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ABSTRACT 

This report describes the final results of the continued evalua- 

tion of the Norwegian Long-Period Seismic Array (NORSAR) by Texas Instru- 

ments Incorporated at the Seismic Data Analysis Center over the period 

1 April 1973 to 30 September 1973. 

The major arras of study were: 

• Noise analysis 

• Array processing performance 

• Kffectiveness of matched filters 

• Surface wave detection capability 

• Performance of standard surface wave discriminants 

A total of 133 Eurasian events and 36 noise samples were 

processed and analyzed during this period.    The results were combined 

vith earlier data,  when applicable,  in order to maximize the data base. 

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 conclus^ns presented are 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 Tech. 
nical Applications Center,   or the US Government. 
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SECTION I 

INTRODUCTION 

Q 

: 

. 

This report presents the cumulative and final results of a study 

of the Long Period Norwegiai: Seismic Array (NORSAR).     The study began on 

April  1971 for the purpose of evaluating: 

• The array detection capability for Eurasian events 

• The performance of various discriminants at NORSAR for 

Eurasian  ^vents 

• Methods of sustaining or enhancing these capabilities. 

These three objectives were achieved by the following studies: 

• Noise analysis 

• Signal analysis 

• Array processing effectiveness 

• Matched filtering performance 

• Detection threshold estimation 

• Behavior of standard discriminants. 

The study consists of three reports: Texas instruments Special 

Report No. S, 197Z; Texas Instruments Special Report No. 7, 197i; and this re- 

port which is the third and final report. 

The noise analysis is covered in some detail in both Special 

Report No.   5 and No. 7,however, some additional data are presented here. 

The signal analysis for the full array was completed in Special 

Report No.   5 and results for the partial array are presented here. 
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The array processing performance study is continued through- 

out the three reports.     The first report was concerned with the feasibility of 

routine MCF processing,   noise stationarity,   anu signal degradation by the 

beamsleer processor.     The second report,   with additional data,   continued 
+he comparison of MCF and beamsteer performance for both the full array and 

for various subarrays, investigated the azimutha'  dependence of array gains, and 

compared signal-to-noise ratio (SNR) improvements of the MCF and beamsteer 

processors for several seismic events.    This report contains additional partial 

array MCF and beamsteer processing and a further investigation of the ef- 

fectiveness of MCF';- designed from noise which occui s many days before or 

after  the time of application. 

The matched filtering periorrrutnce,   detection threshold es- 

timation,   and the behavior of standard discriminants studies,  which depend 

upon a large ensemble of events for reliable estimates have been reported in 

preliminary fashion in the first two reports.    In this report,  these earlier data 

have been combined with    33 additional events from August and November 1972 

and the final results are presented. 

The data used in this report are discussed in Section II. 

Sections III through VII contain the various studies listed above.    Section VIII 

summarizes the results,   presents conclusions and lists areas for further study. 

Appendix A contains the list of all events used in the evaluation,   Appendix B 

discusses the events which have been dropped from the data base,  Appendix C 

contains a list of the noise samples used,   and Appendix D contains some obser- 

vations on linear group velocity ch;rp filter design. 

The long period NORSAR is an array of 22 seismometer sites 

spread over a circular area approximately  100 km in diameter,  and is located 

north of Oslo,   Norway.    Each site consists of three orthogonal seismometers 

] 
] 

] 
D 
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(vertical,   north-south,   east-west) with a response centered at 25 seconds.    A 

diagram of the array is shown in Figure 1-1. 

Long-period NORSAR data is received at the Seismic  Data 

Analysis Center (SDAC) from Norway by a communication system called the 

Trans-Atlantic Link (TAL).    These data are recorded on magnetic tape,   along 

with ALPA and LASA long-period data,   and saved for future analysis.     The 

analysis was performed at the ^DAC using an off-line array evaluation software 

package developed by  Texas Instruments under Contract No.   F33657-69-C-1063. 
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SITE DIAGRAM OF THE NORSAR  LONG-PERIOD ARRAY 
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SECTION II 

DATA I^ASE 

The H'xi.a used in this report consist of the signals and the 

noise sample?, analyzed in the two previous reports,  Special Reports No.   5 

and No.   7.  pluF an additional 36 noise samples from about two to seven hours 

long recorded from August 1972 to March 1973,   133 events from August and 

November  1972,   and all 1973 presumed explosions through  August  197 i. 

Appendix A contains the total list of events processed,   and 

Appendix C   contains the list of noise samples edited along with the various 

paramete   s associated with them.    A histogram of the bodywave magnitude 

(m  ) distribution of the events processed is given in Figure II-l. 
b 

With a few exceptions,  only those events originating in Europe 

and Asia were selected.    Since one of the primary objectives of the analysis 

was to obtain good estimates of detection threshold,   many events were needed 

at the lower magnitudes with mb< 4. 5.    These events were obtained mostly 

from the LASA and NORSAR bulletins with the remainder obtained from the 

PDE bulletin.     The various event information sources are detailed in Appendix 

A. 

The events in Appendix A are 515 events successfully processed 

from a list of 839 events considered.    The events not processed were rejected 

for the following reasons: 

Lack of data or gaps on tape 

Parity errors,   spikes,   other tape problems 

Mislocated events 

Interfering events 

Events later  shown to be deep (>50 km) 

175 

17 

4 

103 

25 

324 

II-l 

X 

-—M—^a^te HM^M 
——, 



wm^^mmtmmm^w^^ wmmmm '^^Tw^im'wmm 

warn 

 .   IT) 

T~~ 
.1 

r. 

c 

T 
r~~. r 

_ |JD 

,L: 

a 
_ 10 

•a 
9 

'fi 
M 
H 

a- 

:■ 

t   r   i   r   i   t   r   r   i   r   t   i    T   t   r   r   r   i 
ao      d-      CJ      UD      CM      GD      cr      a     LD 
cr     4-     cr     (n     <r)     CM     CM     c\i     —i 

■)UaA3 jo joqmnfsi 

T     t 
CM 

r - r i   T   T 

_ n 

in 

CM 

u 
ex 
D 
O 
►—i 

cc 
O 

u 
X 
H 
H 
< 
Q 
u 
N 

< 

< 
CO 
H 
Z 
u 
> 
H 

o 
z o 
>—i 

H 
t> 
CQ 
i—( 

Qi 
H 
CD 

H 

O 
D 

S 

a; 

< 
Q 
O 
a; 
U 

Ü 
z 
o 

l 

II-2 

_*■ ■ 



■■ 
>■ -i '>'<*<mi^^mmmmm'^m^^^'^*mmmtmmmm^m^^^w^.mm inw'v ii,m«u,iiiiiii       ■ ' u 

1 

I 
I 
I 

Thus, aside from the technical difficulties of recording which 

account for 21% of the total events, one can expect a certain loss of signals 

due to interfering events (17% in tHa rpse). 

