht; absolute valie, and arotangent, harmonics are introduged
into 1’«(ZJ ."Asf Eoisequence, R(q) is undersampled when g=etmhN, K =0, 1,...., N=1 as
in “Qm, the ooedure of appsnding. zesoes also belps in. Teduping aliasing in the
calculdiidh of the qunlphx oopstrum Another modification 1o the.ddta that helps in reducing

sliasing 1y W‘* wﬁxﬁ By selecting an appropriate valye of it canbe insured thas the
-~ ground foipu ponsg it m\nimmphqle Moreover, its poles can be-moved furthey inwand
towards the b}i‘gm md cway from the unit circle on whlch tbe z transform is mluml 1‘1:! '

.. smootkis ’I:Tie rapici fachiations in ﬁ(z) due to the unpulse rogponse,, and, as a  cosequamce, ﬂle ‘

4
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RELATIVE DISPLACEMENT *

e Lo

mz. ) mmmmundammumw (b)a»mwmw(m
" displacemicnt time functions; and” (c) moﬂmainuuddcb) .M
Wmdhphmntﬂmahmﬂm B ,

* s

howmmtbeaoﬂﬂmin.«m}wmphl medto npmtthsm Sim
amptitudes .of the-other oy sns. due 10.the echo, die off repidly as a-;lmd
‘ﬂmvu?. J'lmldhc ' 40 pee. semilogarithmic plots if the detection :
gl W oontnblmd in pmdadn; amoeth gpowu emtn_

.
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Fig. 3. The amplitude spectra.correspoading to FF source displacement time functions of Fig. 2(b).

The next step in our [procedure is linear filtoring the complex cepstrum to separate the
carthquake source time function and the transmissson response. The soparation criterion for
a source wavelet is that its contributions to the complex cepstrum are confined to the neighbor-
hood of -zero quefrency. Furthermore, ‘the eriergy in the complex cepstrum of & wavelet is
coneenfrated in a.relafively sharter quefrency (time) duration around the arigie, 88 comipared
to the timo- duration of the wavelet (Buttkys, 1975; Ulrych, 1971). . Therefoze, in the fitering -
process, retaining complex cepstrum contributions in s quefrency window eqtiai 0 the expested
time duration of the source would serve as & safe threshold for recovering the source fundtion, ‘
A suitgbly window length for best results can be obtained by trial and error. o

o the Koyna carthquake was a modersts sized event, we expect i source. time
function 1@ bo lesd than 4 secin duration. This assumption s supported by fhe fault dimension
(rp ~ 18 km) and ripture velocity (~ 3 km/sec) estitmated for this event (Singh ?tnlf. 1975;
Khatwri et al,, 1977)." Three filter windows Were' accordingly tailored to retain’ all'the contri-
butions for quefrencies less than or equal to 4 sec, 8 sec,and 16 sec, The intvérse process was then
appliet to the filtered cepstrum. The resulting signals were unweightod and deconvolved for
the instrument response wsing the transfer furiction relation. given by ‘Hugiward (1958). The
resilts for the 8 and 16 sec windows were found to be unsatisfactory. " Thi Sougce pulse
obtaired were of unrealistioally lorig duration. The most satishictory Sotfos Sie forte,
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rddpecﬂ{vély (Frasicr and Fitson, 1972 Hek ‘lzuger ’Ihe rou;td di incement. ﬁuluh
projectedto the source are almvw‘:“fm!"'elmr hew}’v & m’ﬁu!mhl
Ijm}""ﬂ » bigh ) uency Jitteg hu_§ppe;red tqw?,rds their . and tha_l ovmhoot '

riists mﬁjwavefo:u}&: far fleld time history & ;( néat "vadistion.
Acammon feature of the fd(lgF) ratee. ons it tﬁnt e onsat' (REst swingyis
.very sharp. Themtumswiwu iy ugckg tosbmpdfwaydm Thereafter, the
" backswing rate slows down eonpidﬁa 1. %ﬂovinﬁbot swing is also iather siow. The FF
- source time hutonas m  similar in shape, with the small dlﬁmm notimble towardn :
o of 1y oy B sl ropafiton clcn, | % 1 ¢

iy T Jv 12 o) ends [SEarted & riret ?'r ! R T NIV IRY

mekulmmwstheﬁmoinwnls of the FF source dmplmmm time funotkm .
. Mmybocomidcted to a firit & "on,t)lreprmnuﬁmonkenmﬂddmﬁa
30 d time functions, The displaeomem “off shgrpl slows dowa
Snewh m? ﬁ:_mpﬁkﬁbﬁwmﬁw&.ﬁaiﬂaﬁs a‘ - v ‘t m&
bﬁoﬂwmsm I Rt | C g b
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- The phencmenos of obtepriog.overshigots: in shallow earthgiakes waa considered impro-

