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ABSTRACT 

I 
J 
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This report describes the continued evaluation of the 19-element 

Alaskan Long Period Array (ALPA), which was conducted by Texas Instruments, 

Incorporated,  at the Seismic Array Analysis Center over the period 1 April 1971 

through 31 March 1972. 

The major areas of study in the evaluation were: 

Signal analysis - signal similarity, beamsteer signal attenuation 

Noise analysis - spectral shape and levels,  time variability 

Two component processing gains 

Matched filter processing gains - master waveform and chirp 

matched filters 

ALPA detection and discrimination capability using S-waves 

Surface wave detection threshold at ALPA as a function of 

Performance of standard discriminants at ALPA - M   vs. 
s 

AL, and AR 

More than 120 events, primarily from the Sino-Soviet area, were pro- 

cessed in the course of this evaluation. Where applicable, earlier ALPA eval- 

uation results are discussed in conjunction with the present results. 

Neither the Advanced Research Projects Agency nor the Air Force 
Technical Applications Center will be responsible for information contained 
herein which has been supplied by other organizations or contractors,  and 
this document is subject to later revision as may be necessary.    The views 
and conclusions presented ate those of the authors and should not be inter- 
preted as necessarily representing the official policies, either expressed or 
implied, of the Advanced Research Projects Agency, the Air Force Technical 
Applications Center, or the US Government. 
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SECTION I 

INTRODUCTION 

This report presents the results of an evaluation of the full nineteen 

site Alaskan Long Period Array (ALPA).    It extends an analysis performed on a 

nine-site ALP A subarray, which has been reported earlier in Final Report for 

Long Period Array Processing Development, (Hariey 1971)L    The evaluation focus- 

es on determination of optimum techniques for the extraction of those long-period 

signals which may be useful in classifying events,  and on the utility of classifica- 

tion parameters obtained at ALP A.    Specific areas of investigation include: 

• Signal Analysis 

• Noise Analysis 

• Analysis of Two Component Processing 

• Matched Filter Performances 

• Analysis of S-Wave Processing 

• Seismic Event Detection Threshold 

• Behavior of Seismic Discriminants 

When applicable,  results from the evaluation of the limited array are compared 

to full array results. 

The data base is described and preliminary comments on the data pro- 

cessing methods are made in Section 11.   Sections III through IX discuss details 

of the specific areas of study.    Section X summarizes results and conclusions 

and suggests areas of further analysis utilizing the ALPA array. 

1-1 
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SECTION II 

DATA BASE AND GENERAL COMMENTS ON ANALYSIS 
METHODS EMPLOYED 

Results presented in this report are based mainly on seismic events 

recorded during the time interval after the full nineteen element array became 

available; June,  1971 through the end of 1971.    A few events of special interest 

which occurred prior to this time period are also included.    Significant para- 

meters for each of these 117 events are listed in Table II-1.   Each event is named 

by a three part designator consisting of a three letter abbreviation for the region, 

the Julian date, and the hour (GMT) of occurrence.    Parameters listed include the 

exact event time, latitude and longitude, epicentral distance and great circle azi- 

muth from ALP A,  body wave magnitude (m^; ALPA surface wave magnitudes 

computed from both Rayleigh and Love wave energy,  AL and AR discriminant 

values (see Section DC),  and depth if known.    Also listed are comments for each 

event giving the data source (L for LAS A Bulletin,  N for NORSAR Bulletin, or 

C for National Earthquake Information Center data),  and whether the event was 

detected (D) or not detected (ND).    Also designated by the letter   E   in the com- 

ments section of Table II-1 are the events which are presumed to be explosions. 

In all processing discussed in following paragraphs, the raw data from 

1^ the triaxial seismometers at each site at ALPA have been rotated by means of a 

transformation of coordinates to form three mutually perpendicular components 

j^ of ground motion, one vertical and two horizontal.    Of the horizontal components, 

^ one lies in the direction of the great circle azimuth to the event in question (radial 

component) and the second lies perpendicular to this (transverse component). 

Therefore the Love wave energy from a seismic event will occur on the transverse 

component trace and the Rayleigh wave energy will occur on the vertical and radial 
traces. 

II-1 
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Whenever beamsteering is performed on an event,  a beamsteer trace 

is formed for each component of motion (transverse, vertical,  and radial) using 

all available sites.    The number of sites available for beamsteering each event 

is given in parenthesis in the comments section of Table II-1.    Each beam was 

aimed in the direction of the great circle azimuth to the event; the velocities 

used were 4. 0 km/sec for the Love Waves,  3.5 km/sec for the Rayleigh Waves, 

and appropriate distance-d« pendent velocities for the Shear Waves. 

The configuration of the ALP A array is shown in Figure II-1.    Analytical 

methods relating to specific areas of study are described in the following sections. 

: 
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SECTION III 

SIGNAL ANALYSIS 
,      .     ■ ,     , 

The signal analysis presented here was undertaken to examine the fol- 

lowing characteristics of ALPA, using the full 19-element array: 

• Site-to-site signal similarity 

• Signal attenuation for the 19-element array versus a 

7-element subarray 

A. SITE-TO-SITE SIGNAL SIMILARITY 

The signal similarity between sites was determined in terms of the 

correlation coefficient between a reference site (site 8, at the center of the 

array) and each of the remaining 18 sites,  computed over a time gate containing 

a large event.    The correlation coefficient   p  is defined in the following manner 

(Harley 1967). 

■ 

0ij (A) 

0^(0)0  (0) 

Vj.Ct) is the crosscorrelation between sites i and j  at lag t; 

A is the lag at which 0..(t) is a maximum; and 

^„(O) and   <)>..(0) are the zero lag autocorrelation values for 
JJ 

sites i and j. 

Identical signals on the i-th and j-th sensors yield the maximum p value of 

unity; in practice, p values greater than 0.85 indicate good signal similarity. 

Axis rotation was performed to obtain transverse, vertical, and radial 

components of ground motion, and correlation coefficients were computed for 
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each component.   Data from all sites were first time-aligned using the great 

circle signal azimuth and the appropriate mode velocity.    This was done to 

reduce the number of lags for which the crosscorrelation functions must be 

computed in order to locate their maxima.    The lags at which the correlation 

coefficient maxima occur are then lags with respect to proper beamsteer time 

alignment.    Maxima occurring at appreciable lag values are evidence of move- 

out anomalies which will cause beamsteer signal attenuation if not taken ipto 

account.    This method is the same one used in a signal similarity study of the 

9-8ite limited array, the results of which were reported earlier (Harley 1971).     , 

The values of correlation coefficient computations for 14 events ranging 

in mb from 4. 6 to 7. 1 are presented in Tables UI-l through,m-3 (one table for 

each of the transverse, vertical, and radial components).   Also presented in 

each table are the average correlation coefficient for each site, the average 

correlation coefficient for each event, and a typical, zero-to-peak value of ground 

motion at the reference site for each event.   No evidence of moveout anomalies 

was found; therefore, lag data are omitted.    Note that this observation shows 

that a plane-wave nondispersive signal model is adeqi^ate for array beamforming. 

In the case of the LQ transverse component the average correlation' 

coefficient is greater than 0. 85 for all the large events.    The s^me^hat lower 

values for the small events occurred because the signal-to-noise ratio was too 

small to get a clear estimate of signal similarity. 

Noise corruption does not appear to be a sufficient explanation for the   ' 

anomalously low correlation coefficient values for the transverse component of     , 

the NRS*233*19 event.    To test whether the reference site might be causing the 

low values, correlation coefficients were also computed using site 6 as the 

reference site.    The results were substantially unchanged. 
, i ,    ■• ,        i 

In the case of the LR-vertical and LR-ra4ial.fi values, overall correla- 

tion coefficients are somewhat lower than for the LQ-transverse component. 

Correlation coefficients for most of the larger events are, still above 0. 80 with 
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the exception of events SAK*248*18 and SAK*249*13, which appear to yield 

anomalously low correlation coefficients.   It also appears that the correlation 

coefficients between site 8 and sites 14 and 15 are consistently low f^r the 

Sakhalin Island (designated SAK) events.   No explanation has been fcnmd for 

this phenomenon; however, it is possible that the site 14 and 15 system re- 

sponses may be somewhat different from the rest during the day 248 to day 270 

time period. 

In the case of the KAM*206*03 event, there appears to be a substantial 

difference in waveform across the array.    The vertical and rudial component 

correlation coefficients are generally better on the southwest side of the array 

(Figure II -1) than elsewhere.    Correlation coefficients were also computed 

for this event using site 6 as the reference site.    With this change, correlation 

coefficient values were above 0.70 in the southwest part of the array (sites 1-9) 

and were low elsewhere. _. 

[: 
Overall, correlation coefficients for the full array are somewhat lower 

than those obtained for the nine-site limited array.    This difference Ü:iicate8 

that array processing signal loss for the full array might be expected to be some- 

what greater for the full array than for the limited array.   Some of the difference 

for the smaller events may be due to the fact that the reference site (8) for the 

full array study is noisier than the reference site (6) used in most of the limited 

array study. 

B. BEAMSTEER SIGNAL ATTENUATION 

A study was made to examine beamsteer signal attenuation by the full 

array and to compare the full array in this respect to a seven-element subarray. 

