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I
ABSTRACT

Evaluation of the ori ginal three-component adaptive processor
revealed that improvements in signal-to-noise ratio are much greater for

- Rayleigh waves than for Love waves. A new algorithm has been proposed for
- - Love wave processing to put the effectiveness of the Love wave processor on

- a par with that of the Rayleigh wave processor. This new algorithm tracks

the incoming Love in azimuth and passes its entire duration. In addi tion ,

energy from azimuths outside some pre-set  limit is rejected in a fo rm of

azimuthal filtering.

In this report , expected signal-to-noise ratio gains over the

bandpass filter are determined for both the ori ginal and new versions of the

4 
three-component adaptive processor. Detection threshold improvements are
then determined by applying both versions to two event suites. The evaluation
is performed for both single-site and beam data.
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SECTIO N 1

INTRODUCTION

The three-component adaptive processor ( TCA) was developed

at the Lamont Geophysical Observatory (Shimshoni and Smith , 1964) and was

evaluated for single-s i te  and beam data by Texas In struments , Inc . (Lane ,

1973). This processor , desi gned to improve the detectability of long-period

R a y lei gh and Love waves , takes advantage of the known phase relationships

among the three mutually perpendicular long-period seisn-iometer traces.

Improvements in the signal -to-noise ratio (SNR) can be achieved when these

phase relationships are  utilized in the processor desi gn.

The evaluation of the orig inal TCA processor  (Lane , 1973)

revealed that  improvements in signal-to-noise ratio are much greater for

Raylei gh wave processing than for Love wave processing. This is due to two

factors .  Firs t , Love wave energy may arrive as much as 20 off the great

circle azimuth , and the TCA processor suppresses this motion as though it

were noise. Second, the TCA processor confuses the radial motion of the

Rayleigh wave with off-azimuth Love waves, and suppresses whatever genuine

Love wave energy which is present. Thus, the TCA processor has shown

itself to be less effective in separating Love waves than Rayleigh waves f rom

noise.

This report  describes an attempt to rectif y this situation. The

• TCA processor is modified to track the incoming Love wave in azimuth and

to pass its entire duration. This is accomplished by using in the design of

• the t ransverse  componen t filter the additional information contained in the

- - phase relationships of the Rayleigh waves.

I—i

_ _ _  _ _  
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The evaluation of this modification of the TCA processor uses
both synthet ic  and real data. The synthetic data consists of known signal s 

- -

with hi gh si gnal - to-noise ratios buried in seismic noise. These are  used to
- 

• 

Study the si gnal -to-noise ratio improvement characteris t ics  of the processor.
Par t  of the real data used consists of hour- long noise samples , which are used
to determine signal detection cri ter ia  and false-alarm characterist ics  of the
processor .  The remainder of the real data consists of single-si te  and beam
data recorded at the Alaskan Long Period Ar ray  (ALPA) . This data is used • -

to stud y the detection per formance  of the processor.

To allow direct  comparisons between the ori ginal and new
Love wave processors , the ori ginal Love wave processor was re-evaluated
using the same data base as was used for the evaluation of the new Love wave - .
processor .  The Raylei gh wave processor  was also re-evaluated , since the
necessary data processing for  thi s was performed automaticall y with the Love
wave data processing. Use of the la rger  data base shoul d improve previous
estimates of Raylei gh wave detection capability improvement due to applica-
tion of the TCA processor.

Section II of this r eport  describes the theory of the TCA pro-
cessor , with emphasis on the new Love wave processor. The experimental
data base is also described in this section. Section III describes the sing le-
site and beam processor gains to be expected from the TCA processor.
Section IV gives the resul ts  of evaluating the detection capability improve-
ment  due to the TCA processor.  Conclusions regarding the method are pre-
sented in Section V.

1-2
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SECTION II
• METHOD OF EVALUATION

A. DESCRIPTION OF THE THREE-COMPONENT ADAPTIVE PROCESSOR

The three-component adaptive processor forms Love and Ray-
leigh wave fil ters in the frequency domain, which pas s energy having the phase

characterist ics  of these waveforms. The filters are adaotive, since the data
are segmented and new filters are designed for each segment. The filter

weights depe nd only on the signal behavior during the segment.

The Rayleigh wave filter algorithm will not be discussed in de-

tail here , since it is throug hly described in earlier reports (Lane , 1973;
— 

- 

Straus s and Tolstoy, 1974). Ia general, the method is as follows . To pas s

Rayleigh waves~ the processor seeks signals which are 900 
out of phase on

the verticai and radial components. The Fourier t ransform of a segme nt of
data is taken. The phase ang le 0 between the radial and vertical components

is then calculated at each frequency. This ang le will be 11/ 2 for pure Ray-
leigh motion. The filter weight at each frequency is calculated from:

F(i) = sin N 
(e (i)

)

(In this evaluation, we used N 8 .)  The Fourier components at each frequency

are then multiplied by the corresponding filter weight. Finally, the data are

inverse t ransformed.  Processing is performed on t~4 -point segments with

fifty percent segment overlap.

The computation method of the original Love wave portion of
the TCA processor rests on the fact that , when the components are properly

I l—i
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I
oriented , the Love wave appears only on the transverse component. The

Love wave filter weights are as follows: I
G(i) = 

N 

(

( i ) )

where V is the angle between the t ransverse component and- the actual Love

wave particle motion. The exponent N is the same as for the Raylei gh wave

filter.  This filter will pass in full only that energy which has the characteris-

tics of on-azimuth Love waves. 
- 

-

The new method of handling the Love wave is to track the in- - .
coming energy in azimuth and to pass it throughout its en tire duration. This -.

is performed in the following manner for each frequency component. First, ..

• 
— 

the time origin is shifted so that the vertical component is purely real . Next ,

the propagation direction 1~ (Fi gure lI-i) of the t ransverse component energy

relative to the radial direction is cal culated. Following this , the horizontal

components are rotated about the vertical axi s by -~~~ with the resul t  that all

Love wave motion lies on the transverse component.~ After each frequency

component has been rotated in this fashion, the time ori gin is shifted back.

Finally, the Fourier tran sfo r mation with f if ty percent overlapping of adjacent

segments, as in the original TCA processor , will yield the complete Love

wave time history. The equations relevant to thi s process are given in the

following paragraphs.

After  shifting the time ori gin so that the vertical component is

purely real (has zero phase) , we have:

Z P (11-1) .

Z . = 0 (11-2)

R = L cos tb sin 1~ (11-3)

R . = L sin th sin ~ + Pcos aP cos E (11-4)

11-2

j
- -~~~~~~~~~~~~ - - 
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• Propagation Direction
of the Ray leigh Wav e

Propagation Direction
of the Love Wav e

Love Wave Particle Motion

- 
FIGURE Il-I

LOVE AND RAYLE IGH ARRIVAL AZ IMUTHS FOR AN
ARBITRAR Y FREQUENCY COMPONENT
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H. I

T = L cos th cos ~3 (11-5)

T. = L sin ~ cos p + eP s i n€ o P  sin € (11-6) 1
where

Z, R , T - refer to the Fourier components of motion at the

same fixed frequency for the vertical, radial , and

t ransverse  components ,
r , i - subscripts denoting real and imaginary parts , j
L - Love wave amp litude ,

P - vert ical  Raylei gh wave amplitud e, I
a - elli ptici ty ,

- pha se angle of the Love wave with respect to the

verti a1 Raylei gh wave ,

- propaga tion direc tion of the vertical Raylei gh wave

relative to the radial diretion , 
- -

p - propagation direction of the t ransverse Love wave 
- -

relative to the radial direction.

Division of equation (11-3) by equation (11-5) yields the angle p :

Slfl 
tan ~ (11-7)

or

Rp = tan~~ .;j :;I-. . (11-8)

Rotation of the horizontal components by the angle -l~ about the
vertical axis yields: 

-

11-4

1I~~H
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. _. Z = P (11-9)

Z. = 0 (11-10)

R = 0 (U-li)

- R . = a P cos (E  - p )  (11-12)

T = L cog 41) (11-13)

T. = L sin t h + o  P sin ( E - ~~~~~) .  (11-14)

Under the reasonable assumption that € and ~3 are about the same, equations

(11-12) and (11-14) become, respectively,

R. = oP (11-15)

T. = L sin th . (11—16)

After each frequency component has been rotated in this way , the origin is
- 

4 time shifted back and an inverse Fourier transformation with fifty percent

- - 
overlapping of adjacent segments as in the orig inal TCA processor will yield

the complete Love wave time history. A listing and description of usage of

-- the new TCA processor program are given in Appendix A.

Before proceeding to the evaluation of the new Love wave TCA
- - processor, two points must be discussed. The first  point to be considered

-
• is the case where the phase angle th of the Love w.’ve relative to the vertical

Rayleigh wave is 11/2. Reference to equations (11-3) and (11-5) of this section

shows that, in this case, the angle p cannot be determined, since both T and
-- R r 

will be zero; therefore no rotation will take place. Al though the TCA pro-

cessed trace will not be degraded relative to the unprocessed trace in this
- case, we cannot expect much si gnal-to-noise ratio improvement if thi s is a

frequent occurrence.

