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!• tiiwi tllow «llh Ihr application of linrar chirp 

fill»«* I«*4l*prr*r4 »uffacr «avr irainn rrcordrd at 

UASA, MoMaM«. m numltrr of rvrnt» from ihr SinoSovirt 

r»gl— hm*m brr» ruattitttrd In ordrr In drlrrminr thr prr- 

tfltlaMlHt of Ihr lltnr uf Ihr maximum filtrr output.    Thr 

wloclilr« Ihn« oblalnrd «rrr comparrd with thr 

«-rlacillr« drlf rmlnrd by an analyst using ordinary 

4i«pr »•ion analy*!». 

Ctn Ihr ha*!« of   hr »callrr In group vrlocitirs found, 

""«rrl««l lltnr «indo«*" for nurfacr waves from various 

trgltar* mtr flvrn 

Hi«!»» r«l-r»  in.;v*t« h.i* »nown th.il thr assumption of a 

llftrtr trr«|urncy varl ilion in surfacr waves is not always sa 

ll*f*«lorr      Thrrrforr.  wr havr .illowrd for non-linear fre- 

qorlicy varl-vllon In Ihr ihirp filtrrs,  and some applications 

<•( «Mh flllrf* afr drmonslratrd. 

u 



TABLE OF CONTENTS 

FOREWORD      ii 

ABSTRACT       ii 

LIST OF ILLUSTRATIONS       iv 

1 . INTRODUCTION       1 

II. ON THE PREDICTABILITY      OF THE 

GROUP  VELOCITY OF THE 20 SEC 

RAYLEIGH WAVES      2 

III. ON THE APPLICATION OF EXPERI- 

MENTALLY GENERATED CHIRP 

FILTERS     9 

IV. CONCLUSIONS      15 

REFERENCES      18 

ill 



LIST OF ILLUSTRATIONS 

Figur« Page 

1. Summary of obstrvcd Rayli'igh wavi' dis- 

persion (After J.   Oliver 1962 (6) )           23 

2. Curves showing the frequency variation found 

in Love (L) and Rayleigh (R) wave trains from 

selected epicentral regions      23 

3. Frequency curves used in constructing the chirp 

filters applied in this study.    The original and 

the extended filters for West Pakistan are also 

shown         24 

4. West Pakistan event.    Raw trace (bottom) and 

chirp filter output (top)  25 

5. West Pakistan event.    Raw trace (bottom) and 

chirp filter output (top)    ...,'.  25 

6. West Pakistan event.    Raw trace (bottom) and 

chirp filter output (top)      26 

7. West Pakistan event.     Raw   trace (bottom) and 

chirp filter output (top)      26 

8. West Pakistan event.    Raw trace (bottom) and 

extended chirp filter output (top)      27 

9. West Pakistan event.    Raw trace (bottom) and 

extended chirp filter output (top)  27 

10. West Pakistan event.    Raw trace (bottom) and 

extended chirp filter output (top)      28 

11. Nevada explosion.    Raw trace (bottom) and 

chirp filter output (top)      2,8 

iv 



Flgurr !•*■• 

(hirp lillrr UMI|>MI (i«<t*)       .* • 

ISi    Niv.itla ricpUtol««)«       K.I«  In««   (l*«ill«iii.)  .•it«! 