The basic signal processing consisted of editing the event 

including at least 1Z00 seconds of noise preceding the P-wave arrival, 

rotating the components to vertical,  transverse and radial,   and beam- 

steering in the source direction using 3. 5 km/sec for the vertical and 

radial and 4.0 km/sec for the transverse.    Processing of the 1971 events 

was done using three different passbands to determine which was the most 

suitable.    On the basis of this study,  a 17 - 40 second band (0.025-0.059 Hz) 

was decided upon and used for the 1972 and 1973 data.    This particular 

band was not used for the 1971 events,   so 1971 results from the 17 - 50 

second (0.020-0.059 Hz) band were used. 

X 
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SECTION III 

NOISE ANALYSIS 

A. INTRODUCTION 

The noise analysis presented in this section is an extension of 

the noise field study performed in the preceding years (Special Report No.   5, 

1972; Special Report No.   7.   1973).    The objective of this analysis is to char- 

acterize the noise field at NORSAR to improve signal enhancement and detec- 

tion performance. 

The long-period noise investigation includes: 

• Time variability 

• Noise directionality 

• Spatial coherence. 

B. DATA BASE 

In addition to the noise samples of Special Report No,   5 and 

No.   7,   a total of 36 new noise samples were edited for this report covering 

the period from August 1972 to March 1973.    The duration of these samples 

ranged from about two to seven hours with an average length of about four 

hours.    A list of the complete noise ensemble used :n this study is in Ap- 
« 

pendix C. 

The data were sampled at two-second intervals and were re- 

corded in 256-second segments.     After quality checking the data,  cross-power 

matrices were then computed at 64 frequencies from 0. 0 to 0.25 Hi for each 

noise sample.    Quality checks included plots of the vertical components of 

III-l 
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three or four sites to check for unreported rurface waves,   and inspection 

of the individual segment powers and the site auto-power spectra for unusual 

values. 

The average number of sites available was nineteen,   an increase 

of four from last year.    Figure III-l  shows a histogram of the number of 

times a site was deleted versus the site number. 

C.     TIME VARIABILITY OF THE AMBIENT NOISE LEVELS 

The comparison of earlier noise spectra with the spectra of the 

latest data showed that the vertical and horizontal components of the noise 

field have continued to show the same spectral behavior.    In addition the 

horizontals contained both Love and Rayleigh wave energy and were slightly 

less coherent than the verticals (Special Report No.   5),   so for these reasons, 

the study was done only of the vertical component. 

In general,   the noise spectra showed two miuroseismic peaks: 

a lower one at about 0. 06 Hz (lb second period) and an upper one at about 

0. 12 Hz (6 - 8 second period).     The former occurs near or within the signal 

processing band (0.025 to 0.059 Hz or 17 to 40 seconds) while the latter 

is far beyond it.    For the purpose of signal processing and detection,   the 

noise in the signal band is our primary concern.    Figure III-2 shows the 

frequency of the lower micros ^ismic peak for each sample.     The peak fre- 

quency ranged from 0.051 to 0.083 Hz (about 12 - 20 seconds) with per- 

haps a slight tendency to be nearer the lower frequency range in the winter 

than in the summer.     This loweiing of the peak frequency to the edge of 

the signal processing band during winter,   coupled with an increase in noise 

level and coherence (discussed below) suggests that the use of MCF processing 

may be advantageous during the winter months.     This is discussed further in 

Section IV. 

Monitoring the seasonal changes in noise levels was continued 

from Special Report No.   7.    Figure III-3   shows the average single site RMS level 
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(20 - 40 second period band) of each noise sample versus time.     This figure in- 

cludes the entire noise ensemble from May 1971 to March 1973.    These data 

confirm the seasonal nr-ise trends of the 20 to 40 second period band at NORSAR 

as discussed in Special Report No.   7.    From early spring,   ^bout February or 

March,   NORSAR has low (7rrYi RMS),mildly fluctuating noise levels until late 

fall.    Beginning in October,   the noise starts to rise rapidly and erratically to 

the mid-winter months of December to February,  during which the roise level 

is highly variable and probably dependent on the severity of the North Atlantic 

waather.    In February or March the noise level rapidly assumes its summer 

level when the severe winter storms apparently abate. 

In suTimary,   the conclusions of this study are: 

D.     NOISE DIRECTIONALITY 

The directionality of the noise was investigated by means of high 

resolution f-k spectra computed for the vertical component of each noi3e 

sample at the frequency of the lower microsei^m ic peak. 

Figure III-4 ^hows primary noise directions of each sample. 

The solid dots indicate the azimuths of maximum power density at a velocity of 

3. 5 km/sec for the corresponding frequencies shown in Figure III-2.     The range 

III-6 

. 

. 

The frequency of the lower microseismic peak lies in the 

range of 0.05-0.08 Hz (20 - 12 seconds) with a strong ten- 

dency of dropping to 0.06 Hz (17 seconds) in winter. 

The 20 to 40 second  RMS noise level was about 6 to 7 iryi in 

the summer,   about 14 m^t   in late autumn and early winter,   with 

erratic fluctuations in the late winter up to a maximum.    The 

maximum observed level of 79 rryi   would increase the detection 

threshold from summer to winter about 1. 2 Ms units. Dl 
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of azimuths where the power was within 6 dB of the peak power is shown by 

vertical straight lines for each noise sample.    Figure III-4 shows that the 

noise power wad generally Isotropie in the summsr,   but was primarily from 

the north to northwest in the winter w:th azimuths near 0  ,  250   ,   and 280 

occurring most often.    The noise directions of the last four noise samples (in 

March  1973) were typical of winter noise even though the noise levels had drop- 

ped back to summer values.    This shows more evidence of the low correlation 

between noise level and direction observed previously. 

E. SPATIAL COHERENCE 

Multichannel coherences were computed for the 7 August,   4 

November.   197Z and 8 January 1973 noif e samples (Figures 111-5,   III-6 and 

III-7).    Because of t>« interest in small array ( < 8 sites) performance,   two 

cases of multichannel coherence were computed:    first,   site 1 was predicted 

from all the other sites in the array,   and second,   site 1 was predicted from 

only the inner-ring sites. 

For all three samples,   the coherences of both the inner ring 

and the full array are nearly the same although the inner ring coherence is 

slightly less due to the fewer number of sites used.     These figures also illus- 

trate some of the problems involved in MCE design.    Coherence plots in Special 

Report No.   5 of summer and winter data indicated that the highest coherences 

were at the lower microseismic peak,   however.   Figure III-5 shows that tht  noise 

from 7 August 1972 has its highest coherence at 0.08 Hz when the microseismic 

peak from Figure III-2  is at 0.05 5 Hz.    At this latt >r frequency,   the coherence 

is very low so that MCE processing would not be worthwhile.     Figure III-6,   for 

4 November 1972,   shows high coherences within the signal band but that the peak 

power is at 0.066 Hz,  outside the signal band.     These  are indie ations of potentially 
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high MCF   effectiveness.    The 8 January 1973 sample,  Figure III-7,   has both 

microseismic peak power and h-gh coherencies outside the signal band.    Even 

though this noise sample is typical winter noise,   the low signal band coherence 

indicates that an MCF would probanly be ineffective.    As will be shown in Section 

IV,   the predictions of MCF effectiveness for these noise samples are borne out. 