11-5
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We cannot easily compute i1) directly, but we can check T
r

and Rr~ 
Assuming L is not zero, if both Tr and Rr are zero simul taneously,

must be lr/ 2. Therefore, the values of Tr and R r as calculated by the new

TCA processor were  printed out for several events. Examination of these

values did not reveal any occurrences of this situation. Thus, this matter

should pose no problem in the operation of the new TCA processor.

The second point to be considered is that a high signal-to-noise -
rati o on the vertical axis is required to accurately pick the time ori gin so

that the vertical Ray leigh wave Fourier component is purel y real. The Ray-

lei gh wave filter calculates a measure of thi s signal-to-noise ratio in the

phase angle between the radial and vertical motion. It was ori ginally pro- 
- .

posed that when thi s is near 90 0 , littl e noise would be present; therefore, the

time shift could be performed accurately, while in other cases no time shifts 
•

— would occur. However , •further consideration of this matter shows that for 
-

small signals (at or near the noise level) the signal-to-noise ratio is so low

4 that no processing would occur. Since it is precisely these signals which we

most want to enhance, no re str iction of the typ e descr ibed above was used in

this evaluation.

B. DATA BASE

Suites of events from the southern Kamchatka and central Asia

seismic regions were selected for this evaluation of the new TCA processor. - -

Two reg ions were chosen rather than one to allow a judgment to be made as 
-

to wh ether the effects of the TCA processor vary greatly from reg ion to

region. These regions were defined in the final report on ALPA (Strauss , 1973) . 
-

The onl y restrictions placed on event selection were that the -.
data were required to be free of spikes and long-period transients and unmixed

with other signals and that the single site and beam traces be 4096 seconds in

..