t hlrp Ulli r «MII*»!! (l>.|»)  '• 

I I      K-il   Ifkl.ihtlo cv« til        I*.»**   lr.«C«   (l«illt.n.|  .««»«I 

t hirp (ill<-r tmlpul (lopi      

15. K.il M.md* «-vt'itl      |t.i\t Ir.iti  (I»IIIIIIIII) .ii.il 

(hirp filt«T uuij til (tup)     to 

16. H.-it IKI.HKIH   •-xpluftiiin   (Milnm)      Ra« IniCC 

(buttuni) and (hirp filter oulpul (tup)      *l 

17. Nepal - India horder  reßi(»n event.     K.iw  tr.K« 

(buttuni)   ind chirp filter ou'put (top)      il 

18. Nepal-India burder regimi events.     R.iw tr.Ke 

(buttum) and chirp filter output (tup)       M 

19. An example of applying the s;ime filter to two 

events.    The filter has been constructed on tin- 

basis of the Northern Italy event.    The epicen- 

tral distances are approximately the .same 

while the azimuths differ by  IS degrees      ii 



i    muttmtfiM* 

H i* ••II hmmmn m«i IM» tfiit*f«««» I* MI«IK» »«l< 

uiMM «I MHAM» mmw «Ml Iwit ••••►• i* • mm* pm*f* 

twl «I«« fltMUMM hrl«w«i *«|M«MMM MMl »KWlMlMitolo 

fUrl»   I >%1.   Hi» «IM» «vll IUM»« IMI «Nrr ifc» i««r«' 

*MI|«* «4 !>■««<   »«••.«• ff|*|Mg «« 4p||r««MliH«l» Süll §•!« 

«4%\  far Ibv   »iNJfl   fkr f !««•  »«ür.«i*i>r»»i»»   H •«•* •  («Wl«^ 

N It Ihr Mht»*- « -4 •»♦♦••««»w-i»»*!   iii« •*«>•' ..... 

liminni f«'ior I« till* 4l«< rinaiMM I* in* 4M»«II«« Imvt 

at ihr •«•rUcr *«**«. 

I« lilt* ««ffc «• lM%r look»« IMo »«Mttr <4 III» probUl*»* 

(tmn-clrd «Uli Ihr   Irlrtllati «4 llir •«•rUcr «»•«#•.    TW 

«rark (olio«« «long I«    linr«^  lir«llv • dlM«««laii «t ill» 

pe«ttlbllllv of prrdlcllng ihr «rrlir«! iimrt of tmrtec« 

* ,%r fr-»in« (rum •prrifu p»tt*  ol Ihr •<.»ltl.   mnd »««oiMlIt 

ihr rürci ol «pplyinn ilillrrrnlly coo«lrucl«d chirp lillrr« 

for diffrrrnt rrgluna was Invvallgalrd. 



ii   CJII im iiiitiit iAtMirtt u» iMiiCSKiit-i* 
vi|««tlV    *l   im -.1.   KAYII tOH WAVI> 

to * mm** Ham muh %h* «P#II<«II«M «I ••«•••hm filirr» 

!• 1Hf»f*4 •«•rUcr •••'» (r«Mi» «i i** Uirg« AfH-riHtrr 

iriviMi« Arr*y fLAttAl. MoM«««. « mamWr «1 nrrni* (rt>m 

llM» tlWla»t»l  M-gloü iMvr lw>»« rMmitortf in otllrr l(t drlrr 

tt«i««> Uiv |M»4NI*MI»*4 «I (**' Hit«* «4 ill* m«Mfmim lilirr 

•»•ipiil     CI«Nirlf.  ll l»»r  HU«» «««lir.1 IM* »»irrr«! prulit.   M« 

•«•lillkg lof rtMl»t«p|r  Irott« IMrrlrriltf *%rM*.   II  !• <|r*lr«b|r 

In W >M' lo M*lri*l iHr c *t^*l'«f p**fc Irwin » p«ni«4l«r 

wwmi lo « »UMII rvgiMi «•» II»» nmr ««t* 

TM lillrrt «r» tfrMglMMl lo ttwlch 4i*|H-r4lrtf »urUcr 

«MW ir«ui«, •••«•nlMf ln»»«f group tf»U% in ihr lrr«|urncv 

rAMgr 0 014 • 0.0%% Ha (It    Tb» lilirrmg i» p#rlwrmv4 

in ihr lr<N|«nMy OcNtMlii. aad IHr arro OrUy lrr«|urncv ut#4 

i« 0o0% II«     Tu* niirr Imgili rWrrrrd lo l«l#r in ihi» irM 

1» ili» imgib ol ihr iimr  impuU» rwpan»9 ot Ihr lilirr in »rcond*. 

mmmturwä from ihm It to« lo Ihr 40 tec wava.   The group 

volocllf found by v» ig ihr nuftinnifn tlllrr oulpul. corr»* 

•pond* lo Iho group volocllv found hy «n «n«lv*i idrntilving 

ihr «rtlv«! lim* of Ihr 10 arc (undamrnMl modr Kavlrigh 

wnvo» on ih» rn» ir«<o» or lh* bram    Tb« long period 

bram la formod by uaing « phaaa vrloclly of S. 7 hm aac 

acroaa lb» array for all frrqurnciaa. 