The seven-element subarray used was the hexagonal array formed from sites 

I. 3, 4, 6,  8,  9, and 19 (Figure II -1),    Fifteen events ranging in m^ from 4.6 

to 7. 1 were used in the study.    The events used are listed in Table III-4.    Two 

beams were formed for each event, one from 'he full array and the other from 

the subarray.    For each event, peak-to^peak signal amplitudes were measured 
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TABLE III-4 

SMALL ARRAY AND FULL ARRAY BEAM SIGNAL 
ATTENUATION 

Event 
Name 

Signal Attenuation Relative to Refe rence Site     (dB)    1 

Small Array Full Array              1 

T V R T V R 
KUR*213*02 0.7 0.2 0.2 1.0 0.6 0.3 
KAM*206*03 1.6 0.8 -1.1 1.2 3.0 0.0 
TAD*205*11 1.6 -0.3 0.0 2.9 0.9 0.9 
SAK*249*03 0.0 0.2 0.6 0.4 1.8 1.8 
IRA*221*02 1.0 1.1 0.2 1.5 2.1 1.0 
CRS*236*16 1.6 1.2 -0.3 1.8 1.2 1.3 

NRS*233*19 2.4 1.6 0.1 3.1 2.1 2.1 

SAK*249*07 2.2 1.4 2.0 1.2 2.9 2.7 
HOK*214*07 0.3 1.1 1.0 1.0 2.1 2.2 
KGZ*301*14 0.2 1.3 0.1 1.6 2.9 1.7 
SAK*249*13 1.8 2.6 3.4 1.2 3.6 4.9 
SAK*248*18 1.9 0.6 1.2 1.6 2.3 1.7 
SAK*251*11 1.6 1.5 0.6 1.1 2.1 1.8 
SAK*251*16 1.5 0.4 0.9 1.0 1.3 1.4 

SAK*270*19 1.8 1.2 0.7 1.2 2.2 2.0 

AVERAGE 1.3 1.0 0.6 1.4 2.1 1.7 

• 
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at three corresponding points in the reference site waveform, the seven-site 

beam, and the full array beam.    Three ratios of the reference waveform ampli- 

tude to the beam amplitude were computed for each beam and averaged.    The 

value of this averaged ratio (in dB) was used as the signal attenuation figure for 

the beam in question.    The results of these measurements'for the transverse (T), 
■ - ,     - » 

vertical (V), and radial (R) components are presented in Table III-4. 

The obsarved signal attenuation results are generally consiBtent with the 

observed correlation coefficient values.   In the case of the vertical component, 

event NRS*233*19 yielded the lowest correlation coefficients, and it also ex- 

hibits the most signal attenuation.   In the case of the vertical component data, 

the consistency is somewhat less; the event which exhibits the greatest attenua- 

tion on the full array beam, SAK*249!!t 13, has a low site average correlation 

coefficient, but not the lowest observed, , , 
i 

Radial component data is also generally consistent; the event with the 

lowest average correlation coefficient is also the most severely attenuated. 

Event KAM*206*03 appears to be anomalous.    The average Correlation coefficient 

is the second lowest observed (0.59), but there is no perceptible signal attenua- 

tion on the full array beam. 
■ 

The average beam attenuation for the transverse component is approxi- 

mately the same for both the small array and the full array, about 1.4 dB.    For 

the vertical and radial components the full array beam causes about two dB , 

attenuation, as opposed to about one dB for the small array beam.    The slightly 

higher Rayleigh wave attenuation is consistent with th^ lower observed correla- 

tion coefficients.   Differences among components are small, however, and 

probably not physically significant; it appears reasonable to say that full array 

and partial array surface wave beamforming signal losses average about two dB 

and one dB, respectively. i 
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i      I 

i SEqTION IV i ■ 

NOISE ANALYSIS 

| 

, i ' i        , l ' 
Analysis of one-hour ALPA noise samples,   recorded at approx- 

■ i 

imately ten-day intervals, has continued during 1971.    The analysis was direc- 

ted to an understanding of the ambient noise field as recorded by the full    l 

niheteen-site array.    The principal tools used were spectral analysis and 

high-resolution frequency-wavenumber analysis. i 

Figure IV-1 gives average ALPA noiseipower density spectra 

fo!r data recorded during the winters of 1970 and 1971.    During the winter of 

1970, high noise levels w;ere observed frequently at ALPA at periods greater 

than, twenty seconds (Long i -     jd Array Processing Development Reports       , 

(Härley 1971) and (Texas Instrumentale.   1970).  This noise was highly variable 

and incoherent from site-to-site.   It was particularly bothersome sin'ce it fell 

in that part of the spectrum containing normal long-period signals.    During 

late 1970 and early 1971 steps were taken at the array to alleviate this diffi- 
iii i 

culty.    Figure IV-1 illustrates the efificacyof these measures.    Fpur different 

noise samples were selected randomly from each of the winters of 1970 and 

1971. For each of these pamples single-site power density spectra were com- 

i puted,  and the resultant spectra were averaged over the individual sites.    These 

average spectra were averaged further over the four samples of each winter 

and the'resultant average spectra are given in the figure.    Since only nine.site^ 

located in the southern half of ALPA were available during 1970,  the 1971 com- 

putations also v^ere made with these same nine sites.    The spectral levels at 

periods greater than twenty second^ are about ten dB lower for the 1971 data 

than for the 1970 data.    This suggest^ that thie remedial steps taken were quite 

pffective.        ' ' , 

IV-1 

,A 27 



60 

N 
SB 

o 

ft 

H 
X 

(VJ 

50 

40 

> 

■ u 

to 
c 
9) 

Q 

4) 

O 

30    - 

20 

10 1970 

1971 

1 ± ± ± 
0. 02 0.08 0. 0** 0. 06 

Frequency (Hz) 

ALPA NOISE POWER DENSITY SPECTRA AVERAGED 
OVER FIRST NINE SITES AND FOUR WINTER 

NOISE SAMPLES FOR 1970 AND 1971 

FIGURE IV-1 

IV-2 

28 

0 
0 
0 
0 

( 

L 

{ 

0 
i 



I 
I 
I 
I 
1 
I 
I 

Figures IV-2,  3,  and 4 illustrate the RMS noise levels observed 

at ALPA during 1971.    Corresponding values for NORSAR are included for com- 

parison.    For each noise sample the RMS value of the noise at each site in the 

0. 025 to 0. 055 Hz band was computed over a one hour time gate.    This is the 

standard bandpass used for s^r.al extraction at ALPA    The RMS values were 

averaged over all functioning sites of the array and the resultant averages are 

shown in the figures.    The three figures give data for the vertical, east-west,  and 

north-south components respectively.    During the period day 240 to day 320 ALPA 

experienced occasional days with high RMS noise levels.    From day 320 to 360, 

however, the noise levels were slightly above normal summer levels.    The winter 

time increase at NORSAR appeared to begin at a later date in the year, but per- 

sisted through the end of the year. 

A different mechanism dominates the cold weather increases at 

ALPA than at NORSAR.    Although Figure IV-1 indicates that the high long-period 

noise levels observed at ALPA during 1970 have been substantially reduced, occ- 

asional high noise levels still occur.    The noise levels during the period day 240 

to day 320 in Figures IV-2,  3,  and 4 appear only at a few sites and are not corr- 

ectable to microseismic activity.    At NORSAR, on the other hand, the increases 

at the end of 1971 are relatable to increased microseismic levels.    This is evi- 

denced by Figure IV-5 which illustrates the spectral levels in the fifteen to twenty 

second band at ALPA and NORSAR.    Microseisms at ALPA show some tendency 

to be higher in winter, but the trend at NORSAR is much more pronounced. 

The directions to the sources of ALPA microseisms are shown 

in Figure IV-6.    In this figure the source direction of the peak microseismic 

noise, measured from frequency-wavenumber spectra, is indicated by an arrow- 

head.    When a clearly discernible secondary peak was present, its source direction 

is indicated by a circle.    On days when an azimuthal continuum of energy was pre- 

sent, the range of source azimuths for this energy is indicated by a line.    The 

spectral levels of the total microseismic energy are shown at the bottom of the 
figure. 
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The predominant source direction during 1971 was in the vicinity 
.       o •'    ■     ■ i •. 

of 140 , Which coincides with the western Canadian and United States coastiines. 

Only rarely do the sources fall in the range of azimuths to the area of interest 

(270    to 36p ).    The figure also suggests that the noise tends to have an isotrop- 

ic distribution of sources only on fairly quiet days, but this is possibly an arti- 

fact of the way in which the data are presented.    This is suggested by the 

following considerations.    Contimia are indicated only when their levels are 

six dB or less l^eloW the peak value of the frequency-wavenumber spectra.   On 

days when strong point sources are present the residual isotropic noise,  if it 
I 

exists, tends to be masked.1    Thus it is possible that there is a low level iso- 

tropic component at all times, but this only becomes evident on days when the 

moredirectipnal components are relatively weak.    The important observation, 

however, is that strong directional sources rarely coincide with directions to the 

area of interest. 
' 

The efficacy of beamsteering the nine-sites located in the 

southern half of ALPA has been reported previously in the Long Period Final 

Report (Harley,   ^971).    It is of interest to compare the performance of this 

subarray with that of the full array.  ' In addition,  it has been observed that 

sites 6,   12,   13,   14,   15,   16,  and 17 typically have lower noise levels in the 

signal processing band than do the other sites of the array.    Thus the per- 

formance of an array composed of these sites is also oMnterest.    Vertical 

component weighted beamsteers were formed for a suite of the 1971 noise 

samples.    In each case three beams were formed; one using the nine sites 

available during 1970. one using the full array,  and one using the optimal seven 

sites listed above.    Surface wave velocities and a 340° source azimuth  v re used 

in forming the beams.    Note that on any particular day only the well recorded 

sites of the array or subarray were used in forming the beams.    The output 

measure in each case was the RMS value of the noise in the 0. 025 to 0. 055 Hz 
bandpass.      '• 
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These results are presented in Figure IV-7.    As expected the full 

array beams always result in lower noise levels than do the subarray beams. Com- 

parison of the nine-site subarray beams with the optimal seven-site beams does 

not indicate a marked preference for either one.    The high output level of the nine- 

site beam on day 250 results from the fact that of the eight sites used in the beam, 

only three had normal noise levels.    The remaining five sites showed abnormally 

high noise levels at periods greater than twenty seconds.    The sites used in the 

seven-site beam tended to have lower noise levels.    As a result both the seven- 

site and the full array beams showed lower output noise levels.    The poor perfor- 

mance of the seven-site beam on day 281 results from the fact that only three of 

the seven sites were available for processing. 