-bable by Rusridae (1969). on. acconat of . fxistion. on, the-fauls serfhee.. -Homoyen, Busdick and
wmgmmm a similat phanomenon for three deop - foous cncthguakes and

Tos; passible mechanisms thaton produce this fpatires: (1) switingon the fxult to.redue
friction; (2) motion on the surface of the down-going slab; and {3) s coupled sat of mations oa
a pairof fault surfaces. A fourth possible cause can be the elastic overshoot due to the

. momentum of the slipping opposite sides of the fault surface, which can give. zise- to.lasto-

dynamic radiations seen.&s backswing. o ‘ '
_ The asmpjitude.spectra, corresponding to.the EF 814 NF seurce tiong. fuastions. are 4hown

 in Figygip3and 4, The pectep for gll the stations. aro-remarkably smilar in shape... Onca
_ lo&l#% the FF apectra decay roughly as ! tawards. pigher fre

we also obtained. by Khattri et al. (1977) using & different appeoach. We, nlse. observe.a
weak fcak in the spectra at w ~0.1. Some theorotioal modoly:(s.g. Haskell,1956; Aschem-
beau, 1968) predict the presence of such peaks in the source spectrum. ' The NF amplitude
spectra exhibit & ~ «w~** decay with increasing frequency in the range under consiiamtion.
The corner predicted in the seismic. source spectrum (e g., Brune, 1970) is not well developed

intho FF, source spectra. (Figusp.3). This may be the consequence of the filtoging process

~ which may have to somne extent smoothed the spectra. Khattri et al. (1977) obtained: corners

 above estimates are in fair agroement with those of Khattri‘et al., pti _
uncertajnty involved in the estimation of corner freguencies (Hanks and Wyss, 1972), .-

at frequencies (u)

0.56 fot vertical, 1.0 for NS P wave at AAE, and 0.4 for § wave,_at VAL.
corners at @ ~1:0 for both AAE and* VAL in tH4 phestnt sthidy. " “The
tRuktly 1n View of the

The tranimission impulsé ﬁspoﬁsés obtainoﬁbyratainihgonlythe %m phise high

quefrency .componeats ia the inversion process are'shown in Figure S, "Ts. faforniatlon in the
“first few seconds is completely lost. - Mt is included it the sotrce  wavalotas. noise. ~"Fhis noise

should be smalf as acoustio impedances in'sedimentary lsyers would. ‘be relatively: amall and
contribute only weak reverberations. These transmission responses include the effects’ of source

_-crust;seceiver tust; and mantle propagation convojved together. .

Conclusions

‘ Curréﬁﬂy,- ina nmnber of iﬁ#estigaﬁons, vanouspuimm suchas the oomr frqumy

- or the peak frequency of the far fleld source spectrum have been used to-infer source parameters,
t;'r’,ﬁi#ﬂ.xﬂheﬁﬁk_z os, rupture  stre H Py
‘of these spectral parameters depends critically on the squiiés te fuiiclion model vsed to rep-

mensfons, rupture velocity, and stress drop. 'However, the lnterretation

resont the earthquake source (o.g., Savage, 1972). Furthermore, techniques based solély on
amplifiide .apectra  neglect- an. important source “of ibformation, - that of phase. It appears

- hecessary to estimate accurately the source time histories of earthquakes in order to distinguish -

—

' between competing models. Accurate source time histories will also provide better ‘estimages

of the Bife strudture of theéarth aldig the traiinissign path By ineans of dsconvohtidn’ pro-
cedures. - LOG-EXP processing offers a method 16} sccompliahing the above objictives, as

-+ demonstrgted in this preliminacy asslysis. :The soure time-functions for the Koyna earthguske
 obtained frgm al):throe racordings show an impulsive wave form_ with,a small overshoot,. The
- pulsc decay slows down’ somewhat towards the end of the first half cycle. The next .two half
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