n — 6

— T

~~~~~~~~~~
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length. There were a total of 86 events available from the southern Kaxnchat-

ka (SKAM) reg ion and 76 events from the central Asia (CENA) region. The

parameters of these events are listed in Tables Il- i and 11-2, respectively.

We note that the event numbers listed under the column headed ‘EVNO ’ are

as used by Lambert in his evaluation of the Very Long Period Experiment sta-

tions ( Lambert, et al. , 1974). The column headed ‘EVENT NAME ’ lists the

unique twelve-character name assigned to each seismic event. The columns

headed ‘DATE’ and ‘ORIGIN TIME’ g ive the date and time of occurrence of

each event. The epiceatral coordinates are listed in the columns headed

‘LATITUDE ’ and ‘LONGITUDE ’. The column headed ‘DEP’ gives , when

known, the depth to the hypocenter of the event. The column headed ‘MB ’

gives the bodywave magnitude of each event. The last column, headed ‘IS ’,

g ives the information source for the listed event parameters, where P stands

for the PDE (Preliminary Determinatio n of Epicenters) event lists , L stands

4 for the LASA (Large Aperature Seismic Array)  event lists , N stands for the

NORSAR (Norweg ian Seismic Array) event lists, and I and J stand for the

• verified and unverified International Seismic Month event lists, respectively.

11
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SECTION III

TCA PROCESSOR GAINS

A . IN TRODUCTIO N

In order to determine TCA processor gains , motion over a

2048 second segment containing a hig h signal-to-noise r atio (“ noise-free ”)

signal as recorded at ALPA was multiplied by a scale fac to r and added to the

noise in a 2048 second segment immediately preceding the signal segment.

The TCA processor was then applied to the result ing composite tr ace. The

data were also subjected to a bandpass filter which rejected all energy outside

the 0. 024-0. 059 Hz (17. 0-41. 5 sec. ) passband. A wide range of scale factors

was used for each event , so that the composite traces ranged from the case

where the sig nal was completely burie d in noise to the case where it was

clearly visible. The purpose of this procedure was to determine the dB gain

of the TCA processor  over the equivalent band pass filter as the signal emerges

from the noise. In particular , we were able throug h this procedure to make

- - estimates of the dB gain to be expected whe n the TCA processor is app lied to

low signal-to-noise ratio events.

.5 Output signal-to -noise ratios were calculated by dividing the

maximum zero-to-peak amplitude found within the arrival time window of the

processed trace by the root-mean-square (RMS ) value of the noise in the time

inte rval prior to the signal arrival. Twenty time s the logarithm to the base

ten of this qua ntity is the signal-to-noise ratio:

SNR = 20 log (Peak Amplitude 
-10 

~ 
RMS Noise

-r Signal-to-noise ratios were calculated for both TCA processed and baridDass

filtered traces. The gain of the TCA processor over the equivalent bandpass

111-1
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f i l t e r  is the d i f fe rence  between the si gnal -to-noise ratio of the TCA processor

and the equivalent band pass f i l te r for the same event.

Before proceeding to the determination of dB gain estimates
for  the TCA processor , one fu r the r  point must  be considered. In the new

Love wave TCA processor , some f i l t e r ing  of noise and of f -az imuth  si gnals
can be performed by requ i r ing  that the ang le ~ be less than some limit.

(We shall call this  l imi t  the p accep t - re jec t  l imit. ) If a value of p grea ter

than thi s limi t is found , it  will be assumed that the motion is due to noise or a
trul y of f -az imuth  si gnal. In this case , the real components of the horizontal

motion and the imaginary  components of the transverse motion will be set to
zero . These unwanted components will then not contribute to the TCA-processed
motion in the t ime domain.

:1 The answer  to the question of what the p accept-reject limit

should be is not immediatel y obvious. If the limit is set too low , of f -az imuth

portions of the Love wave (due to scat ter ing and/or  multipathing) will be re-

jected. If this  l imit  is set too hi gh , the desired f i l ter ing effect  will be weak-

ened. - 
-

An empirical  solution to this problem was found by selecting
several hi gh si gnal- to-noise ratio events , scaling each si gnal and adding it to

noise so that  the t rue si gnal - to-noise ratio of the composite t race  before pro-
cessing was 12 dB , and apply ing the new TCA processor repeatedl y while vary-
ing the p accept-reject limit from +5° to ±90°. The results of thi s proced-
ure are given in Table 111-1.

We see fro m thi s table that  the dB gain of the Love wave TCA
processor over the bandpass f i l ter  for two of the test  events is hi ghest at 5

0

and for the other two is highest  at 100. When plots of the data produced by - - -

this process were  reviewed , it was noted that Love wave energy af ter  the f i r s t  - -

arrival was increasing ly suppressed as the ~3 accept-reject  limit was de-
creased. It was decided that the best tradeoff of maximum dB gain versus

111—2 
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TABLE Ill-i

dB GAIN OF THE NEW LOVE -WAVE TCA PROCESSOR
OVER THE EQUIVALENT BANDPASS FIL TER

AS A FUNCTIO N OF THE ~3 ACCEPT-REJECT LIMIT

dB Gain of New TCA over Bandpass Filter
- . for Test Eventsp Limit _____________ ____________ ____________ ___________

Event 172 Even t 505 Event 693 Event 1085

±
5
0 

10. 31 4.56 14. 14 7.75

+ 10
0 

10.46 9.06 7.67 6.92

+ 15° 9.80 6.89 5.64 5.36

±20° 10.13 5.95 4.80 5.03

±25° 9.03 6.26 3.52 6.13

± 30
0 

7. 13 5. 30 1. 81 6. 06

+35° 7.76 5.12 3.42 5.77

± 40° 7. 34 3• 77 3. 39 6. 67

+ 4 5° 6.92 3.69 3.14 7.41

± 50° 5.26 298 3.12 6.93

4.15 3.03 3.06 5. 24

± 60° 3. 93 2. 92 3.09 5. 01

± 65° 3.84 2.45 3.03 1.85

+70° 3.48 2.49 2.66 2.08

±~~~~~~

° 1.70 -0.17 2.36 2.39

- 
- 

± 80° 1.71 -0.98 2. 36 2 .71

± 85° 0. 84 -1.36 0.04 1.92

- - ± 90° 0. 78 -1.2 5 0.09 2. 13
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suppression of late r Love wave arr ivals  was at the ~3 accept-reject limit

- t  of ± 10
0
. Therefore, all fur ther  evaluation of the new Love wave TCA pro- 

- -

H cessor will use this value for the p accept-reject  limit.

H We note that , since only ALPA data was used in thi s evaluation,
- - ii. should not be assumed that the above result is applicabl e to data recorded at

other locations.

We shall now turn to the determination of estimates of dB gain

due to the TCA processor.  In the following f igures , which describe the

single-site and beam processor  gains , the horizontal axis is the true signal -

to -noise ratio , in dB , of the composite t race before processing. These values

were obtained by multiply ing the maximum zero-to-peak signal amplitude by

the scale factor mentioned earl ier  and dividing by the RMS value of the unpro-

cessed composite noise. Twenty times the logarithm of this quantity is the

true signal-to-noise ratio.

True SNR = 20 log Scale Facto t~ • Maximum Amplitude
RMS Composite Noise

The vertical axis is the dB gain of the TCA processed trace over the equiva-

lent bandpass filtered trace at the same scale factor.

We shall review the evaluation of the original TCA processor

before considering the results of the new Love wave processor. In order to

have our results di rectly comparabl e to thos e published prev iously (Lane,

1973) we shall use the same test event (KAM-199-O8AR , event number 505)

as before to evaluate processor gains.

- 

- 
We note one further point before proceeding to the considera-

tion of single-site processor gains. In order to facilitate comparisons between

the old and new versions of the TCA processor , it is useful to have one number

which represents the dB gain. We propose to use for this the dB gain at 12 dB

true signal-to-noise ratio , since we are most interested in the gain we can

111—4
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expect ,L o m  the TCA processor for signals at or near the noise level . (A

true SNR of 12 dB imp lies that the maximum signal peak is at or near the

amplitude of the maximum noise peak. )

B. SINGLE-SITE PROCESSOR GAINS

Fi gure Ill-i shows the results  of app lyir~ the original TCA

processor to the sing le-si te  test event. All three components follow the same

general trend. At low true si gnal -to-noise ratios , where the composite trace

is essentially all noise , the gain remains roughly constant. As the true signal-

to-noise ratio increases , the gain of the TCA processor  over the bandpass fil-

ter rises steadily. Final ly, at high values of true signal-to-noise ratio , the

gain levels off.  The important point to note on this f igure is that the gain for

th e Love wav e processor does not beg in to increase until the true signal-to-

noise ratio is much hi gher than for the Ray lei gh wave processor  gains. This

implies that the orig inal Love wave processor will not be as effective as the

Rayleigh wave processor  in detecting low si gnal-to-noise ratio events .

At 12 dB true signal-to-noise ratio, the estimates of dB gain of

the original TCA processor are 7 5 dB on the vertical component, 6. 5 dB on

the t ransverse  component , and 9 dB on the radial component.

Figure 111-2 shows the results  of appl ying the new Love wave

TCA processor to the s ingle-si te  test event. The three curves plotted show

the dB gain due to rotation about the vertical axi s without application of the 1~
accept-reject limit (denoted by a dashed line) , the dB gain due to application

of the p accept-reject  limit wi thout rotation about the vertica] axis (denoted
by a dotted line) , and the dB gain due to application of the p accept-reject

limit and rotation about the vertical axi s (denoted by a solid line).

This fi gure shows that simply rotating the data results in a loss
- - in signal-to -noise ratio of 1-2 dB. The explanation for this loss is that the

multipathed signal arrives from a restr icted range of azimuths , whil e noise

111-5
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may arr ive  f rom any azimuth. Thus , while rotation enhances the signal to
some degree , it more greatly enhances the noise , resul t ing  in a lower signal -
to-noise ratio. On the basis of the above , one might expect that the gain due
to app lication of the p accept-reject  limi t and not rotating would be greater -- -

than the gain due to applying this limit and rotating. Figure 111-2 shows that
this is not the case . By applying the p accept-reject  limit and rotating , we -.

get a sli ghtl y hi gher dB gain. The explanation for this is that use of the ~3 *

accept-reject limit results in the rejection of a large part of the noise whil e -. 
-

passing at least part  of the si gnal . Subsequent rotation of the passed frequency
components then results in enhancement of the si gnal as was ori ginally
intended.

From the above , we see that the best form of the new L .,ve
wave TCA processor  appears to be the combination of applying the p accept-
reject  limit and rotating by -p about the vertical axis. Detection of the si g-.

4 nal using this method is f i rs t  made at about 4 dB true signal-to-noise ratio . 
- -

At 12 dB true signal- to-noise  ratio , the gain of this method is 9 dB. . -
In summary , at low value s of true signal-to-noise ratio we can - .

expect gains of about 7-8 dB for Ray leigh wave s and about 6-7 dB for Love -

waves from the ori ginal TCA processor operating on single-site data. In corn-
parison , we can expect gains of about 9 dB for Love waves f rom the new TCA
processor operating on sing le-si te  data. - -

C. BEAM PROCESSOR GAINS -

Figure 111-3 shows the resul ts  of applying the ori ginal TCA pro- 
- -

cessor to the beam traces of our test event KAM-199-O8AR (event number 505). 
-

The dB gains for the vertical and radial components follow the same general
trend as they did in the single-site case, with the difference that the rise in
ga in begins at highe r values of true si gnal -to-noise ratio for the beam data.
The GB gain for the transverse component does not show the upward break of
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the single-site case, but gradually increases as the true signal-to-noise ratio
increases before finally reaching a constant value.

A t 12 dB true signal -to-noise ratio, the dB gain estimates of

the original TCA processor over the bandpass filter are 0. 5 dB on the vertical

component, 2. 5 dB on the transverse component, and 4. 5 dB on the radial

component. These low gains , coupled with the relatively high values of true

si gnal-to-noise ratio needed for detection to occur , lead to the conclusion 
- - 

- 

-

that the ori ginal TCA processor should not be as effective in increasing the

detection capability of an array as it is for a single site. 
- -

Figure 111-4 shows the resul ts  of applying the new Love wave

TCA processor to beam data. Just  as in the single-site case , three versions

were  applied to the test event: one with rotation but no p accept-reject limit,

one with the p accept-reject  l imit  but no rotation , and one with rotation and

the p accept-reject  limit. The dB gains for the version containing the ~3

accept-reject  limit but no rotation are not shown in Fi gure 111-4 , since they

are essentially the same as those for the version containing both rotation and

the ~3 accept-reject limit. Although the version containing onl y rotation out-

performs the other two versions at 12 dB t rue  signal-to -noise ratio , we note

that at no point does the gain of this version exceed 0. 5 dB , whereas both the

other two versions have maximum ga ins of 4 dB. Therefore, we jud ge the

versions containing the p accept-reject limit to be better than the version

without. Since both versions containing the p accept-reject limit yield essen-

tially the same dB gains , we can select either to process the event suites. To

facilitate comparison with the single-site data, we will use the version contain-

ing both rotation and the p accep t—re jec t  limit.

At 12 dB true signal -to -noise ratio , the gain of the new Love

wave TCA processor is -1. 5 dB. However , we note that the gain is rising

rapidly at 12 dB true signal -to-noise ratio , reaching approximately 2 dB at 16

.1
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dB true signal-to-noise ratio. Therefore , in the beam data case , we can

expect littl e if any improvement in detection capability from either the ori g-

inal or new TCA processors.  
- -

D. DIFFERENCES BETWEEN SINGLE-SITE AND BEAM PROCESSO R
GAINS

Tabl e 111-2 indicates that there is a great difference between

the gains we may expect when the TCA processor is app lied to sing le-site 
-.

data and when it is app lied to beam data. Thi s difference in performance im-

plies some inherent  difference between single-site and beam data due to

beamforming. This difference may lie either in the noise , in the signal , or

in both .

As recorded at an individual station , the noise field consists of —

non-propagating noise and propagating noise with the character is t ics  of surface

waves. The bearnforming process suppresses the non-propagating noise by a

facto r approximately equal to the square root of the number of stations in the

array.  The amo un t by which the propagating noise is suppressed is dependent - -

upon the arrival  azimuth of this noise; the fa r the r  it is off the beam azimuth ,

the more it will be suppressed. Thus , after beamforming the noise will have

a relatively larger component of on-azimuth propagating noise than before

beamforming.

Now let us consider how the TCA processor acts on noise. The

TCA processor searches for particular phase relationships among the compon-

ents of motion. These relationships will not be found (except possibl y at iso-

lated points) in the non-propagating noise , since in this type of noise they are

random. They also will not be found in the off-azimuth propagating noise ,

since this noise will not appear on the proper componcnts. The TCA processor

F will , however , pass the on-azimuth propagating noise , since in thi s case the

phase relationshi ps will be correct.

111 ’z H ~L
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TABLE 111-2

SUMMARY OF GAIN ESTIMA TES

Gain in dB
Component -Sing le Site Beam

Ori ginal TCA-LR-V 7 .5  0 .5

Ori ginal TCA-LQ-T 6.5 2 .5

Original TCA-LR-R 9.0 4. 5

New TCA-LQ-T 9.0 -1.5

111—13
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Thus we see that the beamforn-iing process passes the same

on-azimuth  propagating noise. We cannot , therefore , expect any appreciable

gain when we apply the TCA processor  to beam data , since the type of noise

it can suppress has already been suppressed in beai-nforming.

We shall now consider whether the difference between single-

site and beam processor  gains may be due to some dif ference between the

single-site and beam si gnals.  Before the beam is formed from the individual

sites , d i f ferences  in arr ival  time at each of the sites (delay times) are corn-

puted. The signal recorded at each site is then t ime-shif ted by these delay

times to t ime-al ign the signal s, which are  then added and scaled. If the delay

times are in error , due to improper location of the event epicenter , the phase

relationships between the components of motion will be distorted , resulting

in a loss in signal amplitude when later  processed by the TCA processor.  If

this is the case , we should see greater  suppression of the beam signal than

the single-si te  amplitude on the TCA processo r output .

Tabl e 111-3 breaks down the dB gain estimates of Tabl e 111-2 into

the gain due to noise suppression and the gain due to signal suppression. The

gain due to noise suppress ion  is the d i f fe rence  between the RMS noise in dB of

the t race  before TCA processing and the RMS noise in dB of the trac e after

process ing.  The gain due to signal suppress ion is the ratio , expressed in dB ,

of the peak si gnal amplitude measured af ter  TCA process ing  to the neak signal

amplitude measured before TCA processing.  The net gain is then simp ly the

sum of the gain due to noise suppression and the gain due to signal suppres-

sion.

This table shows clearly that the differences between sing le-

site and beam processor gains are due to differences it-i the amount of noise

suppression and to differences in signal suppression.

111-14
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TAB LE 111-3

GAiN ESTIMATES AT 12 dB TRUE SIGN AL-TO-NOISE
(FROM TEST EVENT 505)

Single ~~-“~ Gain in dB Gain in dB Net Gain
Component Site 

,
—‘ due to Noise due to Signal 

~~ dB
Beam Suppression Suppression

Original TCA Single Site 8. 7 -1. 2 7. 5

L R - V  
— 

Beam 5. 3 — 4 . 8 0. 5

Original TCA Single Site 10. 2 -3. 7 6. 5

4 
LQ-T Beam 6.4  -3. 9 2 .5

New TCA Sing le Site 12. 2 -3. 2 9. 0

LQ-T Beam 4 .7  -6. 2 -1. 5

Original TCA Single Site 11. 2 -2. 2 9.0 
—

LR-R Beam 
- 

7 . 9  -3. 4 4, 5
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SECTION IV

DETECTION CAPABILITY ESTIMA TES

A. INTRODUCTION

Before processiiig the event suites with the new Love wave

TCA processor, it was necessary to check our definitions of detection crite-

i-ia. Therefore, we processed twenty noise samples with this method. The

output showed that TCA proce ssed noise tends to be predominantly 18-20 sec-

ond period energy  with packets of lower frequency energy appearing as the P

accept-reject  limit increases.  Signal-like packets were occasionally found;

however , these did not display dispersion and changed only slightly as the P
accept-reject  limit was increased. In contrast  to this , it was noticed that

signals appear to t grow l as the P accept-reject limit increases , indic ating

the inclusion of more off-az imuth (multipath) energy.

From the above , it is obvious that the principal detection cri-

terion remains the presence of dispersion in the signal gate. Other detection

criteria are that the suspected si gnal begins close to its predicted arrival

time and that the largest peak of the suspected signal be 3 dB or more above

any other peak in a gate starting 100 seconds before the estimated signal

arrival  time and ending 100 seconds after the estimated signal end time.

( Thi s last criterion should not be considered to be absolute. It is occasion-

J ally possibl e to detect a signal f rom its dispersion characteristics even

though its largest  peak amplitud e is equal to that of the largest noise peaks.)

All events listed in Tables 11-1 and 11-2 were processed by the

new Love wave TCA processor and evaluated with the above detection criteria

IV-l



— -- -  - - — ---——-- 
- 