In Ihla coniaai Ihrra arr cvrtaln quraiion» lo br antwvrvd: 

I.   Clvvn Iwo or morv rplcrnlr«! rrglona. urh«t t« Ihr 

diffrrrnrr In Ihr group vrloclllr» brl«-rrn Ihr rrgiuri« «nd 

ihr «rray,   comp«rrd lo ihr »caiirr ;n group vrlocitira 

wiihln r.M h rrglon1* 



Whm% I» I«» prrclvlcMi «Uli «hlcN Ihr limr of Ihr MUrfMMN 

t»i««« ONIIIMI «««I» #*iii«Miird (or 4 puriitulAr rrgion? 

KMMiag liir «iM«vr» lo I «Ml I,   It ll worth whilr to 

•t»«|i ihv «orld «• »mi Irotti ihr «rmy In irrm» u( group 

4     Whrrr *» • it»* br*i lilirr »uri conip<irrd lo ihr firm 

• rri«Uii it» »rt «MV#«V «• picked hy an anAlyat? 

A <<H»ctl— «4 r*riti* front Crnlr«! A*U,   ihr Kurllr 

UIMMI« rrgian «Ml Ihr •oulhurrvirrn bordrr counirtm of 

Ilk* 1UM|*I I'ftldtk IM* brrn (Uin*ldrrrd      Kxcrpl for «ontr 

»«iMIr«!««* fr««fti r«*lrro K«t«hh.   o^lf rvrni» for whtch 

Ik» f S C«««l k CWodriK Survry (t'K G8)   rpicmirrs 

«H>rr IHMNHI« k«»r hrrn u»rd.   No po« rly rrcordrd or drrp 

nrrM   (k *fcO hfttf •*• iwlMdrd In Ihr collrclion.    Thr 

nrvM* «Hprv diirldrd inio thrrr rrplon* «rcording lo ihr 

Itpr of w«^rp«lk* lo LASA.   A*»iiming coalinrnl.il •Iruriurr 

Iwnwdliilkr Aril« (hr«n   Ihr p^'h» «rr: 

f^vr p<ilh 

A     Cmir«! A«l« Coniinrni«! 

II     Kwrilv UUnd* Parity ocranic 

Norlh Pacific Ocran 

c      Sovlkfrrtlrrn Imrdrr Partly ocr.inlc 

«oool'l^* of fSSR N'orlh AlLmllc Ocran 

A  S«««y«   Z^mly« «nd « wrstrrn K«s«kh rxptoalon havr 

WMI iMlwd^d in rrgton A. 

Th» rvrni» «rr ll*lrd In T«hlr  I. 



FKOCEDURE   AND   RESULTS. 

To find the arrival times of the 20 sec waves from the 

raw traces or the beam,    the standard method of Ewing and 

Press has been used.    Arrival times of successive crests are 

plotted versus crest number,    and the resulting points 

approximated by a smooth curve.    A straight line with a 

slope corresponding to 20 sec period is then adjusted until 

it is tangent to the smoothed data.    The point of tangency 

gives the arrival time of the 20 sec wave.    In many cases, 

once the period of the surface wave train recorded at LASA 

has dropped to 20 sec,    long portions of the smoothed curve 

tend to be parallel to the   "20 sec slope line".    This is of 

course most pronounced for wave-paths with substantial 

amounts of oceanic crustal structure,    because of the rapid 

dispersion for waves of about 20 sec period   (Fig.   1). 

The arrival times picked by the analyst represent the 

beginning  of these waves.    Thus one can expect the group 

velocities found by an analyst to be slightly larger than 

the group velocities calculated,using the time of the 

matched filter output.    USCG3 epicenters and  origin 

times have been used in calculating the group velocities. 

The average and the extreme values of group velocities 

and the chirp filter lengths for the different regions are 

given below.    The explosions and earthquakes with continen- 

tal paths have been separated for comparison. 



