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at both the LASA and TFO arrays. The mean RMS noise in the freq- 
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db betted than that of TFO for common events. The improvement in 
signal-toVnoise ratio for LASA beams was found to increase 4 db 
by changing the number of sensors employed m the beams from 48 
to 340 while keeping the minimum sensor spacing A^ 1km. 
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ABSTRACT 

Short-period beams were formed for twenty-four events 

recorded at both the LASA and TFO arrays.  The mean rms noise 

in the frequency range 0.4-3.0 llz for the LASA beams was 

0.1b my, and for the TFO beams 0.13 my.  Noise reduction by 

beam formation in the range 0.4-3.0 Hz varied from 17 to 

25 db for LASA, from 12 to 18 db for the 37-sensor TFO array, 

and from b to 14 db for the 19-sensor TFO subarray.  Averaging 

over several source regions in the distance range 250<A<900, 

the signal-to-noise ratio for LASA was about 1 db better 

than that of TFO for common events.  The improvement in 

signal-to-noise ratio for LASA beams was found to increase 

4 db by changing the number of sensors employed in the beams 

from 48 to 540 while keeping the minimum sensor spacing A>1 km. 
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INTRODUCTION 

During the last five years a series of studies have 

been made to evaluate the performance of the LASA short- 

period array.  In particular, the effectiveness of simple 

beams in improving the signal-to-noise ratio (s/NJhas been 

determined using the original LASA short-period configuration 

with 525 sensors (Chiburis and Hartenberger, 1966a, 1966b, 

1967).  The improvement in signal-to-noise ratio found in 

these studies for LASA is 15 to 18 db in the frequency range 

0.4 to 3.0 Hz, with a noise reduction of 18 to 21 db.  The 

rms noise level was determined to average 0.2 my for the 

beams.  Several studies have also been conducted on the beam- 

forming capabilities of the 37 element TFO short-period array 

(Clark, 1968; Phillips and Kelley, 1968).  Values of 11 to 

12 db improvement in signal-to-noise ratio and noise reduction 

values in the range 10 to 13.7 db were obtained in these 

studies. More recently comparison of film data from the LASA 

and TFO Kuril Island beams has been made (Clark, 1970), in 

which it was determined that the detection capability of the 

two arrays is approximately equal for events in the Kuril 

Islands region. 

The purpose of the present study is to compare the 

performance of simple beamforming of the LASA and TFO short- 

1- 



period arrays using a set of world-wide events which were 

recorded by both arrays.  For three of these events, beams 

using the full LASA short-period array were compared with 

beams from the full TFO short-period array.  For an additional 

21 events, approximately 19 TFO short-period elements were 

employed to construct beams which were compared with the 

beams from the full LASA short-period array.  Short-period 

beams for five events were also computed using only 18 or 19 

sensors of both the LASA and TFO arrays.  These beams were 

then compared and evaluated.  Finally, an analysis was made 

of the LASA short-period beams as a function of the number 

of sensors used to form the beams. 
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ANALYSIS OF LASA AND TFO BEAMS 

In the analysis of simple beamforming of LASA and TFO 

short-period array data, the signal amplitude was defined 

as one-half of the absolute value of the largest peak-to-peak 

amplitude in the first ten seconds of the signals. The rms 

noise amplitude was measured in a time sample 40 seconds 

long, preceding the arrival time of the P phase for the event 

being processed.  Signal-to-noise ratio is defined as the 

ratio of signal amplitude to rms noise amplitude. The mean 

of the signal amplitudes, the mean of the S/N values, and 

the mean of the rms amplitude of the noise were computed 

using all traces included in each beam.  In the tabulations 

below, these quantities are listed under the column heading 

"Mean". For the beams, signal amplitudes and S/N values 

were computed; these are tabulated under the column heading 

"Sum"; the rms amplitude of the noise was determined and is 

presented under the column heading "rms". The improvement 

in signal-to-noise ratio (in db) of the beam over the mean 

signal-to-noise ratio on the individual traces is defined as: 

,n . „/s/N ratio for the beam 
20 log\Mean S/N ratio over ail t races in beam, 

•3- 



The short-period instruments of the LASA and TFO arrays 

were used to form beams for twenty-four events. The source 

parameters of these events are listed in Table I, and the 

epicenters are shown in Figure 1. The amplitude data for the 

individual traces and the beams are given in Table II for 

the case where all traces have been initially band-pass 

filtered 0.4 to 3.0 Hz. The band-pass filter response is 

shown in Figure 2.  Travel time anomalies (Chiburis, 1968) 

were used in forming the LASA beams. 