~~~~~~~~~~~~~~~~~~ 
- -

~~~
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

- - 

to determine  the improvement in detection capability due to this method. In

addition , since onl y a small suite of events was used in the ori ginal TCA eval-

uation (Lane , 1973) and sinc e we wish to make direct  comparisons between the

ori ginal and new Love wave TCA processors , both event suites were also pro-

cessed by the ori ginal method. The version of the new Love wave TCA pro-

cessor used here  is the one with rotation and the ~3 accept- re ject  limit , since

in Section III we found that this vers ion yielded hi gher dB gains than the version

which contained onl y rota tion or the version which contained onl y the p accept-

r e j ec t  limit.

B. SINGLE-SITE DATA RESUL TS

We will consider detection capability improvement for sing le-

site data in terms of the fift y percent detection threshold and in terms of the

change in the number of events detected. The fif ty percent  detection thresh-

old is defined as the mb value at which the probability of detecting an event is

f i f ty  percent .  We will not discuss detection capability improvement for the

radial component , since results for this component are essentially identical

to those for the vertical component. Figures B-i  to B-5 of Appendix B pre~
sent the detection statistic s for the 86 events of the southern Kamchatka suite,

Figures B-6 to B-b present  the detection statistics for the 76 events of the

central Asia suite. These detection statistic s are summarized it-i Table IV-1.

From Table IV- 1 , we see that the Ray leigh wave part of the

ori g inal TCA processor yielded a fifty percent de tection threshold improvement

of 0.41 mb units for the southern Kamchatka event suite and 0. 24 m
b units for

the central Asia event suite. These correspond to processor gains of approxi-

mately 8 dE and 5 dB , respectively. These values compare fairly well with the

7. 5 dB gain estimate made in Section III. The Love wave part of the original

TCA processor yielded a fifty percent detection threshold improvement of 0. 17

mb units for the southern  Kamchatka event suite and 0. 25 m
b 

units for the

IV -2
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TABLE IV- 1

SUMMARY OF 50 PERCENT DETEC TION THRESHOLD ESTiMATES
IN ri-l b UNITS

Region

Type of Estimate Southern Central
Kamchatka Asia

L R - V  Bandpass 4 6 1  4. 59

L Q - T B a n dpass 4. 49 4 .73

L R - V  Ori ginal TCA 4. 20 4 .35

L Q - T  Ori ginal TCA 4. 32 4. 48

L Q - T N e w TCA 4. 11 4. 38

IV- 3
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central Asia event suite. These correspond to processor gains of approxi-

matel y 3 5 dB and 5 dB, respec tively. These values compare fairly well with

the 6. 5 dB gain estimate made in Section III .

Tabl e IV-l  shows that the new Love wave TCA processor (rota-

tion and p accept-reject limit) yielded a fifty percent detection threshold in-i-

provement of about 0. 35 mb units for both regions , corresponding to a pro - . -

cessor gain of 7 dB. This compares quite well with the 9 dB gain estimate - -

made in Section III.

Another way of viewing the detection capability improvement of

the TCA processor is to consider the number of events detected on the pro -

cessor output which were not detected on the bandpass filter output. These

results are summarized in Tabl e IV-2. From this data we see that~~he Ray-

lei gh wave part of the ori ginal TCA processor and the new Love part of the

TCA processor perform somewhat better on the southern Kan-ichatka data than

on the central Asia data. The ori ginal Love wave part of the TCA processor

performs equally well on data from the two reg ions. In agreement with previ-

ous results, we see that the new Love wave part of the TCA processor is

superior in performance to the original Love wave part.

The data listed in Table IV-2 indicate that both the ori ginal

Rayleigh wave processor and the new Love wave processor can be expected to

detect approximately 20 to 35 percent of those events not detected on the band-

pass filter output. This , of course , assumes that the original data base has

mb and detection/non-detection distributions similar to the data bases used in

this evaluation.

C. BEAM DATA RESULTS

The results reported by Lane (1973) and the results of Section

III of this report all indicate that the TCA processor in both its original and

new forms is of littl e value when applied to beam data. For the sake of

j~~~4
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thoroughness , however , the beams of the central Asia suite of events were

processed in the same manner as the single-site data. The results of this -

processing are shown in Figures B - l i  to B- l 5  of Appendix B and summarized

in Tabl e IV-3. These results simply reconfirm previous results. The only 
- -

significant improvement in detection capability was made on the L R - V  part of 
-

the TCA processor.  This 0. 15 m
b 

unit lowering of the fifty percent detection

threshold , in conjunction with the insignificant changes in detection threshold

due to either form of the Love wave TCA processor , indicate that it would not

be productive to routinely apply the TCA processor to beam data. 
-

I
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TABL E IV-. 3

SUMMARY OF 50 PERCENT DETEC TION THRESHOLD ESTIMATES
BEAM DAT A IN mb UNITS

Type of Estimate 50% Detection Threshold

L R - V Baridpass 4. 27

LQ-TBandpass  4. 31

L R-V  Original TCA 4. 12

LQ-T Ori ginal TCA 4. 24

LQ—TNew TCA 4.27

IV- 7
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SECTION V

CONCLUSIONS

The following results have been fo und during the course of this

evaluation of the Three-Component  Adaptive (TCA) processor:

• The most effective form of the new Love wave TCA processor

contains rotation of the Love wave frequency components about

the vertical axis to the transverse component with an accept-

reject limit placed on the Love wave arrival azimuth.

• At 12 dB true signal-to -noise ratio, we can expect 7-9 dB gain

for Ray leigh waves and 6-7 dB gain for Love waves from the

original TCA processor on sing le-site data.

• At 12 dB true signal- to-noise ratio , we can expect about

- - 9 dB gain for Love wave s from the new TCA processor on

single-si te  data.

- - 
• Only low or negative gains can be expected from either version

of the TCA processor when applied to beam data.

• Use of the ori ginal TCA processor on single-site data lowered

- - 
the fifty percent Rayleigh wave detection threshold by about

0. 25-0. 4 mb units and the fifty percent Love wave detection

threshold by about 0. 15 mb units .

• Use of the new Love wave TCA processor on single-site data
- - lowered the fif ty percent Love wave detection threshold by about
- •  0. 35 mb units.

V-i
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• Use of the original TCA processor on beam data yielded a

small (0. 15 m
b 
unit) improvement in the Rayleigh wave f ifty

percent detection threshold and essentially no change in the

Love wave fifty percent detection threshold.

• Use  of the new Love wave TCA processor on beam data yielded

essentially no change in the Love wave fifty percent detection

threshold.

The above points make it clear that the original Rayleigh wave

TCA processor and the new Love wave TCA processor are effective when

applied to single-site data. No version is effective when applied to beam data. . -

I
- i
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- - APPENDIX A

THE UPGRADE TCA PROGRAM

The program listing given on the following pages is the most
— 

general version available. It will work on either single-site or beam data

and can be us ed to determine processor gains or to enhance detection studies.

To use this program, note the following data card inputs:

DATA CARD INPU T

Card Column Format 
— 

Parameter

1 1-12 3A4 Event name to be processed

1 21 -22 12 Vertical Trace Number

1 23-24 12 Transverse Trace Number

1 25-26 12 RaaIal Trace Number

2 5 Il ISUM. If ISUM=O , process entire

trace. If ISUM~~0 , scal e second

half of trace and add to f i rs t  half.

6 - 1 5  FlO. 3 SCFAC - facto r with which to scale

second half of trace (used if ISUM

~~0).
- - 16-25 FlO. 4 FLO - low freq uency of bandpass

filter

26-35 FlO.4 FF11 - hi gh frequency of bandpass

filter

- 36-45 FlO. 2 ANGBET - accept/reject  limit for

Love wave arrival azimuth

50 Ii IFLAG. If IFLAG= 0 , process

single-site data; if IFLAG~ 0 , pro-
I —

cess beam data.

A -l
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I
In general , the trace numbers used on card one ar c  as follows:

Trace 1 - vertical single-site data I
Trace 2 - transverse single-site data

Trace 3 - radial single site data I
Trac e 4 - vertical beam data (NORSAR);

transverse beam data (ALPA) I
Trace 5 - transverse beam data (NORSAR);

vertical beam data (ALPA) I
Trace 6 - radial beam data

Input Tape - TDFIL TER beam tape; mounted on S’~ S(J18

Output Plot Tape - Scratch tape mounted on SYSOO6 I
Restrict ions:

All three components must be available.

Data length must be a power of two.

I

I
I
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MAIN PROGRAM
(PAGE 1 OF 2)

O I A E ~s S t & J 4 E A o ( 4 ~~~) , B E E M ( 2 1~~e , 3 ) , I E h E A D ( ~~ør ~)
o r - E ~--~s C J ’ I iiV E~~T(3) •
~)T~-~E -~4sl ~)T Y P t C 2 )
OI~~E~, S I QN  c~) l ( 2 ~~)
I ’ J TE G E~~~*2 T A P E N Q ( 3 )
I~:T E G E~ dEA f’N0(3)
E’,wlv A LE~ CE (TAPE NO,THEAD (2))
E~ U Y V A L ~~~C~ (E h E A D , I E ~-lE A D )
D~~~~~T A  r~TYPE/’T0Bt’,’AM ‘/
U A T A  E . L/ ’ E 0 I ~i’ , 19* ’

r
IT C,~ C J ) :3 *( J - t) + 2
I~ j : 1 R

C A L ’. Tfl)ISK(’OPEN’)
CALL ~~~~~~~~~~~~~~~~~~~~~~~~
.‘~ ‘-~~L T E ( 3 , ~~,

-))  T~iEAD
5~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ TAPE LAB ELS ARE’//,2(1Øx,IH’,2044,lp-4’,/))

C
C REA l .’ C J ’~TPOL CAR)S
C

1~~~ ~ E~~ - ( t ,  ~~~~~~~~~~~~~~~ Ev ~~NT ,( B E A M N O ( 1 ) , I : 1 , 3 )
1l~ F0~~ 1A T ( 3 A 1 4 , 8X , 3 I 2 )