CONTINENTAL PATHS 

Group velocities km/sec 

Matched Filter     Analyst     Filter length (sec) 

High 2.96 

Average     2.93 

Low 2.90 

3. 04 700 Central Asian 

3. 00 560 earthquakes 

2. 93 350 5   events 

High 2. 99 3. 13 650 Explosions 

Average 2.95 3.01 505 9 events 

Low 2.90 2.96 350 

High 2. 99 3. 13 700 Earthquakes and 

Average 2.94 3. 00 525 explosions 

Low 2.90 2. 96 350 14  events 

PARTLY OCEANIC PATHS 

PACIFIC OCEAN 

High 3.29 3. 34 700 Kurile Islands 

Average 3. 15 3. 17 415 earthquakes 

Low 2.97 3.01 250 16  events 



NORTH ATLANTIC OCEAN 

High 3.11 

Average     3. 02 

Low 2.89 

3. 16 

3. 07 

3. 01 

800        Southwestern USSR 

535        border countries earth- 

400 quakes,   10 events 

COMMENTS 

Region A. 

It is observed that the scatter in group velocities be- 

tween the explosions    is slightly larger than for the earth- 

quakes.    However,   the latter group consists of only 5 events, 

and more data may change this.    At a typical epicentral dis- 

tance of 85   ,   the matched filter peak output would be con- 

fined to a time window of 100 sec width,   for the group veloci- 

ties shown above.    Thus by using the group velocity 2. 94 

km/sec,  it should be possible to predict the peak output within 

roughly -  1  min for this region.    The results support the idea 

of a largely continental crustal structure beneath the Arc'ic 

basin. 

The (analyst) velocity 3. 13 km/sec for one of the Kazakh 

explosions is anomalously high,  the nearest being 3.05 km/sec. 

Region B 

The group velocities for region B are more widely 

scattered.    This is the case for the hand-picked group ve- 

locities,  as well as those  using the time of the chirp filter 



output.    This might havo bt'en anticipated because of the 

steepness of the oceanic dispersion curve (Fig.   Il 

For some of these events the filler outputs show mulllplr 

peaks of nearly the same order of magnitude a» the Muiln 

peak.    This happens to he the case for the events wllh Ihr 

extreme values in region H.    Using the secondary peaks 

for these events,   the  resulting group veluttlle» would be 

close to the average (i. I^ km  sec).    However, lh» e«lr»m«> 

values found by the analyst represent the s«me events,  to 

no support is given to the idea of restricting the "arrival 

time window" this w.iy.    Consequently,  one has ID rxprcl 

this scatter in group velocities,  which for a typical dttf^nc* 

of 6S    corresponds to 4 min on the arrival Itnte  •>•»• 

(- Zld min using the average velocity given). 

Region C ■ 

The oceanic parts of the wavepaths ars rrlallvrly 

smaller than for region !'•.  and large parts of the tfMl 

under the North Atlantic  Ocean are lets oceanic than the 

crust under the North Pacific Ocean. 

The scatter in group velocities correspund» lo nearly 

4 min at the distances involved (8S  ).    The anottialaus low 

velocity 1. 8^ km  sec corresponds lo the event with the 

maximum filter length.   (07.04.68 01:42:00 4.   Aegean Sea) 

On removing this rvent the width of the arrival tlmr rrgio* 

drops to about 140 sn   ( •   I I  mln),  and the avrrafr filter 

length to SOS sec. 
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lit    ON TMK APPLICATION OF KXPE:KIME:NT \LLY 
GKNKHATKO CIIIKP riLTERS 

In th«# prCviOttf ■•CtlOB W» lUggeited mapping of the 

«••rlil in ii rin« ul ({ruvip volocities. 

W9 procot'd by «Jemonsit rating the use of this information 

im dflntlon nifthiul».     tn this section we will discuss the use 

of chirp filtrr« designed to match surface waves.    The 

(lllcm ar«* gener.led on the basis of the experimentally 

fuund fri'qui'ncy variations in the wave trains to be matched. 