The ratio of nine-site array to full array output noise, averaged 

over the fifteen samples is 1.33,  suggesting a difference in surface-wave detec- 

tability of 0. 12 M8 units.    In the most extreme case (day 250) the ratio is 1. 71, 

corresponding to 0.23 Mg units.    The theoretical result for nine vs. nineteen sites, 

assuming   Vn" noise suppression,  suggests a difference of 0.16 MB units.    As 

discussed in section III beamsteer signal degradation will be slightly more severe 

with nineteen sites than with nine.    Thus it would appear that on the average the 

nineteen-site array will provide no more than 0.1 M   units of increased detecta- 
s 

bility over the nine-site array. 

In summary it appears that the anomalous long-period noise pro- 

blem observed during 1970 has been apparently alleviated.    During 1971 high long- 

period noise appeared occasionally on a few sites, particularly during the period 

day 240 to day 320.    In the period day 320 to day 360,  the ALPA noise levels were 

only slightly above those observed during the summer.    Only rarely do the sources 

of microseisms at ALPA coincide with directions to the area of interest.    The RMS 

value of beamsteered noise in the band 0. 025 to 0. 055 Hz ranges from 1. 5 to 3. 0 

m||.    If some seven-site subset rather than the fuj.l array is used in forming the 

beams it appears that the average increase in output noise will be less than a 

factor of 1,5, 
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SECTION V 

TWO-COMPONENT PROCESSING GAINS 

It appears possible fchat after beamsteering and bandpass filtering the 

vertical and radial components of the Rayleigh wave, additional signal-to-noise 

ratio (SNR) enhancement can be realized by properly combining the outputs of 

the two beams.    Recognizing that in theory the vertical and radial components of 

the fundamental mode Rayleigh wave are related at each frequency by an appro- 

priate scalar and a ninety-degree phase shift, a simple means of accomplishing 

this involves scaling the two beams, delaying the radial component by ninety 

degrees, and summing.    It has been observed empirically that the use of fre- 

quency independent scale factors of 0.5 for both components results in accept- 

able signal preservation (Harley 1971).    Proceeding in this manner,  if the noise 

in the two beam outputs is completely incoherent on   would expect a noise supp- 

ression of 3 dB from the two-component processor.    If the noise is to some ex- 

tent coherent,  then the p-acessing gain is less predictable.    In view of the situa- 

tion at ALPA, however,  greater gains might be expected occasionally.    The azi- 

muths to most sources of interest lie in the northwest quadrant, that is,   between 

270    and 0 .    Coherent noise sources are largely confined to southerly directions. 

The predominant source azimuth for noise is near 140°.    Thus the noise tends to 

come from the back azimuth and the coherent Rayleigh-wave noise on the signal- 

oriented radial component will lag that noise on the vertical component by ninety 

degrees.    After delaying the radial component by ninety degrees to align the two- 

component signal, the two components of this noise will be exactly 180° out of 

phase and should tend to cancel. 

In practice only about 2 dB SNR gains have been observed with this tech- 

nique at ALPA (Harley 1971 ).    Further experimentation with the technique has 

been conducted in an effort to refine these results.    Fifty-three of the events 

listed in Table II-1 were processed using this technique. 
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The reeults will be discussed first with regard to the theoretical considerations 

mentioned above.    For 25 of the events the RMS value of the noise in the band 

0,025 to 0.055 Hz was computed for both the vertical and radial components and 

averaged.    The ratio of this average to the corresponding RMS value of the 

two-component output noise was then computed.    The average of this ratio over 

the 25 cases is a measure of expected noise suppression and proved to be 1.9 dB, 

The largest ratio observed in any of these cases was 3. 9 dB.    These results 

indicate that the theoretical suppression of 3.0 dB for random noise is not 

realized on the average, and that additional gains stemming from the back azi- 

muth theory are almost never observed.    There are two probable reasons for 

the latter result.    Microseismic energy which one would expect to be coherent 

occurs largely at frequencies above the band considered here.    Secondly, beam- 

steering the vertical and radial components will in all likelihood reduce any 

coherence that existed between those two components of noise at any given site. 

The ratio of the peak signal value in the two-component output to the 

average of the vertical and radial peak signal values was also examined.    This 

ratio averaged over sixteen large events was found to be 1.01.    This suggests 

that when the signal amplitudes are similar on the two components, they are 

preserved by the processor.    When there is a noticeable difference between the 

peaks on the two components, the processor yields a peak value somewhere 

between those two peaks . 

Two-component signal-to-noise ratios, defined as the ratio (in dB) of the 

peak value of the signal to the RMS value of the preceding noise, were computed 

V-2 
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D Combining these results it would appear that the two-component processor 

will yield an average SNR gain of about two dB and only on very rare occasions 

will this range as high as four dB.   It is important to note, however, that the 

comparison here is between the processor output SNR and the average of the 

SNR's on the two input components.   In the practical case where the processor 

output is compared to the input component having the highest SNR, the processor 

gain would be expected to be less. 
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from the two-component bandpassed output trace for the 34 events which were 

detected.   The SNR gain from two-component processing was then computed for 

these events by subtracting from the two-component SNR in dB the SNR 6f the 
r 

better of the LR vertical or LR radial handpassed trace1.    Tl^e bandpass was 

0.025-0.055 Hz.    The results of this computation are presented in Table VI-9. 

The following observations concern these results. 
i 

• The SNR gain observed was quite variable,  and surprisingly 

low values occurred fairly frequently.    This probably is 

the result of several factors.   In many cases the noise 

and/or the signal had significantly different levels on 

the vertical component than on the radial component. 

As a result one of the two was a high SNR component in 

comparison with the other.    The processor output com- 

pared quite favorably with the poorer component, but 

the valid comparison iswith the better of the two in- 

put components . (This is the comparison presented in 

Table VI-9.) In such cases the processor output was 

little better than,  or even inferior to,  the high SNR 

component.^ A second reason for the variability stems 
i 

from the fact that some of the events were fairly small, 

and presumed measurements of the signal were really 

measurements of signal plus noise.    When the processor 

attenuated the noise, it appeared that signal attenua-        ' ' 

tion had occurred. , Thus the measured SNk improvement 

for such events was biased low. 

• The average SNR gain for the events listed was 0.8 dB. 

In view of the bias mentioned above it is'likely that this 

value is slightly lower than the true expected value of 

gain.    It is not likely, however, that the true value o^ 
i i 

SNR gain is appreciably greater than one dB.    As 
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noted above, when the processor output SNR is ' 
i .        ■.• i    ' i i       * 

compared to the average SNR of the two compohents     , 

only 1.9 dB of improvement is observed on the 

average.   Here^where the comparison is with the 

better of the two components a lesser value will 

.    result.    Thus it appears that the true average SNR       i 

1 gain is between one and two dB. 

[      ,      ,   •(        ' On occasion somewhat higher values of ÖNR gain do 

occur,   (The largest value in TableVI-9 is 3.4 dB.) 
I ■       ^ ! ' f J 

To summarize, it appears that, on the average, the SNR of the less 

noisy of the vertical and radial components can be improved by tWo dB or less. 

Occasionally the improvement is somewhat higher, but it appears unlikely that 

it will ever he greater than four dB.       i , '      . 
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SECTION VI 

MATCHED FILTER RESULTS 

INTRODUCTION 

Matched filtering as a method of SNR improvement was examined using 

both master events and chirp waveforms.   SNR improvement results for 65 

events which were detected in chirp filter output traces and 56 events which 

were detected in master waveform matched filter output traces are discussed 

below.    These results are compared to results obtained earlier using the initial 
nine-site array (Harley 1971).   All events were bandpass-filtered before matched 

filtering using a 0.025-0.055 Hz bandpass.    True signal-to-noise ratios (SNR's) 
were used ^ the present study to obtain matched filter results.    Each SNR was 

calculated as the ratio of the peak value of the signal to the RMS value of the 

noise in a gate ahead of the signal.    The SNR improvement of a matched filtered 

beam over the corresponding bandpassed beam is then the difference in dB 

between the SNR's for the two beams.    Processing was done in the same manner 

for each of the three components of each waveform-Transverse (T), Vertical (V), 

and Radial (R). 

B . MASTER WAVEFORM MATCHED FILTER RESULTS 

1. Routine Processing Results 

A suite of 21 master events has been selected to evaluate master wave- 

form matched filtering.    The selection criteria were good SNR,  shallow focus, 

and Ic ation in nn area of interest.    The approximate locations of the master 

events are shown in Figure VI-1 and Table VI-1 gives the name and pertinent 

data for the event corresponding to each numbered location in the figure.   Slashes 

are used within event names in Table VI-1 to designate events occurring in 1970 

and reported earlier (Harley 1971); the asterisks are used in naming those 

events occurring in 1971 and listed in Table   II-l. 