~~~l T E ( 3 , 1 2~1) E vE NT
lp~ F0~ MA T (i~i1,l’~X, ’EVE ~.T NA ME ‘.1k’,3A~~,1~~’)

CALL TII NTP(’IMPUT’, ‘S~~A R C~~’,IU,1E~ EAD,~~VENT ,IC)
IF (IC .~~~.~~) GO TO j3G~

1TE (3,1-~6) 1C
12b F0~ MA 1 (1 .’X, ’TII NTP ~~~ 04 CODE

~R I T E ( 3 , l 2 ~~) EVE !-.iT
us FO~ r -AT (1.I1,l4x, ’EVE’iT ‘,1~~’,3A4,’ NOT FOUND .’ABORT’)

G-~ 10 ~9~ 813t ~ C A LL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
vif~ITt (3, I~~1) f4~~A MNO (1),BEAMf,,O (2),BEAMNO(3)

121 F O ’ AT( 1~~X ,’~,EA MS TO PROCESS (V,T,R ) = ‘,3 12)
- - 

C - ~ I_L LS~~~4J (’4,lEHEAO)
- - E E ~ s= IE ~ E A D ( a 9 )

T I M E 5 :IE & A D ( L ~6)
N~ yT : IEP1E4~~($)
LE~~~(~-t4Yt/ 4)~~25
T1M~ L= J E— ~EA ) (bR )—IE~1i~AD (4b)
T 1~~.’~~ILr ’E4D(7 ø ) — I E H EA O ( 4 6 )
T l ’1

~~
E = T I

~
- i E R + I E I 1 E A D ( 7 3 )

A-3 
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MAIN PROGRAM
( P A G E Z O F Z) - 

-

C
C ~~~ 4L- INP UT D A T A  F #— ~O r-i T A ~’~ A ND P1) 1 ON D I S K
C

~~~‘)  d~~~: 1st ,  NSEEMS
CALL  T I’~EA D ( I ’ J ,~~EEM ,NRY1 , IC ,& 160,&IMØ,& 160)
cAL ~~ :)Is< 1oV~ RIT ’, 1 T C ~~( l ) , B E E M ,NByT/ ~~,~~2Ø~~)G~ TO 220

1r~ ,~i~~I T E ( 3 , 1 7 k )  I , I C
in F- ) ’~M A T ( / ~~X ,’ T 4 P E ERR OR ON B EA M NUM~3ER ‘,I5 ,5X ,~~IC~~~~Z h1

~~~~ T O  ~~t~ -1

j S ~i ~~~~ I T E ( 3 ,  t q ~~~) I - 
-

t q~ F ~A T ( / / ~~X ,’~~E~~;i N i ’ - h-~ = ,13, ’ NOT FOUND )
~ 3

2~~~~
’ .

~~~~l T E ( 3 , 2 l k’ ) 1

21-~1 F~~ -AT( // 5X,’DISK EN~~LD U~ ~ UT E INDEX ‘,13,// )
22 ’  C . ) t - T I ~~LE

C
L)L ~_ 1  ~~~~~~~~~~
) , i  23  I : 1, 2 1- 7~~’ - 

-—
2 3 L ~ L E ’ C T , ’~~~~~..~i

‘J ’ E ’- 3 EA ~~~O ( K )  - .