«   ipon  ind Green (2) and Capon and al.   (7) used chirp 

nign.il» with '.inertr iri-qui-ncy-swee ) waveforms as matched 

flltiT« for dispersed wave trains.     They found that these 

waveforms give a satisfactory match to the surface waves 

.ind demonhtrated considerable enchancement in signal-to- 

noisi* ratio.    However,   dispersion analysis of wave trains 

from various areas his shown that the linear frequency 

assumption can nol be retained in all cases.    Accordingly, 

in the design of chirp filters we have allowed for    non- 

linear frequency variations. 

MKTIIOD 

Capon and Green (2) used  the reference waveform 

(1)    H(t)=- 

f.-f , 
sin(2T (f t 4    '    °    r)] ,   (Kt< L 

0(   otherwise, 



where f   ,   f     are the initial and final frequencies of the 

wave train whose time duration is assumed to be L seconds. 

To allow for non   linear frequency variation,   formula 

(1) should be modified to 

(2)    R(t) - J 

sin {Zn J    F   (T )dT ),     0<t<L 
0 

0,   otherwise, 

where,    for the special case of a linear frequency variation 

we have 

.F(T)    =    f0 + 

frfo 

F   ( T ) is the frequency as a function of time in the chirp 

signal.      This frequency variation is found by conventional 

dispersion analysis of wave trains from the region for 

which the filter is to be designed. 

However,   the curves thus found,   are encumbered with 

errors partly due to inaccuracies in reading the peak arri- 

val times and partly resulting from the procedure used to 

obtain the frequency functions.     Corrected frequency curves 

can be formed by adjusting the chirp signals on the basis of 

a visual comparison  with the wave trains they are supposed 

to match.    This has been done whenever it has been found 

necessary.    Furthermore,   because of disturbances in the 

wave trains to be analyzed,   like noise or weak recordings, 

the chirp signals found often cover only part of the frequency 

range in the wave trains.     In such cases the frequency curves 

should be extended in some way,   and this has been done by 

some trial extrapolations of the curves,   preceding a visual 

10 



comparison of the resulting filter and the actually recorded 

wave trains. 

Frequency curves for several regions have been obtained 

this way,   and some of these curves are shown in Figs.   2 

and 3.    As can be seen from Fig.   2 the assumption of a 

linear frequency variation would give a poor fit to wave 

trains coming from some regions.    Fig.   3 shows the curves 

used in this paper.    The dotted part of the Rayleigh wave 

curve for West Pakistan is the extension of the original 

curve.    As an example the Rayleigh wave chirp filter for 

West Pakistan is  shown on the figure,  and for comparison 

both the original and the extaided version   are shown. 

DATA AND RESULTS 

The data used in designing and testing the chirp filters 

have been taken from Kongsbcrg Standard Station.    Since 

these data are on paf er,  we had to digitize the seismograms 

and this has of course been a limiting factor on the data base 

available,   and accordingly,   on the testing possible to perform. 

In Table 2 the events used in this study are listed. Origin 

times and epicenter positions were taken from the preliminary 

lists of USCGS, except for some of the explosions where these 

data were taken from the bulletins of the International Seismo- 

logical Centre  (ISC),   Edinburgh. 

4 different epicentral regions have been selected,   of 

which West Pakistan is the first to be discussed.    From this 

region the Kongsberg recordings cover a relatively wide magni- 

tude scale;   the events of 13. 02. 66 and 08. 12. 66 are both given 

an m,   =5.1   which is far below the magnitude of events nor- 

mally detected by the Kongsberg long period system at this 

distance.    The Rayleigh wave chirp filter for this region is 

11 



based on the event of 24. 01. 66,  and the wave trains and 

filter outputs are shown in Figs.   4-7.    The amplitude of 

the surface waves from the 07. 02. 66 event is compressed 

by a factor of about 3. 

All    outputs are given with an output frequency of 0. 033 

Hz,   that is,   the peak (or through) on the output trace is lo- 

cated at the arrival of the 30 sec wave. 