F. CONCLUDING REMARK 

The thirty-six long duration noise samples,   covering the periods 

from summer 1972 through early spring 1973,  have been found to have time va- 

riability,   and directionality consistent with previous results,   therefore,   their 

major character5 3tics can be considered well-defined.    The coherences of the 
i 

noise is not as; well defined  ,   but the coincidences of th'i microseismic peak 

power and maximum coherence in the winter gives strong evidence of discrete 

noise generating sources.    MCF effectiveness becomes a function of the position 

of the microseismic peak in relation to the signal processing band.    In the summer 

the p'iak power often occurs in the signal band but the noise is largely incoherent 

and Isotropie so that MCF processing may not be justified. 

.i 
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SECTION IV 

ARRAY PROCESSING PERFORMANCE 

A. INTRODUCTION 

The principal objectives in this extension of the NORSAR array 

processing performance evaluation were: 

• Continued exploration of the feasibility of routinely design- 

ing and applying multichannel filters (MCF's). 

• Comparison of the effective noise rejection and signal de- 

gradation of the full NORSAR array and a reduced array con- 

sisting of only the inner ring sites. 

These objectives were accomplishea by. 

• Estimating the noise rejection achieved by the MCF and beam- 

steer (BS) processors for the full array and the reduced array. 

• Measuring the signal degradation caused by the MCF and BS 

processors for both arrays. 

• MCF processing of signals using only one noise sample for 

MCF design. 

B. DATA BASE 

\. 

Twenty- three samples of noise data for the period from 7 August 

1972 to 20 February 197 3 were used for MCF design.    Both the MCF snd beam- 

steer processor were then applied to two portions of a noise sample called on- 

IV-1 

-  ■ ■■-——   



tmivmmmr'^^fff' < '     '-        •"■'•'nn^^wiipmnmOTPMMaMmfVWF"    ivmimmmmn^mnmmtm'^n^iiifiii'iwmmmmmn.i mmiii\\i^mmmmmr^iirwr~*mim'mFi**m**m°mm 

design noise and off-design noise.    The former was in the MCF design gate 

and the latter outside of the design gate.    Each portion was 4096 seconds long. 

Twelve events from the 1972 summer event ensemble were used 

for signal beamforming loss and noise reduction measurements for the full 

NORSAR array and the reduced array.    Similar measurements were made 

on seven August 1972 events processed by an MCF beamformer. 

Using the 1 9, ?00-second data from the 7 August 1972 noise 

sample,  MCF's were designed and applied to the noJse preceding 31  events 

occurring between 3 August and 18 August 1972.    The purpose was to compare 

the noise reduction achieved by MCF and BS processors on data increasingly 

displaced in time from the MCF design interval.    Relative signal-to-noise 

ratios were co nputed on the 19 events having moderate signal-to-noise ratios 

on the single site. 

C.     MCF AND BEAMSTEER NOISE REJECTION. 

The MCF's were computed for only the vertical component of 

the data,   using the design parameters of Special Report No.  7: 

• Dispersive signal model oriented to a beam direction of 90 

• Signal-to-noise ratio equal to four at all frequencies 

• Two percent white noise added to the data 

• Frequency domain design by transforming,   cross-multiplying 

and stacking 256-second segments at all frequencies 0.00- 

0. 246 Hz.     The data were not banned 

On the average,   20 sites were available for the full array and 

seven sites for the reduced array. 
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Table IV-1 presents the relative MCF/BS noise rejection for 

the full and reduced arrays.    Among the three passbands computed,   the best 

improvement in noise rejection by the MCF generally was obtained in the wider 

band of 0. 02-0. 10 Hz.    For the reduced array,   the MCT was 4 dB more effective 

than the beamsteer processor in the signal processing band,  however,   this ad- 

vantage dropped to less than 2 dB with the full array.    Although the array gain 

of the full array is 4. 5 dB (10 log (number of sites) ) greater than the small array, 

the use of an MCF with the  smaller array could reduce this site difference to 

less than 1 dB. 

Previous analysis of only winter noise using the full array did 

not show much correlation between beam or single site noise level and improve- 

ment in array gain.    With additional data covering the transition from summer 

to winter noise conditions,   the winter rise in noise level is accompanied by a 

r:se in MCF improvement although sample to sample correlation of level and im- 

provement is still poor (Figure IV-1).    However,  for the reduced array,   there is 

a strong correlation between the BS level and the relative MCF/BS noise rejection 

from sample to sample (Figure IV-2),   particularly in the signal processing band. 

Multichannel filter array gain improvement showed distinct changes 

related to the seasonal noise changes.    For the full array,  MCF-over-BS gains 

in the signal band fluctuated around the zero dB level before the 12 November 

noise sample,   but shovved significant improvements ra  ging from 0 to 7 dB with 

an average of about 4 dB in the winter.    This implies that a decrease of 0. 2 M 
s 

units in the detection threshold could be achieved at NORSAR using an MCF pro- 

cessor in the winter.    Even better gains were obtained for the reduced array; 

these ranged from 0 to 9 dB for both summer and winter at NORSAR with slightly 

less seasonal change being observed. 
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D. SIGNAL DEGRADATION OF MCF AND BEAMSTEER PROCESSORS 

The signal amplitude degradation of the beamsteer processoi 

was measured using twelve 1972 winter ensemble events and sixteen 1972 

summer ensemble events.    Seven of the summer events were also MCF pro- 

cessed for comparison.    Both the full array and the reduced array were used 

for these measurements. 

Events were selected lo have at least a moderate signal-to-noise 

ratio on both the reference site (usually site 1) and the output beam traces.    Am- 

plitude degradation of the unfiltered signal was measured by taking the ratio of 

the amplitude of a particular wave cycle from the reference site to the amplitude 

of the same cycle of the output beam.    Three such ratios were averaged for each 

trace and the average ratio was then expressed in decibels. 

Table IV-2 shows the signal loss of the beamsteer processor for 

the full and reduced arrays.    Negative values indicate that the output beam am- 

plitudes exceeded the reference site amplitude.    Ra/leigh wave signal loss ranged 

from -0. 8 to 6. 2 dB for the full array and -0. 6 to 3. 1 dB for reduced array with 

averages of 2.0 dB and 1. 4 dB respectively.     The beamforming loss of the Rayleigh 

and Love waves are not significantly different.     The smaller loss of the reduced 

array is significant,   however,   and reflects the high signal similarity among the 

inner ring sites.    Loss contributed by errors in the estimated phase velocity used 

for beamforming is also less for the reduced array. 

The average signal degradation obtained for these events are 

approximately 1.0 to 1.4 dB larger than those obtained from the 1971 events. 

The reasons for this are not clear.     The measurement technique of the earlier re- 

sults was slightly different,   using only one wave cycle instead of three.     This has 

contributed a part of the difference.    A second possibility is that one of the channels 

had inverted polarity causing partial cancellation of the signal for a few of the events. 