VI-1 
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I 
1 TABLE VI-1 

I 
MASTER WAVEFORM EVENT DATA 

I 
I 

Event 
Name 

Date 
M/D/Y 

Time 
(hr-min-sec) 

Lat. 
(0N) 

Lon. 
(0E) 

Depth 
(km) mb 

Location 
number 
Fig.  V-l 

KAZ/249/04 9/06/70 04-02-57 49.8 78.1 0 5.6 1 

I 
CHI/210/05 7/29/70 05-50-56 39.9 77.8 13 5.2 2 
CRS/287/05 10/14/70 05-59-57 73.3 55.1 0 6.7 3 

E SIB/156/10 6/05/70 10-31-54 63.4 146.2 33 5.5 4 
L ALB/231/02 8/19/70 02-01-53 41.4 19.8 33 5.2 5 

n KAM/242/00 8/30/70 00-38-40 52. 1 159.6 33 5.2 6 
.. CHI/212/13 7/31/70 13-10-47 28.6 103.6 25 5.5 7 

n ERS/241/14 8/29/70 14-59-23 51. 1 135.3 33 5.4 8 U IRA/242/16 8/30/70 16-17-31 37.4 56.0 33 5. 1 9 

n KUR/219/01 8/07/70 01-43-19 43.8 148.3 33 5.0 10 i. CAU/137/06 5/17/70 06-49-06 43.0 46.9 33 5.0 11 
- CRC/184/00 7/03/70 00-41-01 38.7 20.4 33 5. 1 12 
■ KYU/206/22 7/25/70 22-41-11 32.2 131.7 34 6. 1 13 
■ BUR/210/10 7/29/70 10-16-19 26.0 95.4 59 6.5 14 
> WKZ/357/07 12/21/70 07-00-57 43.8 54.8 0 6.1 15 

i [JRL*082*06 3/21/71 06-59-56 61.3 56.5 0 5.6 16 
•            « 

i 3AK*251*16 9/06/71 16-59-53 48.0 143.0 16 5.9 17 
•                                        r rAD«205*ll 7/22/71 11-43-39 39.5 73.2 33 5.6 18 

)IN*219*15 8/05/71 15-21-53 36.1 77.7 33 4.8 19 

l CAM*206*03 7/23/71 03-45-05 52.6 160.7 33 4.5 20 
I CUR* 190* 16 7/07/71 16-44-16 43.5 147.7 46 4.5 21 

VI-3 
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There is substantial variation in the SNR improvement from event to 

event (Table VI-2), even for events which are close to the master event.    For 

example, in the case of the KAZ/249/04 master, more than five dB difference 

in LR vertical component    SNR improvement was found between two events within 

thirty kilometers of the master event.    Similar event-to-event variations were 

observed in the earlier results. 

v:-4 
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The master events were matched filtered against themselves; the time 

of occurrence of the peak in the output waveform was used along with the event 

origin time and distance from ALPA in order to arrive at an effective "velocity 

of propagatioi:" of the matched filter output peak for that master event.    This 

velocity was in turn used to calculate an expected time of occurrence of the 

matched filter output peak for each test event filtered with that master wave- 

form.    The maximum deviation in seconds from the expected peak occurrence 

time (considering all three components) is listed in Table VI-2 for each test 

event.    Better than 90% of the peaks for events detected by master waveform 

matched filtering fell within a time p,ate of+170 seconds from the expected 

arrival time.    This percentage could be increased if adjustment were made in 

cases of those master waveforms for which the computed arrival time shows a ** 

consistent bias with respect to the actual arrival time (e.g. , the KAZ/249/04 f] 

master event data). •• 

The SNR improvements obtained from master waveform matched filtering 

of 56 events are also given in Table VI-2, along with the master-test event 

separation distance in kilometers for each event.    Exact comparisons between 

the present results and earlier reported results (Harley 1971) are impossible 

because different bandpasses were used.    However,  in the comments on the 

present results which follow, certain general similarities and differences in 

the two sets of results will be noted. 

■ 

In the present results there is a general tendency toward larger SNR 

improvement for the LR vertical component than for the LR radial component, 

as was observed In the earlier study.    Overall, SNR improvement for the LR 

vertical component averages 3.5 dB as opposed to 2.7 dB for the LR-radial 

; 
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component.   An exception to this tendency was found in both studies in the 

case of events processed with the Kamchatka master event (KAM/242/00).   In 

the present study the LR radial component averages about 0.8 dB greater im- 

provement than the LR vertical component (3.6 dB vs 2.8 dB).   This fact adds 

to the evidence of apparently anomalous behavior of the LR vertical and LR 

radial components of signals from this region, and also was noted in the two- 

component processing study discussed previously. 

Matched filtering the LQ transverse components of the events of the 

present study yielded a generally smaller SNR improvement than either the LR 

vertical or LR radial components, particularly in the case of events from the 

Asian continent.   Overall SNR improvement for the LQ-transverse component 

averaged only 2.1 dB.   The Kamchatka (KAM/242/00) and Sakhalin Island 

(SAK*251*16) matched filters yielded better results however, achieving average 

improvements of 4. 0 and 5.2 dB.  respectively.    Love wave amplitudes from 

the Sakhalin Island events were substantially larger than the Rayleigh wave 

amplitudes for those events.   It is likely that the master event and at least some 

of the test events were on the same fault. 

One of the differences observed between present results and the earlier 

results is the greater region-to-region consistency of the present average SNR 

improvements, especially for the four regions for which the greatest number 

of events were processed; Kurile Islands (KUR/219/01), Eask Kazakh 

(KAZ/249/04), Sinkiang (CHI/210/05), and Kamchatka (KAM/242/00).   Average 

SNR improvement results were within 0.5 dB in the present study, and were 

identical for three of the four regions.   Differences in average SNR improve- 

ment among these regions of more than five dB were observed in the earlier 

study.   One possible explanation for this fact is that in the present study the 

greater number of events in the suite of test events for each master tended to 

smooth out the relatively large event-to-event variation in SNR improvement. 

Another difference between present and earlier results is the generally 

lower SNR improvements in the present study.   Earlier master waveform 
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matched filter improvements exceeded five dB in  27% or more of the cases 

studied; the five dB SNR improvement figure was exceeded in only 17% of the 

present cases.   This difference comes mainly from the following sources. 

• The earlier SNR improvement calculations used 

measurements of signal peaks only, with the assumption 

that for all events bcth bandpass and matched filters 

affected the RMS noise equally.   However,  as shown 

later,  some of the master waveform matched filters 

were observed to yield larger RMS noise outputs than 

the equivalent bandpass filter.    Thus the previous 

estimates probably were biased high. 

• Test events of the present study were generally 

smaller than events of the earlier study.    A given 

amount of corrupting noise in the filtered signal outputs 

will tend to reduce measured SNR ratio improvements 

more for small test events than for large ones. 

• Some of the master-test event separation distances 

were significantly larger in the present study, which 

would tend to result in poorer matching between the 

master and test event. 

In Figure VI-2 master waveform matched filter improvements for the 

LR vertical signal component are plotted as a function of master-test event 

separation.    Although there is considerable scatter, the trend is toward 

decreasing improvement for greater distances. 

Examples of the difference in effect on RMS noise between a master 

waveform matched filter and a bandpass filter are given in Table VI-3.    Noise 

samples preceding nine test events were filtered with the KAZ/249/04 master 

waveform matched filter and the 0.025-0.055 Hz bandpass filter.    The ratio 

of the RMS noise output from the master waveform filter to the RMS noise 
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TABLE VI-3 

RATIO OF 
MASTER WAVEFORM MATCHED FILTER RM ' NOISE OUTPUT 

TO BANDPASS FILTER RMS NOISE OUTPUT IN dB D 
Events Which 

Noise Sample Precedes: 

 —  
(Matched Filter RMS Noise Out/ 
Bandpass Filter Noise Out) 

dB 

] 

EKZ*115*03 

i                   ' ■   ■ 

T                           V R 

4.6 3.0 -0.1 

EKZ*364*06 -4.2 1.8 -3.4 

EKZ*081*04 -1.6 1.0 -1.8 

EKZ*282*06 -- 1.0 -1.4 
- EKZ*294«06 -3.2 1.2 -2.0 

EKZ*157*04 -3.2 0.8 
_ 

EKZ*170*04 -3.6 3.4 -2.0 

KAZ*273*12 -- 1.4 -1.8 

CRS*236*16 -4.6                       0.8 -3.4 

J 
'"   "  ■ , ■ — 
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.1 

output from the bandpass filter was computed from ^ach noise sample and con- 

verted to dB.    These dB values are shown in Table VI-3.    Positive values 

indicate greater RMS noise in the matched filter output, which must be made up 

for by an increase in the peak signal out of the matched filter in order to show a 

net SNR gain over the bandpass filter.    In the case of the LR vertical component 

data in Table VI-3, the master waveform matched filters showed an average of 

1. 6 dB higher RMS output noise level than the bandpass filter.    Table VI-3 also, 

shows evidence of a significant variation from sample to sample in the relative 

effect of the matched filter and bandpass filter on the RMS hoise.'   This variab- 

ility is a result of the effect of the spectral shape of the matched filter on the 

differing spectral contents of the various noise samplea. ' 

2. Investigation of the Perforrtnance of Different Master Waveforms 
on Events from the Saine Region 

An implicit assumption in the discussion-of the master waveform matched 

filtering results given in Table VI-2 is that the master waveform selected for 

each region is nearly optimum for events from that region.    In order to explore 

this assumption, events from two regions, already processed with one mapter, 

were processed with a second master waveform from the same region.    In each 

case the second master waveform was chosen from the suite of events processed 

with the first matched waveform.    It was selected insofar as possible on the       ' 

basis of an anomalously low SNR improvement when processed ^vith the first 

master waveform; the assumption being that the poor performance: was diie to 

a significant difference in waveform.    The first alternate matched filter chosen 

was the event KAM*206*03, from the suite of events processed with the 

KAM/242/00 master waveform.    The second was the event SIN*219*15, from the 

suite of events processed with the CHr/210/05 matched filter.    The results 

of processing each suite of events with two masters are given in Table VI-4. 