~~~~~~~~~~~~~~~~~~~~~~~~ r~fl TO ~~~
~: k 1 1~~ (3 , l - l .~) NU 1FiE-~
G~~ T Q  2 7- ’

~~~ C A L L  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
GO i C  2 7 - -s

2S: ~~~I T r ( 3 , 2 ô Q 1 ) K , N U ~~~~~
2~~ F( A~~( / / S X ,’i)IS~

( E ’ — R O Q ON READ , LOOP:’,13,’ ~~~~~~~~~~~~~~~27 .1 C O - i  I~ J
C A LL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
;o i:~ l.~2 - -

~ 9Q~ CALL  I f l IS’c ( ’CL -DS’ )
C4 LL p L u T ( 4 .&4, ø,~~, qqq )

~ 9’~~1 CALL 1 T T A F 1 E ( ’ JN L0AD ’ ,1L ,~~EEM ,N By T E ,j C )
ST U P

L _ _ _ _ _ _  - 
_ _ _ _ _ _ _ _ _
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SUBROUTINE LHQADL
(PAGE 1 OF 5)

SUb~ OLTlNL LHCAUL (DATA , ~TCIM ,NAME,T1MES, TIMEL,TIME R ,TIMEE )
D!t- M 5IO~-~ F (3) , TE~ P(3) , o A T A ( 2j~3~,,3),PR0C ( 21ØØ,3),IBI1(5j 2)
0I~~E~~sI Lr ~ 1c~G ( S 12 )  , I I B I T ( 5 12 ) , T R I G ( 5 1 2 ) , P B U F ( 6 ~4 ,3 ,p )
DI~ ENSILN Ft~~(21~~/ ,3) ,  T SQ L ~(3) ,C TIME( 3) ,NAME ( 1) , A5K C2 Ø )
D A 1 A  A 5 k / 2 G ~~* ’**** ’/
IPTSEG :6~
IFO~~~Rs3

1~~ CALL PLC- I (c.~~,—12 .l~,—3)
CALL ‘~LOT (

-;:.c~,i~i.ø,—3 )
CA LL  PLOT (C ~,, —Q ~~5,~~3)

C

C J5~ M ~ P~ CCE SS ENTIR E TRACE
C i~ - t . t~ i.E ~ SCA LE S FC D P~D ~— fA L F OF TRACE AND ADD TO FIRST HALF
C SC FAC IS ThE SCALE FACTO R FOP THE SIGNAL HALF OF THE TRACE
C IF 15U14 = ~, SCF A C MUST = 1e~C FLC = LD~ BA N DPA SS FRECUENCY
C F~MI 5 4-41Gh BA ND FAS.3 FREOtJ ENCY
C AN~ b F1 = A CCEPT/ REJECT LIMIT ON BETA
C IF LA G E.G i~’ SD-GLE SITE DATA
C IF LAG P—E c~ ~EA~ - DA TA
C T A PR = A P-~OUN T OF BP FILTFR TAPER —— MA Y NOT ~E ZERO
C

R EA L (1 ,1ik ~,E ND:°998) ISUM ,SC FAC ,FLO,FHI,ANGBET ,IFLAG ,TA PR
h O  F O F ~rA1 15,F 1O.3,F 1~~,4,F1~j.q,Fjø .2, I5,F1ø ,’~)

CALL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ NAME’,ø,ø,lø )
CALL SY~ B O L C O , ~~,3,~~,’~,2,’START TIME ’.O,ø,le )
C A LL ~~~~~~~~~~~~~~~~~~~~~~~~~~~ BP FREQ’,ø,ø,ll)

4 CA LL 5YM~ OL (i ,l.~,—4 ,5,v~,t5, ’HIG$ bP FREQ ,g.ø,12)
C A L L  r 1 (2 .5,~~4, S , c ~.~~5 , F H I , ~1.0 ,4 )
CALL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~C A LL ~ jt-~ EP.(2.5,—3,C,~~,~~,T1 MES,Ø,Ø,—j)
CALL 5Y~ ~~~~~~~~~~~~~~~~~~ NA ME,g,ø, 12)IF(T FL A~~.~-E. r (;0 TO l1~
C A LL SYMbOL (~

;,~~,_5.~~,v .15, ’SINGLE SITE DATA ’ ,ø ,ø,jb)
GO iC 117

115 CALL SYt4BOL(~~.E~,~~5,~~,P.1S, ’dEAM DATA ,ø,ø,9)
117 I F C I S L ’ ~~. E ( ~.V )  GO 10 i2l~

CA LL SY frb rJL (Ø.~~,_5.5,~1 .15, ’SIGNAL S,F,’,Ø,ø,jl )
CALL ~1~-~~ER (2.5, —E .S,c~, t5,SCFA C ,ø.Ø,a)

1~~
) C ALL PLOT (12.~~,1.LL ,—3)

C
C SC A LE ~- 1 G N A L  AND A DLi T O PRECEE DING NOISE, IF DESIRED
C

I F  ( I S U ’  ,E~~.iO) GD TO 215
ID-EL :- P~EL—r~rDIM

- -

TI~ EE: IrEE—N TD l~
CALL S LAU (C-A TA, Pl-COC , ~.TDI M ,SCFAC,TIMEL )
GO TL’ 21’

215 D~ 21~ ~~ 1,3
DO 21~ I 1,NT~~1M

.. 21~ PROC (J,J):OATA (j,J)

- .  A - 5
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SUBROUTINE LHQADL

(PAGE 2 OF 5)
C
C C~~~PU1E A ’ - t  Pf ~I~-1T OUT CO~1POSITE S/N RATIOS
U

2 1~ Ct .LL ~~~~( F k L ’ C , C T I : - E ,T S O c , T IM E L , T I M E E , F,TEMP , ISUM)
- :

2 1 h  F i ~-~~T ( l 5 % , ? P A 4 )

~~ l T F C 3 , 2 l 1 )  FLC ,F~~I ,TA Pk
21 1 Fi;~-~~A 1(b -J.,’***** FLU 5 ‘,f 7 ,iJ,’ ** FM! 5 ‘,F7 ,4,’ ** TAPER

1’ , F - 7 . 4 . ’ ***** ‘)
IF( 1S i:~~,E~~.- ) GO 11) 219
~~~~~~~IT ~~~~~ ( 3, è~~~~~7 )

2 17 F~j P Y - A T ( 5)1 , ’ ‘)

~P I T E( 3 ,2 l ~~) SC~- A C
�i B FQR~~A T ( 3 5X , ’ S J G r - ~A L SCAL ING FA C T O R  = ‘,F7,s) t -

~I
219 ~~ 1 TE(3,22~~)
2?~ F C F ’ A T ( ?  , L~~f’l~oCE55~~U D A T A ’ )

i~~~~ I F  ( 3 , 2 $

23~ F(~~ ’AT(?y ’ x ,’S/N’,1~~X, ’AT TI1E’ ,BX ,’RMS NOISE’,1~~X ,’PEAK’ )I 1F~( 3,?i..~~) ( T 5 ~~D ( J )  , C T I M E ( J )  , F ( J )  , TE ’~~P ( J j, J : 1 ,3 )

2’..~ F~~ M A T ( C ~ x ,F6.2 ,9 x ,F6 ,~~, X, F5.2 ,U~X , Ej l .~.3/ ,2OX,F b ,2 ,9X ,F6. Q’ , 1ØX ,F
1 5, 2 , 1 , E 1~~ . 3/ , 2~~~~, F6 .2 , 9X , F6 .�~, t g X , F 5 . 2 , I ø X , E 1~~ .3)

i~k J T ~~( 3 , 2 t 7 )
C
C FEF~FO~~ ~~~~~~~~~~~~~~~~~ A ( ) A PT IV E  PROCESSING
C

- - DO 2t~i J :1 , 3

DO 2 S - ~ I t , l P T S E . G
— 25’~ P~

.(.,F(1,J,j):~ RQC(J,J)
26k’ CALL Tfl~FF1 (P~ UF (1,J,1),TRG,IB1T ,tpTSEG )

C A LL LO~ FIL (PBUF,1PTSE& ,ANG~ ET)
CALL PA ~ F- !L (PBUF , IPISEG , IPO~ ER)
DO 33v ~J : j , 3

33~ CALL TIIF Fi (PBUF(1,J,t ),TRIG ,IIBIT ,IPTSEG)
IG2:IPT E (/e~
0” 3S~~- -i l,3

D~~ 34’- 1 :1 ,102

31j 0 F U . ( I , J ) : P r ~- 1 J F ( I , J , t )
ILTIC: (’ T.’L0/IPTSEG )*2—2
N C C ’~i T 1 1 2
or ~5(
DO 35r. ~=1,3
D ’j 35v I:j,IPTsEG

F (I, U, 2) :P~ UF (I, J, 1) - . 
-

3~~~ Ph (I,J,l):PR0C (js4-CcjW~1 ,J) j
OC 36k- ~~:1.3 - -

3~~ C ALL TICFFT (PRUF(1,J,1),TRG,I~~IT,IPTSE&)
CALL LOV FILU fl~UF,IPTS F-G,ANG~ ET)
CA LL RL’rFI L (PF~UF,1PTSEG,IpOi~ER)
(~(~ 143fr ~~~~~~~

43~~ C A L L  T I I FF T ( PM U P (t ,J ,1 ) , 1R I G , I ZB I T , IP T S E G)

A -b

- -
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SUBROUTINE LHQADL

(PAGE 3 OF 5) ~- 

-

~

E102 102 -

DO 440 1:1,102
ECOUNTzI
RA T~ EC0UNT/EI02
DO 1440 J~ 1,3

‘44L~ FINCI.e NCOUNT,J)~ PBUF (I,J,j)*RAT,PBUFCI.IO2,J,2)eC1,O.RAT)450 NCOUNT ~ NCOUN T+IO2
c
C BA NDPASS FILTER THE ADAPTIVE~PROCE$SED TRACES
C

DO 460 J :j,3
DO 460 I~ 1,IO2

460 FIN (I+NCOUNT,J)SPBUF(I+102,J,1)
DO 1470 Jaj ,3

470 CALL. TIDFFT(FIN (I,J),TR4,IIIT,NTDI-N)
CALL FILTBP (FIN,NTDIM, FLO,~ HI,TAPR)DO 500 J 1,3

500 CALL TIIFFTCFIN(1,J),TRIG,IIBIT,NTD!M)
C
C COMPUTE AND PRINT OUT ADAPTIVE S/N RATIOS
C

CALL RMS (FIN,CTIME,TSQD,TIMEL,,TIMEE,P,TEMP,ISUM)
WRITE (3,510)

5 10 F OR MAT ( 2 0X , ’TCA PROCESSED DATA ’ )
WR IT E(3 ,2 30 )
W R I T E ( 3 ,2 ’4 0 ) ( T $ QD ( J ) .C T I M E ( J ) ,F ( J ) , T E M P ( J ) , J a t , 3 )
WRITE (3,515) ANGBET