However,   periodic checks of the data were made to check for that condition. 
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TABLE IV-2 

SIGNAL AMPLITUDE DEGRADATION OF BEAMSTEER PROCESSOR 

FOR NORSAR FULL ARRAY AND ITS REDUCED ARRAY 

Event 

Sig aal Degra dation (dB) 

Full Array Reduced Array 1 
No.   of Rayleigh Love No.   of Rayieigh Love 

Name Sites Wave Wave Sites Wave Wave 

SIN*002*10 19 0.3 0.5 7 1.8 1.0 

TAI*004*12 17 0.3 0.7 6 0.3 0.4 

TAI*006*06 16 2.5 1.4 7 1.6 0.4 

RA*006*09 16 2.5 1.6 7 1.8 1.4 

SIB*013*17 19 1.2 2.9 6 0.8 2.0 

SIN*042*05 18 (-0.8) 1.9 8 (-0.6) 1.9 

SIN*047*23 16 0.7 - 7 0.6 - 

r<UR*057*02 18 2.0 1.3 8 1.2 0.6 

YUN*057*18 17 1.9 1.4 6 2. 1 2. 1 

TIB*075*06 20 2.7 4.? 8 2. 0 4.9 

KUR*077*07 19 3.2 3.5 8 0.8 1.4 

TAD*077*09 19 1.6 3.9 8 0.2 3.8 

WRS*204*05 18 2. 1 -1.7 7 2. 1 -0.9 

TIB*204*16 17 0.7 2.1 7 0.7 0. 3 

KUR*209*00 16 3.9 1.2 7 1.9 0.9 

KUR*211*21 19 3.9 0.8 6 1.5 0,6 

KAM*216*12 18 1.7 3.2 8 1. 1 1.8 

IRA*216*22 18 1.7 - 7 1.0 - 

TUR*216*21 19 0.9 1.5 8 0.9 1.5 

TUR*217*05 19 2.0 1.6 8 2.0 1.4 

IRA*221*19 14 4.0 5.6 6 3.0 4,2 

BAI*222*19 12 0.3 1.0 7 0.7 -0.2 

ERS*222*20 17 6.2 3.2 6 2.4 - 

MON*231*12 13 2. 1 2.0 7 0. 5 - 

KUR*231*21 14 3.2 - 7 3. 1 - 

CHI*243*15 18 0.5 1.3 7 0.8 0, 5 

SIN*243*17 18 2.4 6.4 7 2.4 5.3 

CHI*243*18 18 0.6 2. 1 7 1.0 0.6 

Average 2,0 2.2 '    1.4 1.6 
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Table IV-3 gives the vertical Rayleigh wave signal loss from 

the MCF processor.    The beamsteer losses are included from Table IV-2 for 

comparison.    Average MCF signal losses for the full and partial arrays were 

3. 2 dB and 2. 3 dB respectively.    This is close to the average beamsteer loss for 

these events of 2.9 dB and 1.8 dB respectively. 

The event ERS;;:222*20 had a very high Rayleigh wave loss of 6. 2 

dB for the full array but a near-average loss of 2.4 dB for the partial array. 

This event was found to have significant off-azimuth (probably multipath)  energy. 

The Love waves from this event showed no unusual behavior. 

E. MCF PROCESSING OF SIGNALS USING ONE NOISE SAMPLE FOR MCF 
DESIGN 

Earlier results (Texas Instruments,  Special Report No.   7,   1973) 

have shown that a single noise sample might be useful for design of multichannel 

filters to be applied to events, days or weeks before or after the noise sample it- 

self.     This implies *hat either the noise field is generally stationary or that it 

changes slowly,   perhaps gradually reducing the effectiveness of the MCF.     This 

possibility would permit routine MCF processing of the data without the consi- 

derable expense in computer time needed to estimate cross-power spectral ma- 

trices.     To further investigate the possibilities of this idea,   31 events occuring 

between the third and the eighteenth of August 1972 were processed using MCF's de- 

signed from the 7 August 1972 noise sample.     These events arc listed in Table 

IV-4.     The MCF design noise sample had typical summertime charar teristics of 

low level and isotropy. 

Figure IV-3 shows the MCF/BS relative noise reduction in the 

0. 025-0. 059Hz signal band computed in a 1500-second gate prior to the P-wave 

arrival of each event.    Among the thirty-one events,   sixteen favored the MCF 

.: 

1 
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TABLE IV-3 

SIGNAL AMPLITUDE DEGRADATION OF RAYLEIGH WAVE 
FROM MCF AND BEAMSTEER PROCESSOR FOR NORSAR 

FULL ARRAY AND ITS REDUCED ARRAY 

Event 
Name 

Signal Degradation (dB)                                         \ 

Full Array Reduced Array 

No.   of 
Sites MCF BS No. of 

Sites MCF BS 

TUR*216«21 

IRA*216*22 

TUR*217*0 5 

IRA*221*19 

ERS*222*20 

MON*23l*12 

KUR*231*21 

19 

18 

19 

14 

17 

13 

14 

0.8 

2.4 

1.2 

2.8 

6.6 

4.0 

4.7 

0.9 

1.7 

2.0 

4.2 

6.2 

2. 1 

3. 2 

8 

7 

8 

6 

6 

7 

7 

1.4 

1.6 

1.6 

2.8 

3.0 

1.7 

4. 1 

0.9 

1.0 

2.0 

3.0 

2.4 

0. 5 

3. 1 

Average 3.2 2.9 2.3 1.8 
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and fifteen the beamsteer.    Although not shown,  other passbands also were com- 

puted.    In general,   the results are in agreement with those shown in Table IV-1. 

That is,  the MCF was superior in wider bands with higher frequencies,   but not 

in narrow, lower frequency bands.    Figure IV-3 shows that the MCF/ BS re- 

lative gains are rather randomly distributed positively and negatively and that 

they do not seem to be a function of the event-noise sample time separation in- 

dicating that the supposed necessity of using a noise sample close to the signal 

may not always be valid. 

Nineteen of these events had good signal-to-noise ratio (SNR) 

and were suitable for comparison of MCF/BS SNR enhancement.    Figure IV-4 

shows the relative MCF/BS SNR's for the 0.025-0.059 Hz band.    Because   signal 

loss for the MCF and BS are about the same,   the SNR's were mostly affected by 

noise reduction and consequently,  the results were close to that of the noise 

analysis shown in Figure IV-3. 

The results of this investigation show that although the summer 

noise is well-behaved,  its almost isotropic character allows an MCF little ad- 

vantage over a conventional beamsteer processor.    On the other hand,   the directional 

nature of winter noise which offers definite MCF improvements,   is complicated 

by severe level changes and other transient phenomena which would effectively 

limit the use of fixed MCF's.     Time-adaptive multichannel filters would seem 

to offer strong potential for eliminating the directional noise while coping with 

the transient level changes and should be investigated in any future analysis. 
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SECTION V 

MATCHED FILTER PERFORMANCE 

A. INTRODUCTION 

The goals of the matched filter performance study were to de- 

termine the available signal-plus-noise-to-noise ratio (SNNR) improvements 

of the matched filters as compared to a bandpass filter and to regionalize the 

events by matched filter parameters. 