The figures given represent true SNR improvement in dB. i 

In the case of the suite of Sinkiang events (CHI/210/05 and SIN*219*15 

masters), the CHI/210/05 master performs better than the SIN*219*15 master 

VI-13 
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TABLE VI-4, 

MATCHEP FILTER IMPROVEMENTS FOR TWO SUITES OF EVENTS 
1 PROCESSED WITH ALTERNATE MASTER WAVEFORMS 

i i ' 

MASTER EVENT 

TEST EVENT 

SIN*237*06 

SIN«184*04 

TAD*205*11 

SIN*^21*01 

HIN*182«14 
i 

Average 

Sep- 
ara- 
tion 

84 

201 

396 

529, 

901 

CHI/210/05 

MASTER EVENT 

TEST. EVENT 

KAM*204*08 

KAM*2|06*08i 

KAM«193*02 

KUR*199*12 

KUR*2,13*02 

KUR*206*00 

Average 

Sep 
ara- 
tion 
100 

104 

114 

217 

271 

455 

0.8 

4.0 

' 3.4 

0.0 

-1. 1 

1.4 

3.2 1.6 

7.9 6.2 

5.6 4.8 

-3.6 0.6 

1.0 -1.0 

2.8 , 2.4 

KAM/242/00 

4.6 

4.2 

4.9 

1. 1 

4.6 

3.9 

2.4 4.4 

2. 8 3. 4 

2.2 3.4 

0.6 -0.8 

7.0, 6.6 

5.6 6.8 

3.4 4.0 

Sep- 
ara- 
tion 
491 

594 

546 

828 

843 

SIN«219*15 

Sep. 
ara' 
tion 

11 

65 

73 

310 

364 

547, 

0.0 

6J4 

0.6 

-2.2 

-2.0 

0.6 

2.2 

6.6  , 

1.6 

•1.0 

0.2 

1.9 

KAM*206*03 

4.6 

4.4 

4.7 i 

-1.0 

2.8 
i 

i 

3. 1 

5.0 

4.2 

2. 1 

-5.8 

-1.0 

-1.4 

0.5 

-0.4 

2.8 

1.8 

-3.8 

1.4 

0.4 

4.2 

.4.0 

2.3 

1.5 

7.0 

0.0 

3.2 

I 

Li 

Li 

D 
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in four out of five cases for each component.    The greatest average gain in 

SNR improvement, two dB, occurs on the radial component. 

The results for the KAM/242/00 and KAM*206*03 masters show a case 

where more than one master waveform is needed in order to process optimally 

all events from a region.    In the case of the vertical component, the KAM/242/00 

master outperforms the KAM*206*03 master by an average of 1. 3 dB on three 

events; on the remaining three events the relative performance of the two masters 

is reversed, and the difference in performance for these three events averages 

7. 1 dB.    Overall, the KAM/242/00 master outperforms the KAM*206«03 master 

by an average of 0. 8 dB on the transverse and radial component, and by 2. 9 dB 

on the vertical component. 

Results of this study suggest that it may often be worthwhile to try 

several master events from a given region in order to find the best master event 

for that region.    Results for the Kamchatka region show that in some cases two 

or more master events may be needed to achieve the maximum possible master 

waveform matched filter SNR gains for all events from the region. 

3. Effect of Filter Length on Master Waveform Matched 
Filter Performance 

In theory, the opti rmm length for a master waveform matched filter is 

the full length of the observed wave train.    However,  if effects such as multi- 

pathing cause dissimilarities among later portions of the wave trains of events 

from the same region, the optimum filter length may be less than the full event 

length.    Lengths for the master waveforms listed in Table VI-1 were selected 

by comparing the master event waveforms with the waveforms for a large test 

event, where available, and selecting the portion of the waveform where the 

events showed good agreement. 

To examine the effect of length on filter performance analytically,  master 

events KAM«206*03 and KUR*190*16 each were divided into six matched filters 

of increasing length.    Each of these matched filters then was applied to a suite 
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of test events.    The lengths in seconds of each set of six matched filters, 

designated by the suffixes A through F, are given in Table VI-5.    The two master 

waveforms and the segments into which they were divided are shown in Figures 

VI-3 and VI-4.    All of the matched filters began at the same point.    SNR improve- 

ments resulting from application of these matched filters are shown in Tables 

VI-6 through VI-8. 

In the case of the KUR*190*16 event matched filter B (the second shortest 

matched filter) gave the best average results for the Love waye energy.    Match- 

ed filter A is too short,   and F is too long.    Filters C, O, and E are about as good 

as B.    For the Rayleigh waves matched filters B through F gave essentially the 

same results but filter A was too short.    For both waves there is very little diff- 

erence between the optimum filter length found by this test and the filter length 

which would have been chosen visually as containing most of the significant energy 

in the master waveform.  For the Rayleigh component, there is 0. 4dB or less diff- 

erence in SNR improvement performance for filter lengths ranging from 494 

through 1022 seconds. 

The shortest matched filters chosen showed best SNR improvement per- 

formance overall in the case of the KAM*206*03 event.    The difference in 

performance between the best matched filter for the transverse component 

(matched filter A) and the one which would have been chosen visually (matched 

filter D) is less than one dB.    The difference is more pronounced in the case of 

the LR vertical and radial components, however.    The filter which would have 

been chosen visually (matched filter E) exhibits more than 2. 5 dB poorer per- 

formance than filter A. 

These results indicate that the choice of matched filter length can affect 

the improvement significantly (as much as three or four dB).    Note that this 

variability with filter length is on the same order as the average improvement 

obtained by master waveform matched filtering.    Thus it appears that the 

matched filter length must be varied if optimum results are to be obtained. We 

plan to study this more thoroughly in the future; it is possible that many of our 
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TABLE VI-5 

WAVEFORM LENGTHS - MASTER WAVEFORM LENGTH STUDY 

Waveform 
Designation 

             Length fspr^n^») 

— 

Love (T) Rayleigh (V.R) 
" 

KUR*190*16A 274 368 
KUR*190*16B 464 494 
KUR*190*16C 632 690 
KUR*190*16D 730 802 
KUR*190«16E 800 908 
KUR«190*16F 1010 1022 

KAM*206*03A 246 230 
KAM*206*03B 356 386 
KAM*206*03C 456 452 
KAM*206*03D 574 590 
KAM*206*03E 678 882 
KAM*206*03F 1000 1020 
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TABLE VI-6 

SNR IMPROVEMENT-MASTER WAVEFORM LENGTH STUDY 

(TRANSVERSE COMPONENT) 

■ 

(MASTER WAVEFORM KUR* 190« 16) 
TEST EVENT: A B C D E            F 
KUR*185*15 -1.0 3.0 2.6 2.2 1.6        1.0 
KUR*191*03 -1.0 3.8 3.4 2.8 2.6        0.2 
KUR*191*14 -0.4 2.0 2.0 2.0 2.0        1.2 
KUR*203«22 -2.0 5.3 5.0 4.4 4.3        4.8 
HOK«214*07 -2.4 3.6 4.2 4.4 4. 6        4. 0 

Average 

TEST EVENT: 

KAM*193*02 

KUR*199*12 

KUR*213*02 

KAM*206*08 

KAM*2 04*08 

Average 

■1.4 3.5 3.4 3.2 3.0        2.2 

(MASTER WAVEFORM KAM*206*03) 

A 

4.2 

1.2 

4.0 

4.6 

4.8 

B 

4.8 

0.8 

3.6 

4.0 

5.0 

C 

4.8 

-0.8 

2.8 

4.4 

5.0 

D 

4.8 

-1.2 

2.2 

4.2 

4.4 

E 

4.8 

-1.0 

2.4 

4.2 

4.6 

F 

1.4 

-0.6 

2.4 

4.0 

4.6 

hi       3.6        3.2        2.9        3.0        2.4 
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TABLE VI-7 

SNR IMPROVEMENTS-MASTER WAVEFORM LENGTH STUDY 

(VERTICAL COMPONENT) 

(MASTER WAVEFORM KUR« 190*16) 
TEST EVENT: 

KUR*185*15 

KUR*191*03 

KUR*191*14 

KUR*2 03*22 

HOK*214*07 

Average 

TEST EVENT: 

KAM*193*02 

KUR*199*12 

KUR*213*02 

KAM*206*08 

KAM*204*08 

Average 

A B C D E F 
4.0 7.2 8.0 8.6 7.8 7.8 
6.0 6.8 5.8 6.6 6.8 6.8 
1.4 5.2 5.8 6.0 5.8 5.4 
3.2 4.0 5.6 5.6 6.0 5.8 
4.4 6.0 4.8 3.8 3.6 3.8 

3.8        5.8 6.0        6.1 6.0        5.9 

(MASTER WAVEFORM KAM*206*03) 
A B C D E F 
3.0 3.8 3.4 2.8 2.2 2.0 
•3.0 -5.6 -6.4 -5.8 -5.8 -5.6 
7.0 -0.4 0.4 -1.0 -1.0 -2.2 
4.4 5.6 5.8 4.8 4.2 3.8 
6.4 5.4 6.0 5.0 5.0 5.4 

3.6 1.8 1.8 1.2 0.9 0.7 
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TABLE VI-8 

SNR IMPROVEMENTS-MASTER WAVEFORM LENGTH STUDY 

(RADIAL COMPONENT) 

- 

(MASTER WAVEFORM KUR*190«16) 
TEST EVENT: A B C D E F 
KUR*I85*15 2.6 5.6 6.0 6.4 6.0 6.0" 
KUR*191*03 1.8 4.2 3.4 4.4 4.6 4.4 
KUR*191*14 2.2 5.0 5.4 5.4 5.4 5.4 
KUR*203*22 2.2 4.4 5.2 5.6 6.2 6.4' 
HOK*214*07 6.0 6.6 6.4 5.6 5.4 5.6 

Average 

TEST EVENT: 

KAM*193«02 

KUR*199*12 

KUR *213*02 

KUR*206*08 

KAM*2 04*08 

Average 

3.0        5.2 5.3 5.5 5.5 5.6 

(MASTER WAVEFORM KAM*206*03) 

A 

3.6 

-0.4 

8.0 

2.8 

6.4 

5. 1 

B 

3.6 

-0.6 

-0.2 

6.2 

4.8 

2.8 

C 

3.4 

-0.6 

0.8 

5.6 

5.4 

2.9 

D 

3.0 

0.2 

-1.6 

4.6 

3.8 

E 

2.4 

0.4 

-1.2 

4.0 

4.2 

2.0        2.0 

F 

1.0 

0.4 

-1.0 

2.6 

4.6 

1.5 

Li 

U 

LI 

U 

D 

U 

u 
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low SNR improvements can be explained on the basis of incorrect matched filter 
length. 