- - 515 F O R M A T ( 15 X , ’***** LQ~T ACCEPT/REJECT LIMIT ON BETA • ‘,~ 6,2,’ DEGRLEES **e** ’)

C
C PLOT TC A PR OCESSED TRACES
C

CALL SYMBOL (.3,0,.1,l,I,2,’VERTICAL ADAPT’,I,0,14)
CALL SyMBOL (~ 3,0,.j,6,0.15,’S/N’,e,m,3)CALL NUMBER (.2,0, —1 ,6,0. 15,rSQD(1),s,s,2)
CALL SYMBOL.(—3,0,—j,9,0.15,’AT TIME’,S,0,7)
CALL. NUMBER (—1,0,—j,9,0.j5,CTIME(1).l,I,.1)
CALL PLOTCO ,O,0.0,3)
CALL PLTRTN (FIN(1,j),NTDIM,2,S,TIMEL,T!MER,TIMEE,SF)
CALL SY M B OL (— 3 . O , e , 3 ,B , 1 5 ,  ‘S.F ,’,0 .0,4)
CALL NLJMBER (.2,4,0,3,0,15,SF,0.O,6)
CALL PLOT (0,0,0.0,3)

- 
- 

- 
CALL SYMBOLC— 3 .0,.j,0,0,2, ’TRANSVERSE ADAPT’,S,B,tb)
CALL SYMBOLC— 3,0,.I.6,0.15, ‘S/N’,0,0,3)
CALL NUMBER (—2.0,—1 ,6,0,15,TSQDC2),0,0,2)
CALL SYMBOL (—3.0,—j,9,0,15,’AT TIME’,0,0,7)
CALL NUMBERC .1.0,.1,9,0,15,CTIME (2),I,0, —j)
CALL P101(0,0,0.0,3)
CALL PLTRTN (FIN(1,2),NTDIM,2,0,TIMEL,TIMER,TIMEE,SF)
CALL SY MBOL (—3,0,0,3,0,15, S,F,’,e,$,a)

A-? 
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SUBROUTINE LHQADL
(PAGE 4 OF 5)

CALL NUMBER (.2,4,0,3,S,15,BF,l,0,6)
CALL PL.OTCS.0,0,0,3)
CALl. SYMBOL (1.I,0,2,0.1,’BETA ACCEPT .REJECT LIMIT EOUALS ’ ,B, S,31)
CALL NUP4BERC4,2,0,2,0,1,ANGBET,0,0,2)
CALL PLOT (0,0,0,S,3)
CALL. SYMBOLC.3,0,.1,0,0.2,’RADIAL ADAPT’,I,B,lZ)
CALL SYMBOL (.3,0,.1.6,S.15,’S/N’,S,S,S)
CALL NUMBER (—2,0,—1 ,6,0,15,TSOD(3).B,I,2)
CALL SYMBOL (a3,0,.1,9,$.15,’AT T!NE’,$,$,y)
CALL NUP4BERC.1,0,.j,9,0,15,CTIMEC3),0,S,.j)
CALL PLOTCO,0,0,0,3)
CALL PLTRTN (FIN(1,3),NTDIM,2,S,TIMEL,TZMER.TIMEE,$F)
CALL SYMBO LC .3,0,0,3,B,15,’S.F,’,S,S,I)
CALL NUMBER (—2, 14,S,3,0,15,SF,0, 0, b)
CALL PLOT (0.0,0.0,3)

C
C SANDPASS FILTER THE COMPOSITE TRACES
C

DO 520 Ja1,3 -

DO 520 I~ 1,NTDtM
520 FINCI,J)aPROC (I,J)

DO 530 7a1,3
- 1 530 CALL T IDFFTC FINCL ,J ),TRG ,IBIT, NTD IM)

CALL FILT B P(FZ N,NTDIM, FLO,FIlI ,TAPR)
DO 560 J.1,3

560 CALL. TIIFFT(PIN( I,J ),TR IG,I!B IT ,NTDIM)
C -

C COMPUTE AND PRINT OUT BANOPASS S/N RATIOS
C

CALL RMS (FIN ,CTIME,TSQD,TIMEL,TIMEE,P,TEMP,ISUM)
W R I T E ( 3 , 5 7 0 )

570 PORMATC2SX,’BANDPA$S FILTERED DATA’)
WRI1E(3,230)
WR !TE(3,240)(TSQD(J),CTIME(J),F(J),TEMPCJ),J.1,3)
CALL SYMBOL(.3,0,.1.0,0,2,’VERT!CAL BP PILT’,S,B,le)
CALL SYMBOL (.3,0,.1,6,0,15,’S/N’,I,l,3)
CALL NUMBER (—2,0,.1,6,0,1S,TSQD(1),B,0,2)

-4 CALL PLOTCO,I,0,0,3)
CALL. PLTRTNCFIN (1,I),NTDIM,2 ,S,TIMEL,TIMER,TIMEE,SF)
CALL SYMSOLC—3,0,0.3,0.15,’S,F,’,0,0,4)
CALL NUMBER (.2,5,0,3,0,1S,SF,0,0 ,6)
CALL PLOT (0,0,0.0,3)
CALL SYMBOL (—3,0,—1,0,0,2,’TRANSVERSE BP FIL.T’,I,e,ls)
CALL SYMBOL (.3,0,.t.6,0,15,’S/N’,I,B,3)
CALL NUM8ER (.2,0,.1,6.0,15,TSQD(2),0,0,2)
CALL PLOTCB,0,0,0,3)
CALL PLTRTNCFIN (1,Z),NTDIM,2,0.TIMEL,TIMER,TIMEE.SF)
CALL SYMBOL (.3.0,0.3,e.15,’S.P.’,0.o,4)
CALL NUMBER(.2,5,0,3,0,1S,SF,I,m,6)
CALL PLOT (0.0,0,0,3)
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SUBROUTINE LHQADL

- 

(PAGE 5 OF 5)

CALL SYPIB OLC .3 ,0, .1.I,B,2, ’R A D I A L  BP FILT’,S,S,la)
CALL SYMBOL(—3,0,—1,6,0,15,’S/N’,0,0,3)
CALL NUM8ERC.2.0,.1.6,0.15,TSQD(3),0.0,2)
CALL PLOT (0,0,0.0,3)
CALL PLTRTNCFIN (1,3) , P 4 T D I M , 2 , S , T I M E L , T I M E R , T I M E E , S F)
CALL SVMBOLC— 3,S,0,3,O,15,’S.F,’,ø,0,4)

. - CALL NUMBERC—a.5,0,3,0,15,SF,0,0,6)
CALL PLOT(0,0,0,0,3)

-
~~ 

- C
C ***** TERMI NATE **e**
C

ENTDIM .NTDIM
FINUP .CENTDIM/50,0)+4,I
CALL PLOTCFINUP,S.0,~3)q~ q~ CALL PLOT (I.$,1,0,~~ $)
RETURN
END

I _
i 

--~~~~-~~~~~~~~~~ -~~~~~~~~~~~~~- -~~~-- 
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SUBROUTINE SCALAD

SUBROUTINE SCALAD (DATA,PROC,NTDIM ,SCFAC,T!LQ)
DIMENSION DATA (2100,3),PROCC2LBS,3)
DIMENS ION TEMP(2100,3)
ISTARTiTILQ/2.
P4TDIMCNTDIM/2
DO 10 J~ t,3DO 10 Ial,NTDIM
TEMP(I,J)uS.0

10 CONTINUE
DO 20 J~1,3DO 20 IsISTART.NTD!M
TEMP (I,J)sDATA (I+NTDIM,J)

20 CONTINUE
~O 30 J ’1,3
00 30 I~ 1,NTDINPROC(I,J)*TEMP(I,J)*BCPAC,DATACI,J)

30 CONTINUE
RETURN
END -

- 
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- - SUBROUTiNE RMS

Su-~kOIi TI~ t ‘-uiS(PR OC,CTIHE,TSQD,TIL,TIE,F ,TEMP, ISIJM )
O1 :E~’SICi iN F~(3)i)I 1 S i~J’~

, Pi~OC ( 2 1~~c~, 3 ) , 1SO D ( 3 ) ,CT I M E ~~3) ,T (3 ) ,T EM p (3 )
DO 1 J:t,3

C T I ~~E . C J ) 3.t~’

T( J)  = ~.
I F C I SU M .’th. -~ ) GO T~j ¶~
N L 1  1L/~

4.
GD TO aS

S NLSTIL/2.
6 NL :NL—2~

Du 15 I:1,~aL
T (-J)sI (J)-i~Pi QC (1,J)*e~

15 CU-~T I- .UEI F ( T ( J ) . G T . u . c~) GO TO 17
F C J)  r-~ •

- .
CT IMI. (J ) ~~~~ .$~$

i E M P ( J ) : 4 .~~
,~R I T E ( 3 .  U’)

lb FO1i~~A T ( 5 * , ’++$$ + 0 - T A  TRACE HAS BEEN ZEROED + -i- -s-++ ’)

-- GO T O I
17 F(J ) 3~ ~T (T(J)/ANL)

F C U) • *A LO G1,~(F ( U) )

~E:T IE/2.
I F C 1 S U ~ . d E . ~~ ) GD TO 18
~i L = 2 * ~~ L

18 C~ 2—i I:’~L,t-E
IF (Ac~i(P.-~OC(I,J)),GT ,ABS (TEMP(J))) GO TO 10-. Go TQ ~~

1’6 IO~:!T Et - 9 ’( J ) : i - ’R O C ( I , J )
.- 23 C1)N1I-~U~- - 

C T I ~~E C J ) : 2 * I D
1S~~~(J) A~ 3(TE.MP(J))IS
COST I’4Ljt.