In the ideal case the output of the filter should look 

like an autocorrelation function,   and we can see that this 

is nearly the case for all events except for the event of 

08. 12. 66.    Despite the fact that this event is given the same 

body wave magnitude as the event of 13. 02. 66,   the surface 

waves at Kongsberg are much weaker and   are in fact too weak 

to contain very much energy in the low frequency range co- 

vered by the filter.    To detect events of low magnitude,   the 

chirp filter should therefore be extended towards higher fre- 

quencies.    The extended frequency curve and the resulting 

filter are shown in Fig.   3,   and this chirp filter matches the 

surface waves from all three events fairly well (Figs.   8-10), 

although the high frequency content in the chirp signal has 

modified the true autocorrelation form of the output. 

The other epicenter regions selected are the Nevada 

Test Site (NTS),   the Rat Islands region and the Nepal-India 

border region.    The frequency curves are shown in Fig.   3, 

while the raw traces of the events and the filter outputs are 

given in Figs.   11-18.    The Nevada events are all underground 

nuclear explosions,   while for the Rat Islands region there are 

two earthquakes and one explosion.    A Love wave chirp filter 

has been used for the Nepal-India border region,   Rayleigh 

wave filters for the other regions. 
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In each of these cases the match between the filters 

and the surface waves is quite good.     However,  the  events 

from each region do not vary very much   with regard to 

magnitudes and positions of the epicenters.    Therefore,  very 

little information can be drawn from these examples about 

the consequence of using the same chirp filter for events 

which differ in magnitude or epicenter position.    As to the 

magnitude variations,   however,   the results for the West 

Pakistan region as expected indicate that such variations 

have little influence on the output,   if the chirp filter is de- 

signed to cover a broad enough frequency range. 

The azimuthal range of each region possible to cover by 

one filter is of course dependent on the crustal structure be- 

tween the epicenter and the station,   and must be tested in 

each ' ase.    In Fig.   19 the results of applying a Love wave 

chirp filter to one event from Northern Italy and to one event 

from Yugoslavia are shown.    The filter is designed for North- 

rrn Italy.    The two events have about the same epicentral 

distance,   and the result   shows that the difference in azimuth 

does not seem to have any great influence on the wave form 

in this case.      However,   in cases where multipath    propa- 

gation can be expected,   small differences in azimuth may 

change the waveforms considerably (8).    Among the wave 

trains considered in this paper,  the wave trains from the Rat 

Islands region seem to consist of groups of waves coming 

from different azimuths.    This is indicated both by the beating 

of the envelope of the raw traces,   and by the form of the 

filtered traces,which shows several peaks (Figs.   14-16). 

In the first part of this report we looked into the pre- 

dictability of the 20 sec Rayleigh waves from different epi- 

central regions,   as seen from LASA.    It might be of some 

13 



interest to calculatt* group velocities for different paths to 

Kongsberg on the basil of the chirp filtered events where 

maximum peak (or trough) indicates the arrival time of 

the 30 sec wave.    This h^s bet-n done for all events in 

Table 2 and the results arc listed to th«- right of the l.ible. 

The results show very little scatter in the group ve- 

locities  within each  region,   the largest variation is found 

for West Pakistan,   where the group velocity ranges from 

3.03 km/sec to 3. 10 km/sec.    The extremes correspond 

to the events of lowest and highest magnitude respectively 

and represent a difference of about 1  min in arrival times. 

From one region to another there is,  however,  a con- 

siderable  variation.    The 30 sec Rayleigh wave group ve- 

locity from West Pakistan is about 3.05 km  sec -   whereas 

the corresponding velocity for the Rat Islands events is 

about 3.60 km/sec.    The Love wave paths investigated in 

this paper are all continental and the group velocities for 

the 30 sec Love wave are close to 3. 5 km   sec. 

14 
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and continental regions which led to refractions and re- 

flections at the continental margins.    Also,  he found that 

if the multipath propagation for a given epicenter was 

known,  it would still be difficult to predict this effect for 

an epicenter whose location was significantly different 

from that of the given epicenter. 

These results make the use of master events as matched 

filters for Rayleigh waves rather doubtful,   as emphasized by 

Capon,  and he concluded that the use of chirp   wave forms 

for matched filtering,   as recommended by Capon and al.   (7), 

may represent the most reasonable approach to the problem 

of matched filtering of surface waves. 