C. CHIRP FILTER RESULTS 

1. Routine Processing Results 

Linear chirp matched filters were applied to the beamsteer signal outputs 

of 65 events, many of which were used in the master waveform matched filter 

evaluation above.    The method of chirp filter design and application has been 

described earlier (Harley 1971).    As before,  chirp filter lengths were selected 

for each region by applying several different length chirps to the region's 

master event and selecting the length which gave the greatest SNR improvement. 

To each test event from a given region five chirps were applied with lengths 

centered about the empirically determined optimum length and differing in length 

by increments of +50 seconds.    The improvement for the test event was then 

measured from the best among these. 

Table VI-9 presents the chirp SNR ratio improvements in dB for these 

65 events.    The average result shows somewhat more variability from region to 

region than the master waveform results above; however,  in the case of the LR 

vertical component data for the four regions with the greatest number of events, 

there is a maximum variation of only one dB.    For the LR vertical and LR radial 

components, chirp improvements average slightly better overall than master 

waveform improvements.    The chirp filters and master waveform filters perform 

about equally well on the transverse component data.   Chirp filter improvements 

exceeded five dB in the same percentage of cases as did master waveform improve- 
ments:    17 percent. 

The general conclusion concerning relative merits of chirp filtering and 

master waveform filtering are the same as reached in the earlier study; with 

the possible exception of Love wave energy for some regions, it appears that 

chirp filtering is as effective as master waveform processing in SNR improvement. 
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2. Optimum (Experimental) Chirp Filter Lfength vs Distance     i 

Hots of best chirp filter length vs distance are presented in Figure VI-5 

through VI-7 for the transverse, vertical, and radial components, respectively/ 

The chirp lengths are the best chirp lengths determined as described above.i 

The distances are great circle distances in kilometers between the event epi- 

centers and the ALPA arr^y.    For each component.  75 percent or more of       ,    , 

these lengths fall within +100 seconds (as indicated by the dashed lines in 

Figures VI-S through VI-'?) of a least1 squares straight line fitted to each set of 

data.    This fact implies that the equation for the least squares limb can be used 

to obtain a good first estimate of the best chirp length to use for routine chirp   , 

filter processing of an event from any given epicentral distance.   Also included    , 

in Figure VI^6 and VI-7 is the curve for the predicted duration of 40 to 18 second 

(0. 025 to 0. 055 Hz) Rayleigh wave energy, obtained ^rorh an average grou^ veloc- 

ity curve (Harley 1971).    The predicted event durations agree reasonably well 

with the optimum chirp filter lengths actually observed. 

! ' ' '    ! ■ i 

3. Effective Chirp Filter Travel Time vs Distance 
f       ■ . ' ,       , ' 

Using origin times and observed times of occurrence of the filter output 

peak for chirp filtered events, plots of travel time vs distance were constructed 

for transverse and vertical component tracesj    These plots are presented in 

Figures VI-8 and VI-9.    In the case of the transverse component data.  84 percent 

of the chirp peaks fell within +120 seconds of the least squares straight line fit to 

the chirp travel time data.    For the LR vertical data.  92 percent of the peaks 

fell within +120 seconds of the Jeast squares straight line.    These'figures indicate 

that the chirp peak arrival time can be predicted with accuracy.    Reducing the 

time, gate to be searched for peak occurrences reduces the event detection 

threshold,  since the probability of occurrence of a random noise peak which 

might be mistaken for the event is reduced.    Also included in Tables VI-8 and 

VI-9 are the travel time curves for 25-seconti (chirp filter center frequency) 

energy, obtained from an average group velocity curve for continental travelpaths 
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(Oliver 1962).    The effective chirp peak travel time curve agrees reasonably 

well with the theoretical travel time curve in the case of the transverse component 

data; the agreement is quite good in the case of the vertical component data. 

D. TWO-COMPONENT MATCHED FILTER RESULTS 

Matched filtering of the two-component output beam was attempted for 46 

events.    Both master waveform filters and chirp filters were applied.    The 

master waveform filter applied in each case was the LR vertical component of 

the master event for the region in question; the lengths for the chirp filters were 

selected as described above.    The results of the two-component matched filtering 

are presented in Table VI-2 for the master waveform processing and in Table 

VI-9 for the chirp filter processing.    The two-component matched filter results 

for both types of matched filter are presented in terms of the difference in dB 

between the two-component matched filter output SNR and the SNR of the better of 

the vertical and radial matched filters.    The figures thus represent the additional 

SNR improvement from two-component matched filtering over standard matched 

filtering. 

The average two-component SNR improvement over the conventional 

matched filter SNR is 0. 5 dB in the case of the master waveform matched filter 

and 0.7 dB in the case of the chirp matched filter.    The two-component chirp 

results compared to the master waveform results appear to be more nearly 

correlated with the two-component beam SNR improvements; that is, the two- 

component chirp filter SNR improvement over the conventional chirp filter is 

closer in most cases to the observed two-component beamforming gain than is 

the two-component master waveform SNR improvement over the conventional 

master waveform filter.   As noted in the case of the two-component beamforming 

results,  substantially higher than average gains can be obtained in certain cases. 

For example, two-component matched filtering of the two events from the 

Tadzhik region yields more than two dB higher SNR than that of either form of 

conventional matched filter. 
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The conclusion of this study is that.two-component matched filtering 

generally preserves the SNR improvement obtained frpm two-component 
beamforming. 
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SECTION VII 
I        i' 

S WAVE PROCESSING RESULTS 
i 

i 
I 
I 

i 

|      , ' Long-p"iod S w^ 1'"n>= were formed for 73 of fte events li.ted in 
Table II-l. using th. apparent horizontal S-wave velocity appropriate to each 

g epicentral distante.    The corve for S-wave apparent horizontal velocity as a 

.    , function of epicentral distance was taken from the Array Research Semiannual 

^    , TichnicalReport No.  1 (Texas Instruments.   1964).   Bandpass filtered (0.025 - 

0.055 Hz) S-wave beams were formed for the rotated transverse,  vertical,  and 

[j radial component traces.    The amplitude versus period data used in Figure 

, VI1-3-"tek-f—,*e component which showed the iargests wave amplitude. 

n    '      A'      ^R^pr1015 S'WAVE DETECTION THRESH0LD ESTIMATE 

The
 hiStograms in the "PP" Potions of Figures VU-1 and va-2 show 

L   (        ,     «he total^umber of events processed at each body wave magnitude for Kurile- 

Kamchatka and Central Asian earthquake populations,  respectively.    The lower 

graphs in Figures ,V1I-, and VU-Z show the detection percentages as a function 

' ,       of mb.    The scatter in the data makes the results difficult to interpret; however 

U 90 percent probability of B-wave detection appears to occur above m = 5.0 for   ' 

Dthe Kuiile - Kamchatka events and above m,= 5  ^ fo^ tv,o r^ *    i   *   • «tuove mb     5. a tor the Central Asian events. 
i 

'    ,   B.i DISCRIMINATION BY MEANS OF LONG-PERIOD S-WAVE 

Figure VII-3 presents S-wave amplitude versus period data for a set of 
28 events for Which S-waves were detected.   Of the events, one is a presumed 

explosion (designated by the solid triangle in Figure VII-3).    The values in 

Figure VII-3 were normalized to a body wave magnitude of 5.0 and an epicentral 

1 VII-1 



FIGURE Vn-1 

S-WAVE DETECTION DATA FOR KURILE KAMCHATKA AREA 
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stance of 20°, following the general procedure used by Evernden (1969). 

lie normalizations were performed as follows: 

I« Magnitude 

The values of amplitude versus period (A/T) for S were 

rrected to a body wave magnitude (mb) of 5. 0 by multiplying each by the 

tio 1/10 (mb " 5). 

2. Epicentral Distance 

The mb - normalized values of A/T were initially normalized 

an epicentral distance of 20° using Evernden«s empirical relationship 

tween epicentral distance in degrees (^) and A/T: 

(-)..•=(4 (%r 
e resulting corrected data showed a factor of three difference in A/T between 

I one presumed explosion for which S-waves were detected and the lowest 

rthquake value. 

In an attempt to improve on this separation a least- mean square 

aight-line fit was made to a plot of log   ^-j n^r 5.0     ver8US epicentral 

tance  (A).    The equation for this line is: 

^"r"    r«   - = n= -0-013A +  1.437    . 
•     I   TOV —3.0 I        D 

normalize to 20°.   the   JLl values were multiplied by: 
l   I mu — b. 0 r ' mb 

10 -0.013 (20)   ♦   1.437 

normalization computations may be summarized as 

0.013A  -   m,  ♦ 4.74 

0.013A +  1.437 

_A_ 
T norm. 10 «b 
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This normalized data showed a factor of five difference in A/T between 

the presumed explosion and the lowest earthquake value.    The increase in 

separation was the result of a reduction in the scatter of the data when using 

the latter normalization.   Upper bounds for the S-wave A/T normalized values 

were also computed for the two next largest presumed explosions  (m  's of 5. 9 
i b 

and 5. 8),  for which S-waves were not detected.    The measurements were^ade 

on the component showing the largest excursion at the predicted S-wave arrival 

time.    The normalized A/T value was 0. 3 in the case of the larger (m,   =  5. 9) 

presumed explosion and 0. 1 in the case of the smaller (mb =  5. 8) presumed   ' 

explosion.    Because of their small values,  they are omitted from Figure VII-3. 