The matched filters used in previous studies have been linear 

group velocity chirp filters (linear with frequency) and reference waveform 

filters (RWF).     Because RWF's did not show a clear-cut superiority over 

chirp filters in SNNR gain (Special Report No,   5,   1972) and there was no a 

priori means of selecting "good" reference waveforms as filters (Special 

Report No.   5,   1973) this report is solely concerned with linear group velocity 

chirps.    Appendix D contains a study of the limitations and errors involved 

using this linear frequency design. 

B. PROCESSING 

A suite of five chirp filters and one bandpass filter (0. 020-0. 059 

Hz or 17-50 seconds in 1971; 0.025-0.059 Hz or 17-40 seconds in 1972 and 1973) 

were routinely applied to the three component beamsteered traces of each event. 

The lengths of the five chirps were determined,   at first empirically and later 

from the maps of optimum chirp lengths described in Special Report No.   7. 

The SNNR of a signal was measured as the ratio of zero-to- 

peak signal amplitude to the RMS noise amplitude.     The signal was picked as the 
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maximum amplitude within a signal gate determined by a velocity range of 4. 0 

km/sec to 2. 5 km/sec ?nd the noise was measured over a 1200 second gate 

usually immediately preceding the P-wave arrival.     The optimum chirp length 

was the length which produced   the highest zero-to-peak amplitude. 

C REGIONALIZATION BY CHIRP FILTER LENGTH 

An additional 96 LR vertical and 93 LQ transverse optimum chirp 

filter lengths were added to the data of Special Report No.   7 and were used to 

update the maps of optimum LR vertical and LQ transverse chirp lengths.    Se- 

veral events which were listed in Special Report No.   7 as having non-optimum 

chirp lengths were re-analyzed.    Most of these events were from Taiwan,  with 

the rest from central Asia and the Mediterranean area. 

Figures V-l and V-2 show the results of the entire ensemble 

contoured on the Eurasian Continent.    During contouring it was assumed that 

the chirp length would increase monotonically with distance from NORSAR.     The 

data also were smoothed to show regional variations rather than point to point 

variations.    The contours have changed little from Special Report No.  7.    The 

region of the Caspian Sea still shows the extraordinarily long chirp lengths which 

cannot be reconciled with the monotonicity rule. 

The regional!zation is suggested by changes in the direction 

and gradient of the contours.    Figure V-3 shows vhe seismic regions derived 

from the chirp length maps.    These regions are essentially unchanged from 

Special Report No.   7.    As Appendix D shows,  the optimum chirp length is not 

only a function of dispersion but also of the signa.  spectrum received at the array. 

The signal spectrum usually has been modified by the effects of radiation pattern, 

multipath interference,   and attenuation.    While these effects are important con- 

siderations in any regionalization scheme,  they have been neglected here.    Signal 

spectrum effects are most likely the cause of the unusual chirp behavior around 

the Caspian Sea. 
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D. CHIRP FILTER SNNR IMPROVEMENT 
I 
I 
I 
I 

The average chirp filter SNNR improvement was computed 

for the events in each of the seismic regions shown in Figare V-3.     The indi- 

vidual chirp gains for each event within each region are given in Table V-l. 

Included in Table V-l are the best chirp lengths,  SNNR of ihe bandpassed beam, 

the improvement of the chirp filter   SNNR  over the bandpassed beam SNNR,   and 

the averages of chirp filter improvements by region.    Non-detection on a par- | 

ticular component is indicated by a dash.    Events with a SNNR less than 6.0 on 

the bandpassed data were not used in the computation of the average improve- 

ment and are indicated by an asterisk.    Chirp lengths which are not considered 

to be optimum are also indicated by an asterisk and likewise are not included 

in the computations. 

: The majority of regions have an average from 1 to 2 dB SNNR 

improvement with matched filtering. The exceptions are the Eastern Kazakh 

test area which have poor chirp filter improvements (less than 1 dB) and the 

Western Pacific area from Taiwan to the Kuriles, which have improvements 

above 3 dB. The results of these data differ little from Special Report No. 7 

except in the Taiwan region where re-analysis of several previous events has 

improved the average gain in that region. 

: 

:; 

Omitting those events with a bandpassed SNNR of less than 6, 

87 percent of the Love wave chirps have positive SNNR improvement and 45 per- 

cent have 2 dB or greater improvement.    For the Rayleigh wave 91 percent of 

the chirps have positive SNNR improvement and 50 percent have improvements 

greater than 2 dB.     At ALP A,   60 percent of the Rayleigh wave chirp improve- 

ments exceeded 2 dB.    A 2 dB increase in SNNR is equivalent to about an in- 

crease of 0. 1 m.   units.     For the  1972 winter events (Section VI),   for example, 
b 

this increase in apparent magnitude would raise events at the 50 percent de- 

tection level to the 62 percent level and events at the 90 percent detection level 

to the 93 percent level. 
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CTANOAPD   ncviATTON   = 
i^HMprp   pc   pvF^TS    - 

O.P"    1,4^   o,oq 

1.30    »•*1   1.ft7 
70 Ifl 1 ^ 

I 

V-7 
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'-'—^■WPPIP^PPWP^^^' v^mnmmmmmmimm^r^ 

TÄBLP    V-l 

CHIPP   MATCHFO   FILTEP    IMPPOVFMPNT   TN 
fPAGF      ?   OF    1ft» 