The objections against the use of master events as 

matched filters apply to our non-linear chirp filters also, 

since we are using master events to find the frequency 

curves.    However,  if our chirp filters are to be used on 

recordings from Kongsberg or the Norwegian Seismic Array 

(NORSAR),   the sites of these stations relative to the epi- 

center regions of main interest remove at least parts of the 

objections.    This is due to the fact that if one is looking for 

events in Eurasia,  the paths to Kongsberg,   or NORSAR, 

are purely continental.    Thus no  severe geological ob- 

stacles causing multipath propagation should be assumed, 

and this is crudely corroborated by the shapes of the wave 

trains from these regions (Fig.   5) in contrast to wave 

trains for example from the Aleutian arc (Fig.   14-16). 

Also,  in designing the chirp filters,   only the first 

well-defined wave packet is used in the disperison ana- 

lysis,  and thereafter the filters are extended,   if neces- 

sary,  by extrapolation.     By this procedure we think that 
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most of the disadvantage by using master events as matched 

filters is avoided, and at the same time the filters have a 

frequency variation with a better fit to the actual wave trains 

than linear frequency-sweep wave forms.     Furthermore if 

we want to assemble matched filters for a large number of 

regions,   actual recordings  require considerable more me- 

mory space than our frequency curves,   which can be re- 

constructed from a few points (10-20) on each curve. 
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Fig.  4.    Wml PakUlan rvrnl.    Raw trace (bottom) and chirp 

filter output (top). 
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Fig.   !•    Wr«l Pakistan evrnt      Raw trace (bottom) and chirp 

filter output (top). 

2S 



cnossconncLRTiON. OUTPUT FRCOUENCT O.OUH; 
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Fig.  6.    Wr«t Pakistan i-vcnt.    Raw trace (bottom) and chirp 

filler output (top). 
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Fig.  7.    West Pakistan event.    Raw trace (bottom) and chirp 

filter output (top). 
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CROSSCORRELflTION.   OUTPUT  FBCOUCNCY 0.033 HZ 

KONGSBCnG,   20.12.66,   LPZ NEVPOfl  EXPLOSION   (GREELEY1        HB-6.3 

*ß n^ßlfm^mi^iimm »^»vV,Vv*WV^//^/OvVvvv^^^^VV/^*^V'» ■ «ANWwyii^»»" 

r^rT~T"TnrT^rni i   i   i   i   i   i   i   i   i   i 
9      10    U    12    13    lU    15    16    17    18 

TIHE(HIN) 

Fig.   12.   Nevada explosion.    Raw trace (bottom) and chirp 

filter output (top). 

CHC93C0RRELHT10N,   OUTPUT  FREQUENCY 0.033 HZ 

'i/i/liyi/^VU^AAA^- 
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K0NC3BERC.   15.09.69,   LPZ NEVflOfl EXPLOSION   (JORUM)     HB-6.2 

J 

t r\s^r>jyr<>Aj\/\/\A/\/\/\/\l\/W^^ 

\      k     S     H      i     h      'f     h     k      \0    U    i2    \3    k    \S    {S 
TIHECHINI 

Fig.   I *. Nrvada explosion.    Raw trace (bottom) and chirp 

filter output (top). 

29 



CROSSCORRELfiTION. OUTPUT FREQUENCY 0.033 HZ 

K0NC3BERG. 15.02.65. LPZ   RRT ISLANDS   HB-5.8 

0  1  2  3  H  5  6  7  8  9  10 U  12 13 1<4 15 16 17  18 19 20 
TIME (MIN) 

Fig.   14. Rat Islands event.    Raw trace (bottom) and chirp 

filter output (top). 
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TIME (MINI 
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Fig.   15. Rat Islands event.    Raw trace (bottom) and chirp 

filter output (top). 
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CROSSCannELflTION, OUTPUT FRCOUCNCY O.OSSHI 
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Fig.   16. Rat Ishinds explosion (Mil row).    Kaw I r.uf (ImlUiiu) 

and chirp filter output (top). 
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'•'iß     19. An «'X.iniplc of applying the same filter to two events. 

Thi- filter has been constructed on the basis of the 

Northern Italy event.    The epiccntral distances are 

approximately the same while the azimuths differ 

by 1 9 degrees. 
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