In the computation of the least squares fit,  events with epicentral distances 
, o o .   • 
between 39    and 45    were omitted,  since some of their A/T values seemed 

abnormally high.    A possible explanation of these high values is that at 40° the 

travel times of the phases PS,  S,  and PcS are equal.    Thus,  the high amplitudes 

may be due to constructive interference of these phases. ' , 

On the basis of the observed data,  it appears that the S-wave is a good 

earthquake - explosion discriminant for events for which an S-wave can be 

detected.    However,   since only large events generate S-waves of sufficient 

amplitude to be visible at teleseismic distances,  the S-wave discriminant 

appears to be of little value in investigating most seismic events of interest. 
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SECTION VIII 

ALPA EARTHQUAKE SURFACE WAVE DETECTION CAPABILITY 
< 

l : 

DIRECT METHOb ' 
i    ■ 

The direct estimate of ALPA surface wave detection,capability was ob- 

tained by plotting the percentage of earthquakes for which surface waves were 

detected as a function of body wave magnitude.   A suite of 78 Asian earthquakes 

was used to obtain the direct estimate.    The histograms in the upper portionk of 
' i i 

Figures VIII-l and VIII-Z describfe respectively   the Central Asian and Kurile/ 

Kamchatka/Sakhalin portions of this earthquake population.    These data are all 

for events processed using the full array.    The events used are designated by the 

symbols D (detected) and ND (not detected) in Table II-1.    In determining whether 

detection was achieved for any given event, the following detection criteria had 

to be met:    , 

i   '       ; 

• i     Apeak in any output trace (beamsteered,  and bandpassed filter- 

ed; or beamsteered,  bandpassed filtered,  and matched filtered) 

6 dB above any other peak in a 20 minute time gate centered at 

the expected peak occurrence time. i 

• A peak which occurs within + 180 seconds of the expected peak 

occurrence time. 

, The histograms of Figures VIII-l and VIII-2 were used to compute the 

incremental detection probabilities which appear in the lower portions of Figures 

VIII-l and VIII-2.    The detection percentage for Central Asian events show con- 

siderable scatter.    The directly-estimated 90% detection probability for Central 

Asian events occur? near mb= 4.5.    The detection percentage for the Kurile/ 

Kamchatka/Sakhalin events show somewhat less scatter; the directly-estimated 

90% detection point occurs near ITL = 4. ^. 
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0 
In order to reduce the scatter in the incremental detection probability D 

values, figures similar to Figures VIII-1 and VIII-2 were constructed using all 

ALPA events processed up to the present time.    The data base included the D 

events reported earlier (Harley,  1971).  all the events from Table II-l.  and other 

events which were processed before the full array became available.    To reduce U 

the effect of distance on detection probability, the data were divided into two 

groups ^according to epicentral distance.    Events with epicentral distances greater D 

than 45° (representative of Central Asian events) are included in Figure VIII-S. 

Events with epicentral distances less than 45° (representative of Kurile Island,' U 

Kamchatka, and Sakhalin Island events) are included in Figure VIII-4.    In each 

figure the upper portion is the histogram describing the data base; the lower U 

portion is the plot of incremental detection probability versus mb.    The 90% 

detection probability for Central Asian events is not changed when all data, par- U 

tial and full array,  are included.    It remains near m^ 4. 5.    The 90% detection n 

probability occurs at an mb somewhat higher than 4. 3 when all data are included; ^1 

in this case it appears to be near m = 4. 5. 

B. INDIRECT METHOD 

An indirect estimate of the detection threshold was made using a pro- ^ 

cedure discussed previously (Lacoss.  1969. Harley.  1971).    Central to this jj 

method is the function relationship used to obtain the t^ for a given surface wave ^ 

amplitude measurement.    When reasonable values of the slope and intercept of 

the Ms versus mb curve were used (Ms . «^ . 0. 73). the indirect estimate c.f the 

detection capability was unrealistically low (90% detection probability at m = 3  6 

and 50% detection probability at «^ 3. 3 at A = 50°).    The probable cause for this 

discrepancy is that the procedure fails to account for signal variance and 

hence is biased low.    That is.   a signal variance of 0. 5 Ms units (which is 

typical) would shift the detection threshold curve obtained^y the indirect f j 

estimate to significantly higher magnitudes.    We plan to develop in the coming 

year a method for including signal variance in the indirect estimate of detection [1 

capability. 
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SECTION IX 

BEHAVIOR OF STANDARD DISCRIMINANTS 

A. M "H, 

Surface wave magnitudes were computed for 92 of the events listed in 

Table II-l.    In most cases surface wave magnitudes were computed for both the 

Rayleigh wave (vertical component) and the Love wave (transverse component). 

In some cases the event was not detected on a particular component; in these 

cases an upper bound was computed for the corresponding  surface wave magnitude 

(Ms) from the largest peak-to-peak noise amplitude occurring during the signal 

gate.    These upper bounds are designated by the symbol ^  preceeding the M 

figure in Table II-l.    The surface wave magnitude was determined for each 
■ 

event by the formula: 

A 
M   »   log — + 1. 66 log A 

Where:   A is the largest peak-to-peak value in 
millimicrons near twenty-five seconds 

T is the period in the neighborhood of the peak in seconds 

A is the epicentral distance in degrees 

All measurements were made on beamsteered traces which had been 

bandpass filtered (0. 025-0. 055 Hz passband).    The maximum peak amplitudes 

in the beams usually occurred near 25.second periods; no periods greater than 

30 seconds or less than 20 seconds were used.    Ms - n^ plots for the Rayleigh 

wave energy are presented in Figures IX-1 and IX-2.  for the Central Asia and 

Kurile/Kamchatka/Sakhalin areas respectively.    Earthquake data are represented 

by the dots and presumed explosions by the open triangles.    The Asian presumed 

explosions also are shown on Figure IX-2 for purposes of comparison with the 

Kurile/Kamchatka/Sakhalin earthquake data. 
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For the events not detected,  a vertical line below the point signifies that 

the corresponding M   value is an upper bound. 
S 

The Asian data show the normal separation between earthquake and 

presumed explosion populations except for the events designated by the numbers 

1,  2,  and 3 in Figure IX-1.    These events are discussed in detail later in this 

section.    The Kurile/Kamchatka/Sakhalin events generally show good separation 

except for the events designated by the numbers 4,   5,  and 6 in Figure IX-2;   these 

events also are discussed below. 

Ms - m^ plots for the Love wave energy are presented in Figures IX-3 

and IX-4 for the Central Asia and Kurile/Kamchatka/Sakhalin regions respectively. 

Again,  the presumed explosion data from Asia has been included in both plots. 

In this case there is complete separation between the earthquake and presumed 

explosion populations for the Asian events.    Separation is poor between the 

Kurile/Kamchatka events and the body of Asian presumed explosions.    This poor 

performance results from the fact that for low magnitudes,  there is more scatter 

in the Kamchatka/Kuriles. 

Figure IX-5 shows least-squares straight line fits to each of the populations 

in Figures IX-1 through IX-4.    These line fits tend to confirm that the Love wave 

Mg - m^ is a better discriminant than the Rayleigh wave M    - m. 

B. AL and AR 

The AR parameter is related to the total Rayleigh wave energy in a seismic 

event and was introduced by Brane,  Espinosa,  and Oliver (1963).    It has been used 

by Evernden (1969), who also studied AL (the corresponding parameter for Love 

wave energy). 

The AL and AR parameters used here are computed by summing the 

absolute values (in millimicrons) of the data points within the appropriate signal 
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time gate.    The results are scaled as described earlier (Harley,   1971) to 

correspond to the parameters as defined by Evernden.    This scaling of AL and 

AR values includes a factor which normalizes the measured values to an m 
b 

of 5. 0.    This normalization previously was accomplished by a multiplicative 

factor of 1/10 .    When this normalization was applied to the current 

data,  there remained a skew which tended toward large AL and AR values for 

large nr^ values.    Evernden used a factor of 1/10 l' 75 (mb ' 5' 0).  but this factor 

over-corrects our data and introduces a negative average slope.    It appears that 

a factor of 1/10    '     mb "    '      is correct for our 1971 data.    When this factor 

was applied to our 1970 data (Harley,   1971),  it did not introduce a noticeable 

slope or materially affect the conclusions reached there.    It is concluded, 

therefore,  that the exponent 1. 3(mb - 5.0) works best for ALPA data.   Accordingly, 

this was used for magnitude normalization in the following.  Plots of AR vs.  m    and 
b 

AL vs.  mb are given in Figures IX-6 and IX-7,   respectively.    In earlier ALPA 

results, AL and AR appeared to be fair discriminants, the smallest earthquake 

AL value being 2. 5 times greater than the largest presumed explosion AL value. 

In the present study there is poorer separation of the earthquake and presumed ex- 

plosion populations on the basis of either AL or AR differences.    In fact event num- 

ber 4, which is believed to be an earthquake, overlaps the explosion population.   As 

discussed below,  there is some question as to the validity of the nv value for this 
b 

event.    Even if this event is ignored,  however,  the separation between minimum 

earthquake AR and maximum explosion Ali is only a factor of 1. 7.    The 

corresponding AL separation is 3.0. 

In order to arrive at an estimate of the lower limit of application of the 

AL and AR parameters,   representative AL and AR values were selected from 

values computed over noise gates.    Two gate lengths were employed, one 

corresponding to the expected duration of an event from Central Asia and the 

other corresponding to the expected duration of an event from the Kurile-Kamchatka 

area.    These values then were normalized using various m  's,  and the resulting 

values yielded the lines in Figures IX-6 and IX-7. 
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The upper lines in each figure represent approximate limiting AL or AR 

values imposed by the noise for Kurile/Kamchatka/Sakhalin region events 

recorded on a noisy day.    The lower lines represent approximate limiting values 

j for Central Asian events recorded on a relatively quiet day.    Thus,   values below 

these lines represent cases of AL and AR measured in exceptionally ~uiet periods. 

j These lines show that the AL and AR values measured from noise alone usually 

will reach the lowest earthquake values at a body wave magnitude of about 4. 5. 