SICNAUNriTSF/Nri^F   "ATin 

PFGION    «TUP«   -   r,RFFrFtTlJPKFYfR« ACK   S^^.F   FUPOPF,F   MFPITFPP ANFAN 

FVFNT TMIRP   LFNGTH 
LOT        LRV        IPP 

BANnpAS«;Fn SNNP 

LOT LPV LPP 
^NNP    IMP   (HPl 
LOT      IPV      LPP 

PI <;/?6VOft no 217 217 0.0 0.0 0.0 1.3 ■».P 3.3 

PLS/?fr^/10 ^fi-^ '35 235 0.0 0.0 0.0 3.2 3.0 l.o 

rÄI|/2P^/0O 87 87 87 0.0 0.0 0.0 1.0 0.9 0.^ 

TPS/?«?!/?? 108 217 217 0.0 n.o 0.0 ?.6 2.6 •».6 

MR/l?6/0A 11? •^8 348 0.0 0.0 0.0 3.2 R.3 4.2 

TUP/IA3/01 108 10* •^05 0.0 0.0 0.0 2.5 6.5 6.4 

TtlR/lftl/O« n*» ?(>■* 2P3 0.0 0.0 0.0 4.8 ^.6 4.0 

RUL*0(Sn*?? ino Ä50* ^50* 17.P 32.1 14.0 4.4 ■».6 7.Q 

CAUX n"'t)*0? 100 - ICO 16.6 - 5.2* -1.5 - 1.3 

CAU*?0R*l« 60 160 200 21.1 26.1 13.7 0.4 l.P 2.0 

r,RF*0l7*0c5 100 AOO 400 6.4 5.1* 4.3* 1.3 2.7 '.0 

rPF*o?ft*i? - •'50 - - 2.3* - - -7.1 - 

rQP*lftl*07 IfO 750 250 17^.0 161.4 MO.7 0.5 3.P 2.7 

Dnr*o?o*o? 100 ?00 300 26.P 64.0 W.S 1.3 3.1 •».0 

GPc*00?*0Q 150 2«0 280 4.7* 4.1* 4.P* 2.0 2.6 0.^ 

r,PF*oi2*n -»50 ■»oo _ 67.S 126.2 - 2.7 4.1 - 

r,PF*o^?*2i ?20 280 2 80 42.8 26.0 10.4 1.4 2.0 2.2 

GRF^OAA+L"» 150 240 240 4^.^ 1K.4 11.3 1.6 -.8 0.7 

r7PF*0A7*00 150 280 ?C() 51.8 11.0 12.5 2.1 -.8 0.7 

GRiMWlO 100 ?80 120 138.1 6R.2 70.5 -.2 7.3 7.3 

rRF*167*00 180 ^20 280 614.1 562.R 403.1 3.1 «.« 5.3 

CRF*1P0*0^ 75 240 240 11.7 12.8 0.5 1.0 4.7 R,* 

GRF*?00*n ^AO 160 - 21.0 l«i.l - 3.-» 1.7 — 

MFr*i<?i*n 100 - - 14.1 - - 2.2 - - 

H(fQ*iqQ*()'\ ??0* 280 280 24.4 14.8 18.4 1.1 3.4 1.7 

MFn*?05*18 160 280 ?P0 R.l 15.2 8.7 1.7 3.1 "».P 

«;WP*?77*OR 50 40 60 0.8 25.6 13.2 0.4 0.3 0.6 

TR<;*160*12 100 280 ^20 13.2 5.R» 5.1* 0.4 2.1 l.A 

T()R*0??*W 125 ?50 2^0 4.4* 4.6^ 4.0* 1.0 3.2 ">.« 

TI|R*lSft*l6 125 ?50 •^oo 12.0 8.4 7.4 3.0 2.5 2.2 

TIJR*170*?? 100 320 320 15.2 8.7 R.2 2.8 2.0 -1.7 

TI|P*173*0^ 75 100 100 30.4 65,6 3P.^ O.o -.1 O.n 

T|)R*17'5*0A 120 240 780 31.0 ?3,8 14.0 3.4 ".2 4.0 

T'IR*IR6*06 100 240 - 8.3 n.7 - 2.1 0.^ — 

TUR*1PR*0' 120 3'0* 320* 575.4 335.1 270.0 2.3 •».7 3.6 

I 
I 
I 
I 
i 

Dl 
D 

: 
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TftULF   V-l 

CHTBP   MÄTTHPn   FTLTFP    IMpROVFMFNT   IN   SI GNÄI. + MOT SF/NPT^F   PATfO 
(PAGF      1   OF    161 

RCGION   »TDO»   -   CPFFCF ,TUPKFYfRL«r,K   SFAfP   FUOHP^tF   MPDIT ^PP ANCAN 

FVFNT 

lltn* 206*10 
rRF*?15*02 
rRF*?4?*2? 
r.oF*310*lO 
CPF*?ll*0«> 

rRF*32l*03 
CR«;*?AA*1^ 
rYP*2lS*I5 
onn*?\Q*io 
GPF*2'M*08 

GRF*2'»2*b6 
GRE*12S*( "» 
GRF*3?g*01 
GRE*329*0"' 
r,RF*?10*I5 

MEn*21<)*0^ 
«Fn«2A2*21 
MP0*320*12 
MFn*333*13 
WFn*334*01 

TUR*216*02 
TUP*21(S*?1 
TUR*2!7*0,5 
TMP«220*05 
TIJR*236*21 

WP<;*?OA*OS 

THIRO LP NGTH RANn "ASSFO SMNP S^MO IMP (OPl 

LOT LPV IRR LOT 1 RV LOR LOT 1 ov I.CR 

TOO 320 ^20 34.2 '4.4 1°.' I.« 3.6 2.' 
?50 200 2 00 7.' R.^ ^.9* 0.3 3.7 '.6 
260 ?30 230 11.4 12,4 Q.2 \.K 3.7 '.7 

?00 AOC 4C0 34.2 53.6 2°.° 1.« ^.S ft.? 
150 7^0 - 5.4* 3.2* - -.0 0.4 - 

• ^50 m _ .,.«* _ — 2.0 — 

160 - - 342.R - - 2.0 - - 

150 '00 200 90.7 14.A 2t.o 1.9 1.«; O.Q 

180 '30 - lfl.5 27.3 - 2.« -.6 - 

100 320 320 3^,0 25.^ 'O.A 1.4 4.0 ^.0 

1A0 2P0 2^0 R.« 12.' 4.7* -.2 5.0 2.8 
260 ?00 200 24.0 1R.0 20.1 0." 4.1 4."» 

1B0 '60 260 52.Q '5.9 'O.o '.1 "».1 ■».1 

1R0 ?6C 260 145.7 'P4.3 144.0 4.0 2.-» ',.1 

220 260 230 4.R* 4.1* S.R* 0.7 ^.1 1.7 

150 250 250 22.4 1^.3 15.0 -1.1 4.1 '.* 
200 7CO '50 31.7 '7.8 '^.3 1.0 '.* 4.Q 

150 350 10.1 '•6 7.^ 3.6 1 .0 W.A 

■»50 400 10.6 2*..6 20.« ^.2 0.7 0,1 
- 200 - - "».6* - - -.*» - 

'00 200 200 192.3 67.7 49.4 1.2 O.T l.Q 

130 200 200 309.1 1S1.3 102.2 !•? 1.0 -.' 

160 ?40 - 126.6 43.1 - 1.1 1.9 - 

no 320 240 14.7 14.4 3.0^ 1.5 O.A 3.! 
130 2A0 2P0 10.P ^.2* *,*• 0,8 4.9 4.4 

80 120 '3.4 ^8.4 

MPAM   SNNO    IMppqvTMFNT    = 
STANOftR"   nrviATICN   « 

1.4 O.S 

1.80 '.^O 2,6? 
'."»^ UOl 1.04 

«?T 4«, "^7 
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r »■" ■ "j ■ M »—«^^pip ■^————^——— "•■■' > >i,m 

TMIRO   1 FNCTH 
I OT LPV I OR 

RANO^ASSFn   <;MNP 

10T       I PV      I OP 

rAS/fJS/o^ ?R7 6« 60 o.n 0.0 0.0 ^.4 1.? '.0 
rAU/2(S?/0^ - ^q9 - - 0.0* - - 0.0 - 
rAM/?fl"i/!7 IO«; A5^ 45"» 0.0 0.0 0.0 ?.c '.-< ^».4 

WK7M56/0ft 2fl 1 7A 17^ n.o 0.0 0.0 1 ." 1.4 I.? 
f AI)*I fef)*no IKO -»on ?rn ??.* 7A.4 44.0 »•■» '.^ 1.0 

!PA*Oin*?l 1?0 f«00 fCO «9.1 If. 7 n.^» -."> -».«> 1.^ 

MFAN    <;KiNP    T Mf,PnVF»'CVT   =       1,^7    "».O^    l.f 
STANOAPn   OFVIATTON   •      I •*?    UH    1.0' 