The mean rms noise amplitudes for LASA and TFO are shown 

in Figure 3. The mean rms noise amplitudes for LASA range 

from 1.0 to 2.4 my, while most of the TFO mean rms noise 

amplitudes fall between 0.3 and 0.7 mp. 

The noise reduction at LASA and TFO by beam formation 

is shown in Figure 4. Noise reduction of between 17 and 23 

db (with a mean of 20.0 db) is attained by the LASA beams. 

Using approximately 19 sensors, the noise reduction of the 

TFO beams ranges from 6 to 14 db with a mean of 10.0 db. 

For the full TFO array, noise reduction values of 11.8 db, 

14.7 db and 17.7 db (giving a mean of 14.7 db) were obtained. 

These values at TFO compare with the noise reduction values 

for the full array of 10 to 13 db found by Clark (1968) and 

13.7 db at 1.0 Hz determined by Phillips and Kelley (1968). 
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The mean rms noise amplitudes on the LASA and TFO beams are 

thus 0.16 mu and 0.13 mp respectively. A previous study of 

LASA short-period beams (Chiburis and Hartenberger, 1967) 

found a mean rms noise amplitude of 0.2 my for 41 events using 

525 sensors. 

Improvement in signal-to-noise .ratio for the LASA and 

TFO beams is given in Figure 5. LASA beams provide 13 to 19 db 

improvement, while TFO beams give only 4 to 13 db improvement 

for approximately 19 sensors, and 11 to 15.5 db improvement 

for the full array. Clark (1968) found the beamforming 

improvement in signal-to-noise ratio for the full TFO array 

to be between 11 to 12 db for four events; and Phillips and 

Kelley (1968) obtained 12 db improvement at frequencies near 

1.0 Hz. The improvement in signal-to-noise ratio minus the 

1/2 theoretically expected n '  improvement is shown in Figure 6. 

TFO beams can be seen to range from 1 db better to about 8 db 

worse than the theoretically expected improvement. The LASA 

1/2 beams are from 6 db to 12 db down from n  values. 

The ratio of the signal-to-noise ratio for the TFO beam 

to the signal-to-noise ratio for the LASA beam was computed 

for each of the twenty-four events processed. These ratios 

are presented in Figures 7 and 8. The Gutenberg "B" factors 

were used to reduce the variation in signal amplitudes caused 



by the difference in epicentral distances of the two arrays 

from a given earthquake. The distance-corrected ratio of 

TFO S/N to LASA S/N is shown in Figure 9. The distance 

correction was not very effective for events in the Hindu Kush- 

Sinkiang region. TFO lies in the shadow zone of the core for 

this region, while LASA does not. Averaging over many source 

regions but excluding the Hindu Kush-Sinkiang region, which 

is in the shadow zone for TFO, and also excluding all events 

closer than 25 degrees, i.e., the Mexican events, the signal- 

to-noise ratio at TFO is found to be 3.9 db lower on the 

average than at LASA. Correcting for the fact that we did 

not use the full TFO array of 37 elements on the events, and 
1/2 . 

assuming n   improvement in signal-to-noise ratio, yields 

an average increase of signal-to-noise ratio for the full TFO 

array of 2.8 db. Thus the net difference is 1.1 db in favor 

of LASA. ClarkS (1970) results are consistent: he found 

that the LASA Kuril beam was equal to or slightly better 

than the TFO Kuril bean In detecting events lying within the 

TFO and LASA beams* 3 db contours. 

The signal-to-noise ratio for Individual LASA »ubarray 

beams was plotted for events in three regions: the Fox 

Islands (Figure 10), the Kuril» and Hokkaido (Figure II) and 

Mexico (Figure 12). For each of these regions, the pattern 



of the subr.rray beans' signal-to-noise ratio was siailar for 

the different events within the region. The saac result was 

obtained for three North Coluabian earthquakes by  Chiburis 

and llartenberger (196b). For events located in different 

regions, the patterns of signal-to-noise ratio can be seen 

to be different (Figures 10, 11 and 12). This siailarity 

of subarray aaplitude patterns for events in the saae region 

and dissiailarity for events in different regions was aUo 

noted by Klappenberger (I9b7av 19b7b). 