Therefore,   the threshold for application of AL and AR as discriminants lies 

above an m,  of 4. 5. 
b 

The events which gave poor discrimination results from one or more of 

the above methods are listed in Table IX-1,  along with ehe discriminant values 

and depths.    The performance of each discriminant is rated by the symbols G 

or P (good or poor) beside each discriminant value.    The number to the left of 

each event is the number identifying that event in Figures IX-1 through IX-4, 

IX-6,   and IX-7 above. 

The G or P rating of the discriminants in Table IX-1 is subject to an 

assumption as to the true nature of the event in question.    In the absence of 

conclusive a,priori information,   the procedure is to examine all discriminants 

for the purpose of tentatively classifying the event.    Then each discriminant is 

evaluated relative to this tentative classification. 

Events 1 and 3 were not detected,   as was the case with a number of 

other events.    In such cases it is customary to measure the largest peak-to-peak 

value occuring during the signal time gate,  and to assign a corresponding upper 

bound to Ms.    In these two cases,   these upper bounds are at best on the lower side 

of the earthquake range,   and an element of uncertainty arises.    Since the true 

values of Ms cannot be measured,  the events cannot be classified. 

The Ms (LR-V) value for event number 2 does not clearly classify this 1 
1 
I 
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TABLE IX-1 

EVENTS WITH POOR DISCRIMINATION RESULTS 

Event Ms '    Ms 
No. Name mb (LR-V) (LQ-T) AL AR Depth & Source 

1 CAU*262*06 4.4 <  2. 5P <2. 7 - - U*.  L** 

2 WRS*277*10 5.1 3. OP <2. 8G 12G 15G 13 km,  C*** 

3 WRS*262*11 4.5 <2. 7P <2.9 - - N****,  C 

4 SAK*182*14 4.9 <2.4P 2. 9P 19P lOP 33 km, L 

5 KUR*199*12 4. 3 2. 3P 2. 5G 60G 50G 33 km, L 

6 KUR*168*09 4.9 2. 9P 3. 3G 37P 26P N,   C 

*U = Unknown 

**L = LAS A Bulletin 

***C = National Earthquake Information Center Data 

****N = nthe depth was restrained at 33 km for earthquakes whose 
character on seismograms indicate a shallow focus but whose 
depth is not satisfactorily determined by the data" 
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event.    The upper bound on Ms (LQ-T) is sufficiently low to suggest that this 

event is an explosion.    This suggestion is also present in the AR and AL values. 

The conclusion is that this event is an explosion,  but that M    (LR-V) was not 

useful in classification. 

In the case of event number 4,   all discriminants are either indeterminate 

or suggest that the event is an explosion;  but the epicenter makes this conclusion 

questionable.    It is noted that a 37 event subset of the Sakhalin earthquake 

swarm of September 6,   7,  and 8,   1971,  has been processed.    The twelve events 

of that subset which the LASA bulletin reported as having body wave magnitude 

4. 5 or greater, were all reported by PDE.    It might be expected that event 

number 4,   which LASA reported at m,= 4. 9,  would also be reported by PDE. 

Since it was not, the magnitude is considered questionable.    If the true mh is 

4. 5      or less,  the M    (LQ-T) and AL discriminants would tend to classify 

the event as an earthquake. 

If event number 5 is an earthquake,  the M (LR-V) value is anomalously 

low.    AL and AR would marginally classify it as an earthquake and M    (LQ-T) 
s 

confirms this more strongly. 

Event number 6 is questionable in the case of AR,  AL,   and Ms (LR-V) 

but seems   to be clearly identified as an earthquake using M    (LQ-T). 

To summarize,   six events of the total population considered yielded one 

or more discriminants that would not be useful in classification or would lead 

to a wrong classification.    In three of these cases it is probable that,  by 

considering all the possible discriminants,   a correct identification could be 

made.    In two cases where only an upper bound could be estimated for M      these 
s 

upper bounds were slightly low if the events are earthquakes,   and the question 

could not be resolved.    The last event,  an mb= 4. 9 from Sakhalin would probably 

be mis-identified using the discriminants considered here.    There is a question 
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regarding the correctness of the m,   value for this event, however,   and it is 

not considered to be a clear case of mis-identification. 

The conclusion from the discrimination results is that the most 

powerful discriminant is the Love energy Ms - m,   relationship,  but all the 

discriminants studied are useful when used in combination. 
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SECTION X 
1 ( 

CONCLUSIONS AND FUTURE ANALYSIS PLANS 

CONCLUSIONS 

I 
i i 

I 
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Summarized below are the major results from each of the area, of 
| evaluation discussed above: 

1. Signal Analysis 

• Signal similarity across the full 19 element ALPA array 

£     '   , !        i       ;       is lesS than that acr°'B3 the limited nine element array 

studied earlier.    Average signal correlation coefficient for 

'' [[ '      '       i 
the ^rtical component is 0.84 for the full array and 0. 93 

i for the limited array. 

L' '       • Avierage beamst«er signal attenuation for the transverse 

' ' component is approximately the same for both the full array 

I.'      , i ' asfor aseven site hexagonal subarray,  about 1.4 dB.    For 

r 
! ^ VertiCal and radial components the full array beam causes 

L ' ab0Ut tWO dB attenuation,  as opposed to about one dB for the 
I small array beam. 

IP 
•» i , 2' Noisie Analysis 

£ '       *     '    P6 an0mal0US long-Period noise problem observed at ALPA 
during 1970 has been apparently alleviated. 

i , ' * ^^ the period day 240 to day 320 in 1971.  ALPA experienced 

occasional days with high RMS noise levels (up to 26 m^ site 

I ;      
aVerage RMS vertical gr^nd motion amplitude in the 0. 025 - 

, 0. 055 Hz frequency band); however,  the noise levels were 

only slightly above normal summer levels ( « 9 m»   site 

X-I 

1U4 



average RMS vertical ground motion amplitude in the 0. 025- 

0. 055 Hz band) for the day 320 to day 360 period. 

• Azimuths of strong directional noise sources rarely coincide 

with azimuths of areas of interest. 

0. 1 M   units of increased signal detectability over the nine- s 

Overall SNR improvements from master waveform matched 

filtering of the transverse, vertical,  and radial components 

average 2. 1 dB,   3. 5 dB,  and 2. 7 dB,  respectively.    The true 

values are probably slightly higher.    Signal measurements 

used in arriving at these figures were actually measures of 

signal plus noise.    The presence of noise will, particularly 

in the case of small events,   bias the observed SNR improve- 

ments low. 

Instances of SNR improvements of more than seven dB were 

observed.    These gains might be exceeded in some instances 

if more nearly optimum master waveform lengths were used, 

and if,   in certain regions,  more than one master waveform 

matched filter were tried. 

X-2 ^05 

The RMS value of beamsteered noise in the 0. 025-0. 055 Hz 

band ranges from 1.5 to 3. 0 mfj. 

On the average the 19 site array will provide no more than 

u 
site array. 

3. Two-Component Beamforming 

• SNR gains of one to two dB in the bandpassed output beam 

may be expected from two component beamforming,   but 

gains of more than three dB are observed on occasion. 

4. Matched Filter Studies 

i 
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Chirp filter improvements from the transverse,  vertical, 

and radial components average 2. 0 dB,  3. 9 dB,  and 3. 0 dB, 

slightly better overall than master waveform improvements. 

Large gains (greater than five dB) were observed in the same 

percentage (17%) of cases for both forms of matched filter. 

Two component matched filtering appears generally to pre- 

serve the SNR gains obtained from two component beamform- 

ing. 
11 

5. S-Wave Processing Results 

• The 90 percent S-wave detection probability appears to lie 

above an mb of 5. 5 for Central Asian events. 

• Since S-waves are detected only for the largest earthquakes 

in areas of interest, the S-wave discriminant appears to be 

of little practical value. 

6. ALPA Earthquake Surface Wave Detection Capability 

• The directly-determined 90% detection probability for surface 

wave occurs near mb= 4. 5 for Central Asian events and near 

mb= 4. 3 for events from the Kurile/Kamchatka region. 

7. Behavior of Standard Discriminants 

• The Ms-mb relationship determined from Love wave energy 

is a better discriminant than the same relationship deter- 

mined from Rayleigh wave energy. 

• AL and AR were not fully successful as discriminant methods 

and were clearly inferior to the M -mu discriminants. 
s      b 

• No discrimination method achieved a complete separation of 

earthquakes and presumed explosions,  although the Love 

wave Ms-mb discriminant failed clearly in only one case. 
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B. FUTURE ANALYSIS PLANS 

The following areas will be emphasized in fuiure analysis of 

ALP A. 

• Continued monitoring of the ALPA noise field,  and a detail- 

ed analysis of anomalous noise samples. 

• Analysis of complicated signals in an attempt to understand 

multipath structure,  etc. 

• Further investigation of the effects of master waveform 

matched filter length on performance,  and more detailed 

study of the utility of multiple master waveforms for each 

region. 

• Comparison of simple phases shift-and-sum two component 

processing with more sophisticated techniques such as two 

component multi-channel filtering. 

11 
• Extended comparison of the array processing capabilities 

of the optimum seven element array and the full 19 element 

array. LI 

• Region-by-region estimation of the ALPA detection threshold 

utilizing matched filtering regional differences,  etc. 

In addition to these ALPA studies,  ALPA evaluation results will be 

integrated with those obtained from the Norwegian Seismic Array,  and the stations 

of the Long Period Experiment in order to obtain a preliminary estimate of the L 

detection and discrimination capability of the existing long period network. 

I 
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