—
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SUBROUTINE LOVFIL

S1J~~~Ot JTI~~E LOVF1L ( P~~UF , I pT5EG ,ANGB ET )
i)I-’ENSI-)~ r~b U r - ( b 4 , 3 , 2 )
R $-? SP4f:~i. I
T R S r ~I~~~• -1
P ~i I - 1 .

SE 1 A f l~ -~

• .~
I I~- 3 T ~~ •
T~~.j NSri~~~. ~T I u - -S ’ -$ .i~~ A

~-‘15~~G L ~3 1 S E G
159

Cu 6~ 1 3, IPTS~ G, 2
IF (Pf~~F (1+1,1,1)) 10, 2P, I ~4

1~ P~~t : A T M - 4 2 C P~ UF( I+ t,1,l) , PBUF(I, 1,1))
~~~ Tn 3~2~3 I~~’.-~

C
C 5*-IIF 1 TIlIE L J j t I~
C

3.4 
~Rst~I:~~~JFCI ,3 , 1) *C ~) S( P h I ) s P B 1) F ( L + 1 , 3 ,  1) * S I N ( P H I )
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~T1S .-1 I =P -~ 1 F( I + 1 . 2 ,  1) *CCS .P ,-1 1) — P B U F ( I , 2 ,  1) * S I N ( P H I )
RISkJ :~~3UF( 1+1, 3, 1)-*COS(PHI)—PBUF ( I, 3, 1)*SIN (PHI)

C C- ) ”~~ TE A~~. TEST BET A
C

b 4 I-~ u S h i  / T ~ SM !

DE~~i~c T :3.. IA * C O NVRD
A 5 ~ E1:AaS (~ EG3ET)
Il~( A $ ’ s~ E T .GT . A~ G nE T) GO T O U~

C
-~i~~A TE ~

y 
~Ii-~uS BE.TA

C
T r T = T ~~s~~I*c c~~ET A )~~RRs H I*s I N c B E T A )
T I~~OT T iS ” I * C O 5 ( M E T A ) — R I S M I * S I N ( B E T A )

C
C ~~I~~1 ~AC~ 1’) G~ tGIN AL TIME ORIGIN

— C
- 

- T’~ - ~.SM:r~~ OT *C 3SCPMI —TIRnT*SI !~~PHI)
11 1 )

-
- sT  OT*SIW’i’PiI)+TIROT*COS(PHI)

0- i  T~ ~~U4 T - u - ’ ’~~ .~’
T1’-~.S’ 

1 ,.1

5~i P~~L~F( I,~~,1):T RlJ NSH
P’~

’ U F ( l + t , 2 , I ) t I NSH
aS~~ CO~ I I ~Uh

A-i Z
•
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SUBROUTINE RAYFIL

SUF~~O’i1i~ E ~AYFIL (,’€WF,IPTSEG,IP0~ER)DIME~a S IO- -~ PB UF (64 , 3 , 2 )
RVPOA:~ .-7

Drj 5-~ t:1,IPTSEG,2
I, 1, j ) * P c3UF ( 1,3, 1)- ,-PBUF(I+1, 1, l)*PBUF( 1+1,3, 1)

CPr Z:~~3JF( 1, 1, l )*PRUF( 1+1, 3~ 1) .PB UF(19-1, 1. 1)*PUUF(I~ 3, 1)
IF (CF-~I.~J€. ’~’.~~) GO TO 2~iRF IL:-i . ~1
Gu 1 U  3~-’

2-.~3 RFIL :CP~~I/S’~RT (CPRI**?+CpRR**2)
3i~i DO ~~~ J :1.I?OvER

IF( ’~F IL .LT . .~i~~’1) R F I L Q) .0
4~) RFIL:PFIL**2

P,3UF( I, 1., 1):PBUF(I, 1. j)*RFjL.
PHUF( 1+1, 1, ij:PBUF( 1+1, 1,
P~ L.~F( 1.3, 1):~’B’JF(I,3, 1)*RFILPbUF( 1+1, 3, 1) :PBUF( 1+1, 3, 1)*NFIL

c.i CO~~TI ~~JF
RE 1U~ ’-.
E~ D

1.

-- A — 13
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SUBROUTINE FILTBP

S1J C’~TI r~E F ILT~ P(F1N ,.~TD I M ,FL0,FHI, TAPR)
(IIME\SIUN FI~-.(21~~’,3),FILT(2100)E.NTDI-4 :-.TOIM
DELT F:1•~ /C2 ,.~*EN~~ IM)
FST= ((’~LO—T AP~~)/DELTF)*2,o
FLOU :(FLU/UFLTF)*2. lO
FP~II (Fh41/DELTF)*2.~
~sT :FSr

~cL~~O:f LuG

TA ;~ALF :1• /(F,...OO—FST)
JPTS :K L UU—K ST
~( Lt :P~ 4 I I ~~c L O - j
D(~ 1.1-’ I:j,r~T~~IM

- -

1~ M C~)~~T I  JQ~~
DO I i i  I:1,JPTS
A I T
F I ’.l (I+ (ST) :AI*TA ~~ALF

11~ CO~1TI ”~-iE
DO 1-2 —’ L 1, ’~LEN

12~ CO~ T I - - .JE - .
A JP I 5 J’TS
O~ 13’ I : i . J P F S
41:1
F !L T ( ~< r l I I + I ) - A J P T S A I ) * T A N A L F

13.~ C O N T I - ’~U€
D O ~~~ J 1, .S
DO 2~L-~ 1:1,i1019

I, U) :FIrJ ( I, 4) *FILI C I)
2Y’~ C3~’4 T I ~~ JE

P ET U Rr ~

A-14
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SUBROUTINE PLTRTN

- SUBi- iCJTINE PLTRTN(OATA ,IIPTS,T,TL, TR ,TE,$F)
I)IME~ S1uN DA T A (’JPTS)
EN NPTS
A LEN I,T (E’-a*T)/lOO.O
T I L : ( —A L F -4GT+ TL * .~i1)

-- T Ir~~ ( 4 L ENG T +TR * .41)
T IE ( — A ~..ENGT+T E* .Q’ 1)

- ~IST :KALEr~G
FINLE~4:ALEN GT— DIST
BLE.NoT~~~4LE~ GT

DO S I:L,:4PI5
5 IF(A ~~SCOA TA (I )) .GT.S) S=AIiS (DATA(I))

IF ~~~~~~~~~ G TO 7
SF ~. VS
G~ T ; 8

7 3F-= .~,~
8 CALL ~LOT (3 ,~~,—~ .8, 2)

0-’) 1 ‘~4.1,~(4LEr. GC A LL P L iT ~~~~~~~~~~~CA LL ~) L J T ~~( 1 . (j . ~~• 1 , 2)
C-~LL ~-‘LCT ~~~~~~~~~~~1 C A L L  I-’ LJT (1. s-i, .~‘,—2 )

- PA LL ~L~J 1 (FI~-~LLN ,I~,Y~,- 1 )
CA L L PLOT (TIE,~~.i~,3)
C~.LL P~L~a T ~~T IC, - .1.#~,2) -

- - CA LL ~LL~T(TIR ,~ •J,3)
C A L L  P L U T ( T Ib - l ,--~- J .b , 2)

- - CALL P L O T ( T IL,~~.~~,3)
C ALL ‘L-)T (TIL, — 3.b,2)• CAI .I.. P .JT (T I L ,  ~- . 5.2)

EYE :DATA( -iRT$ )~~SF
• - -  CALL 2L~~!CO X ,~~~~,3)

00 2 J:1,’~ePT 5

JJ:- -~~rs— JsI
EY:-)4T.~CJJ) *SF

..  2 CALL PLÜT (EX,~- Y.2)
CA LL P~..)T (~ LEt,GT,~~.~~,3)- - CALL  PLOT (~ LEI’GT,—O.8,—2 )

.. ~~TUR 1

A-15
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APPENDIX B
— DETECTION STATISTICS

The figures of this appendix give the detection statistics for

• - southern Kamchatka (SKAM ) single-site data, central Asia (CENA) single -
- site data , and central Asia (CENA) beam data. The upper portion of each
- figure shows a histogram indicating the number of detected and non-detected

event s for each m b increment. The lower portion of each figure shows the

maximum likelihood detectability cu rve for the stat istics represented by the
histogram.
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