USA and TFO beaas were foraed for five events using a 

band pass filter of 0.6 to 2.0 lls (Figure 2) on all traces 

in the beaas. The aaplitude data for the Individual traces 

and the beaas are given In Table 111. The difference In the 

signal-to-nolse ratio of beaas with traces prefiltered by 

the 0.b»2.0 lls band pass filter and the 0.4-3.0 lls band pass 

filter Is shown in Figure 13 for USA and TFO. The 0.b-2.0 

lls band pass filter seeas. la general, to worl better at 

both USA and TFO than does the 0.4-3.0 lls band pats filter. 

On the average, USA laproves signal 0.4 db aore than does 

rm,  «i difference which Is probably lest thin the statistical 

uncertainty. 



ANALYSIS OF BUANS FRON A SIMILAR CONFIGURATION OF 

SHORT-PERIOD SENSORS AT LASA AND TFO 

The first 19 short^period sensor» of TFO (Zl through ZI9J 

and 19 sensors of the LASA US subarray were used to for« bea«s 

for five events. The 19 sensors of US were chosen so as to 

appro*iMte as closely as possible the array configuration 

of the first 19 TFO short-period sensors (Figure 14). The 

individual traces «ere band-pass filtered 0.4 to S.u lit prior 

to beaa foraation. Amplitude data for the individual traces 

and the beans are given in Table IV. The aeaei ras short-period 

noise mpIItudes, the noise reduction, and the Inproveaent 

in signal-to-noise ratio of the beaas for subarray ES and TFO 

are shown in Figures IS, lb, and 17 respectively. The ratio 

of the signal-to-nolse ratio for the TFO beaa to the signal- 

to-nolse ratio for the LASA U beaa i» »hotm in Figure IS. 

This saae ratio, corrected for the difference In epicentral 

distances to LASA and to TFO, is shown In figure 19. 

Ucluding the Slnhlang event in the shadow sone for TFO, the 

signal-to-nolse ratio at TFO Is better than that obtained 

froa the IS subarray of LASA for three of the four events, 

this Is eipected, since USA has a higher «else level (Figure 

IS), and the saae nunber of seusors with alaost the saae 

spacing was used in the foraation of both the LASA and TFO beaas. 



ANALYSIS OF USA BEANS AS A FUNCTION 

OF THE NUMBER OF SENSORS 

To evaluate the signal-to-noi»e ratio ioprovcaent of 

the USA array as a function of the nuaher of sensors, four 

different array configurations vere eaaalned. Array 

configuration I enploye* all sensors In all suharrays. 

Configuration II used all sensors In suharrays B through II, 

Making a total of appro»InatoIy Z9t  sensors. Configuration 

III incluM only the sensors In the center and the outer 

tuo suharray rings for suharrays B through 0, together ulth 

the center sensor of suharray A (a total of approaiaately 

B4 sensors). Configuration IV used the sensors In the outer 

suharray ring, the center sensor of suharrays B through U 

ami the center sensor of suharray A (a total of approalMlely 

«• sensorsl. The inprotenent In signal-to-nolse ratio of 

fefea * for each array configuration Is given in Tahle .", and 

shoun as a function of the nuaher of sensors in Figure :•. 

Ihe ■inimM sensor spacing. A, for the army configurations 

I, II, and III Is A*  I km.   For configuration IV, A* 3 I«. 

The dianeter of the array configurations II through IV was 

the sane («IS ha) and for array configuration I the dianeter 

uas ahout 299  In. 