MiMnrp   or   pv^NTS   = 5 9* 

J 

a i 
] 
: 

3 

■ • 

.1 
■• 

v-io 

i 

I 



■ ' ■»•■■■ ■'"   "'   ••,"   -' 

TfDir   v-1 

r.HIPP   MAT^wn   FIL"0    TMPPOVPMrMT   TM   SI r,VM ♦N^T CF/'"PT SP    "AT!0 

PFG^ON    •IRA1   -    ^miTHFCN    IPAN 

I ny       |PV        LP0 I OT |PV I PP I OT       | o\i      [ DO 

TR A*OOft*Oo TOO» ä?0 - 4T.4 M,1 - -7.4 0.« - 

iRA*ni«*?7 7 5 0* 560 560 •*.* •»^.4 n.p -'.1 -.« '.1 

TPA*OAl*OP TOO A40 CÜO 71 .» 7.7 %«6 -.P 1.7 ».Ä 
TOA*04\*lf A 50 40^ 400 11.« 73.^ «.c O.o o.o 1 .o 

tPA*nA9*?l "»50 - 400 1«».* - 7?.0 0.7 - ?.•» 

TRÄ*15S*Ofl 1^0* ^60 _ 11.3 1.0* - 0.4 1.7 - 

TRA*1 S6*0'» - 540 «■^o - 7.3* 4.7* - 5.«^ 0.* 
TPa*lS7*n 1f«0* ?00 »ffl /.^,4 «.P P.R -'.-• 1.7 -1 .1 
TPA*lA7*lo 160* 4^0 4P0 63.6 '0.7 I"l.fl -1 ,* ?.* 1     c • 

IDAMftAOH TOO ^50 •>«;o •>6T.O ^«,4 7^.7 O.A '.1 1 .«^ 

IP A*l fe'iA^n IfO ^40 tpn ^4^. Q 148.0 170.0 -.4 ^».4 1.c 

IOA*1ftfl*73 160* 30^» ■»00 ?'.' 74.4 «.Q -7.4 0.7 I.7 

IP A*17«;*0« 160* ■»oo '00 ino.4 ?c.', '1.3 -.P •».a n.c 

TPA*1P4*12 700* - - 1777.' - - -1 .^ - - 

TRA*lflA*14 <;o ■»^o ?00 7.o* 7.4* '.^* 1.7 7.1 T.' 

IPA*lfl'>*07 _ ■»oo ■»oo — 17.5 71 .5 — 1.' 1.4 

TRA*IPS*1? - ■»50 - - 7.7 - - o.«; - 

TPAMflS*?! 100 150 300 '47,i«« Q7. B 03.i 1.3 4.7 ■».r' 

IRA*1R7*1^ 100 7 50 7r0 '.5.^ 71.R '1 .4 3.R 7.4 1 .1 

TPA*iq7*?l i^O - - 7.7* - - 1.4 - - 

1RA*1 flP*0^ m •'50 3C0 — ^.1 5.7* _ U6 r>.7 

TRA*!^*?'» - 'OP 700 - 54.7 ^7.0 - ■«.3 ^.B 

yPA*lQ6*l-« ino 400 - ?!•! 7.3 - O.R 0.*- - 

TRA*1P«.*17 100 - - ^.1 - - 1.1 - - 

IRO^OftO'-O0 ■)«;o AOO* 400* It.'» 3.«^* 4.4* 1.1 I.7 -l.^. 

!RA*?lft*?? 1Q0 700 _ /..7* 11.5 - '.r» -•« _ 

IRA*?17*0i 70 '00 7 00 ^.c 17.7 11 .* 0.4 o.l T.i 

TPA*7l<)*07 70 370 IPO c6.6 110.' 6'.0 1.' 0.6 '.o 
TOA*??l*-!o 70 ■>*n ■5f,0 171.4 4^.o ".4 '.'. -.1 '♦.7 

TP A*7?o*0^ 160 ->oo 7C0 17.0 17.4 ^.6 ■«.1 ".4 r<.^ 

IR A*1t>l «in 100 ■»PO '•«►O 14.4 R.' Q.l 7.5 1.^ 7   r> 
. ■ 

TRA*3?,>*0'» 160 440 'Oo 10. A 4.f 5.P* ?.7 «•1 »•« 

IRA*-?30*2? no IPO •»pn 60.c 1^.4 7 4.4 3.1 ?.3 1 ,1 

MFAN    S^.'MP    1 MpDnvrMrNT   = 1 .47 I .un i.O" 
<;TAvnftRo nr vi * n PM = ! .il 1./.1 1.47 

KjMMQr Q OC    r\/FMT<;    = 17 74 -«o 

v-u 

MM 



ifitniwnmmmm*m ".IIII   IHM mmmmm^m'  «» mmmmmm TPBWPr^w^ " * ,mw|i ^^vr^imi 

TARLP   V-l 

CHTPP   MÄTCHFO   rairp   |MopnVP^NT   IN   M nNAL+NOI S^NO»' F   RATIO 
(iMCf-  ^ OF 16) 

RFGION «PAK« - PAKISTAN, FASTFRN IPAN 

CHIPP IFNOTH        BANnPASScn ^NNP PVFNT 

IPA*n?<>«Ot> 
IRAMOIM? 
PÄK«I*i7*n 
PAK*16?*n 
PAK*1^Q*10 

PÄK*19,5*IP 
PA^PMMO 

LOT 

?00 

?A0 

?80 

■»no 

tPV 

■^60 

160 
■»00 
?A0 

?«n 
?oo 

i PP 

"»60 

?20 
?^0 
160 

LOT 

4.?* 
?6.1 

IRV 

6.1 

SNNP    I^P   tOR) 
(.OR        10T      I RV     I PR 

14.R 
46.6 

AR.S   n?.i 

-^.9* -1.0 -1.? 0.P 
- ?.P - - 

14.0 ■*.? I»1 '•' 
V,* - 2.3 1.4 
«■^.5 0.7 7.1 l.T 

?00 14.«> 
6.«5 

?7.B 22.3 
?.R 

0.7      0.3      0.4 

MFAN   SNNP    INPRHV^MFNT   «      1.,54    I .'»3    1.16 
STANOAPO   OFVIATIOM   »      1.45   l.cl   »«M 

NljMRrp   PF   FVFNTS   = 3 6^ 

D 

:i 

.1 

.1 

fl 

i 
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1 i ■ u ■ »f^mmuß**"* IW>  i      >>    •   ".i iPPHll^^WMPI^^'«^"^'   '   > ■■»WlP^HfPil*'»'^»1" l"      ■ '»■•■■^■■^■»p 

Tft^LF    V-l 

CHIRP   MATTHFO   PILTFR    IMppnVF««FNT   TM 
(PAT-F      7   nc    lf,J 

SlGNAL^NnySF/Nni^F   P AT T O 

RTCTHN    «Tn?»    -   TAn/HIK,    KIRGI^,   HfNOU   KlI^M,   N   AFGANISTAN 

FVFNT 

707/147/00 

AFf^O^«»*!? 
AFG*IR1*01 

HNK*0^1*nfl 
HN«(*177*0T 
KRr,*006*0«> 
TAn*077*oq 
707*005*1? 