from  Figure 20, the actual iaprovraent in signal-to* 

noise ratio can be »een to be le»s than the tlieoretical 

value of nl/2 by  7 Jb for n«J4o anJ by 3 «lb for n*li. A« 

hai been ahowi by previous uorV (llartenberieer, I»*", I9bl; 

llarteiiberger an«l Van Kostrand, 19701, this «lifference 

betueen theoretical an«l actual iuproveaent In signal «to- 

noise ratio Is «lue both to noise correlation for »nail 

sensor spacing atul to signal losses In the beanforning 

process, the average gain In the iaprovenent of signal*to* 

noise ratio to be «lenvrd fro« Increasing the nunber of 

sensors fron 4S to 340 Is only 4 «lb. Itortenberger an4 

Van $Mstran«l (1970} founil that, by choosing the sensors so 

as to MU &*b  ha for n • SI, the btawi ceapose«! of only II 

traces re«luce the ms noise anplitu^e ami laprove the signal« 

to-noise ratio to ulthi« 1 ab of that proOucea by S2S sensor 

beans* 

this saall gain In signal-to-nolse ratio derived fron 

using 340 sensors, rather than »one auch saaller nunber 

suggests, of course, that reduction of the nunber of active 

sensors at the LASA arrfty «Jiewiia be considered« Beflnlng 

the efficiency of the away a« (the noise reduction In db per 

sensor, and assualng n1'' feduction in noise, then the 

efficiency i is given by: 
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Im« «rriclenc)' Is thotm la Figure 21 for value» of  i fron I 

to lailtt.    A j0O'»ea«or array caa be seea to be alwo»! a» 

errU'leat af a 140 teafor array.    Tbe aaalMui la Ike curve 

»bout la Figure 21 occur« at a value of a • e (appro*Inately 

2.TIS}. khua caa be derive«! by evaluatlag «in/la « 0.    An 

aiidiiloaal factor I« aay coaslileratioa of l\%\ »ea»or 

reductioa it tbe »igaal*to*aoife ratio of tbe iatiividual 

iubarray bean» to tbe epicenter regioa» of greateal  laterett. 

If po#»ibtof subarraya wilb blgb sigaal*to-iiol»e ratio oa 

beau» poiate«! to aucb region» iboul«! be retaiae«! la the reduced 

array. 
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CONCLUSIONS 

Fro« tlM «Mlysit of »kort-poraod USA mmd TFO beaat 

for tkontr-four ovont» rtcoriitd at both array», «• comlud«: 

(I) For USA.  I« tlit frt^utacy raagr 9.4-S.O lit the «tan i%» 

aoU« a«plltii4t rangtt fro« 1.0 to 2.4 «n; tko «olf« roductiea 

by b«a« fotr^tloa It fro« 17 to 21 4b, Ike l«provc«tnt la 

slgaal-to-noito ratio la IS to If 4k, ana tko «tao nw aolit 

awplltiMlo of tko bta«i la O.U «i.. 

HI For 110, I« tko raago 0.4-3.0 Ht tko «oan ma aolao 

aoplitiMlo raagr» fro« O.S to 0.7 «a.    tko «olat roJiKtioa by 

b«a«lMg I» coaaor» U a to 14 «lb, wltk a« l«provo«tat la 

•Igaal-to-noiao ratio of 4 to II 4b.    For tko f«ll TFO array, 

tkt aal»« ro«lii«tloa of tko boa« la II.i to 17.7 4b, aii4 tko 

i«|iroto«oat la »ignal-to-aoiat ratio la II t« IS.S 4b.   Tko 

««aa m» aolao a«|illtii4o of all tko TFO boaaa la 0.IS «a. 

(S) Tko algaai-to-aolac ratio I« tko raago 0.4-1.0 Hi 

for tko full USA boa« la oatl«ato4 to bo I.I 4b bottor tkaa 

tko fall tm boa«, tki» It aa avorago «vor 17 ovoat» la tkt 

4i»uii«t raago 21* to 00*. 

|4j Tko pattora of slgaal-to-aola« ratio for ia4ivi4val 

USA aubarray boa«a la coaalatoat for aay givoa aoorct rtgloa. 

Nit »an«» fro« rtgioa to rogioa. 

(S) Tkt algaal-to-aolat ratio for a li-aoaa«r boa« fro« 

»U- 



the USA £3 siibarrajr Is»  In general, leii Hun the S9'»en»or 

ITU beaa, dye to tke larger »ei»e MplitiMle at the IS intbarray-. 

(»I The laproveaeat  la »Igaal-to-aeite ratio i» Increase«! 

4 ah hf changlag fro« It to 14« iOMora ami leepiag the 

■intmiii hetifoou-ieoaor apaclag &*l Mi. 
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Figure 21.     Ufficicncy of an array assumins n1^2  noise 
reduction. 
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