HNK*178*20 
HNK*17C>*1*; 
ÄFr,*215*12 
AFG*?7<S*no 
AFG*??P*10 

AFG*^0R*?'? 
AFG*?2n*l<. 
HNK*?2^*0l 
WNK*?40*1A 
T07*^U*12 

CHIRP   L^^GTH 
1OT        LRV        IRR 

122 
■H« 

•>50 
100 

2,>0 
■»RO 

80 
400 
A?0 

110 
MO 
160 

190 
?10 
160 
no 
100 

479 

400 

•»50 

100 
I^O 
450 

700 
20O 
^50 
400 

440 

4on 
■^00 
120 

479 
4C0 
4C0 

?K0 

130 
■^50 
450 

700 
200 

400 

440 

400 
■^oo 
120 

PAN^OASSFn   SWWP 

IOT tRV LRR 

0.0 
0.0 
0.0 
6,A 

54.1 

0.0 
0.0 
0.0 

65.6 

4.5* 

0.0 

0.0 
n.5 
SO.' 

<;N^p    |MP (np) 

LOT t OV It» 

1.5 2." 1.« 
2.1 ?.6 

-3.2 "^.T ^.o 
3.R - '-.' 
0.«   -1.0 n.n 

7.« 
48.7 
4.1*        0,7 

69.1    nc.? 

4.6* 
107.7 

2.P*        2.1* 
5.6*        9.7 

4.1* 

*,?•     2.1 
-1.4 

121.0        '.•» 
6.6        2.1 

5.0* 
76.7 

6.S 

■»66.^ 
6.6 

14.6 
2.0* 

19."> 

265.Q      210.7 

A.i* 

11.3 

^.3 
-l.p 

7.1*      0.7 
7.0*      -.6 

11.1 ^.0 

0.9 '.0 

0.1 2.'» 
1.0 l."» 
o.o o.s 

1.2 7.6 
2.1 

1.7 -.4 
0.4 "».I 
7.6 

S.P 

MFAN   SNNP   TMPRHVFMFNT   =      1.12    2.^4 
<;TANOAR0   OFVIATIHN   =      2.0°    1 .«M 

NUMRF"    TF   FVFNTS   = 1 "* 11 

7.S 

?.o 

s.? 

l.P      7.7 
1.'      1 ." 

•>.50 
1.41 

11 

1 

x 
V-13 
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'■ '■"" ""^"■^«■^WW"""'-,I I     '■-'■"••I • .I'l"1' »w^""^»— n« -     ! n"."1"' - i  ii 

TA^IF    V-l 

(PAr,r      B   op    \f,) 

RFr.mN    «TTR»    -   «;   MNKMl^G,    TIpCT»    N   ^IIOMä,   HMIAV^K'   «•nil«»?MNS 

PVFNT THIF P   If NOTH »AMnP^SP^ <;NMO «JNNP IMP (r>P) 

1 OT L0V Ipp 1 OT LRV 1 op LOT 1 "v I pp 

*,\H/2\<*n* IT* ^»05 30S 0.0 0,0 0.0 7,1 7.0 0.7 

^iN/pAin^ - 176 - - 0.0* - - 0.7 - 
m/i2-»/oo IQf« ' 1^ -»rs 0.0 0.0 0,0 4,S I.' 7.K 

TTB/IS«;/'O ■•o^ A 70 47«5 0.0 0.0 0,0 3,7 1.0 1.6 
TIB/^0?/17 217 R7 P7 0.0 0.0 0,0 7,7 !.o 1.7 

PI)R*l(SO*lf< ■\*n (SOO 700 1^.7 76.S 13,7 3,2 -1.4 -.6 
rMi*iii4*lf, •>5n /.^n 620 47.0 1 A.S \**n 2,4 7.« 3.1 
lNn*is4*?o 250 A40 - 10.« 7.«; - l.o -.7 - 

11^*075*06 ■»oo ^00 TO 40.7 "»7.1 24,0 0,7 2.0 7.« 

TT^*160*'^ no 100 17«; 16.6 5.B* «;,?* l.o 1 .0 2.3 

TTP*170*0A 240 "»60 ^60 ?,:.7 76.2 14,3 -,0 3.2 1 .1 
T y^1r]OK*0^ ?00 - - ^.7 - - 3,2 - - 

T j ^*io«*o? 7^0 - - 66.4 - - 7.6 - - 
T iR*iqs«o-« 'CO - - 10.6 - - 2.0 - - 

TIR*?04*16 1^0 200 700 •^^.^ "if,,^ Ml,« '.0 1.7 -1.0 

TIR*?0^*?1 ISA — - 27.P - - 7.7 - - 

T1R*?05*?'« I'JO - - fl,6 " - 7.S - - 

TIPÄ'Oft*!'. "•O* 700* 200* ?0.o 20.7 1^.7 -.7 1.7 0.« 
Tf P*?<,?*->^ 'SO isn i*0 M.^ 10.fl n ,7 0.2 1.0 -1.7 

«;TK*?^4*1^ AOn AOO 600 10.6 76.Q n,6 O.K -1.R -.6 

<;iK*?->4*\fl 400 •>oo — 4.P* ^.7* - -.1 2.0 - 

«;!•(*■» HMO TtO '00 200 66.1 7 0,6 20,6 0.0 7.7 4.7 

«FAN    ^NNP    TMPPOVTMrMJ   = 
<;TAMn4Pn   nc vi ATI ON   = 

MIlMnpr)    np    PVFNTS    ■ 

7.10    1.7«;    1.26 
|.49    1 .7o   UM 

10 17 12 

.. 

ol 
ell 

U 
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■■.■■■■   I    •     .   v i"«iii,'wv*^m**mm!Vmimi*im*'m "m ■•>iii\j)iimm^rmrwm^mmmm^^'i^^mit^mmmm^ammf^mm'ii.".*m'iK'f. 

TAOir    v-l 

(narr    o OF   1M 

prriOM    «CH!«   -   rpigTQM   fHTNA 

PVPNT 

MnM*lS3*! 1 

YMN*n57*l<» 

LOT LOV        IP«» 

IS? ATO 67<5 0.0 0.0 

lr^ IPf 1 Cfr o.o 0.0 

IT4 ^71 ATI 0.O-» 0.0* 
1 Rn «iSO ^«10 !!?.■» 1>,1 
^qn - - 1^.° — 

-^10 ton ^•00 3«.^ CO.f« 

?00 - - O.o - 

i«;o - - fr.l - 

"»00 TOO con 4^.7 ".? 

IfO 700 - 7^,P n.-« 

1^0 ?on 

LOT | RV I PP 

O.r» 
O.O 
0.0* 
0.7 

•>Q.O 

<; h-MP t MP ("«) 
10T 1 PV LPR 

->.■" 
/  .0 *.*» 

1 .c !.n 1 .4 

?.^ '•' ^».1 

?.'• l.l 
I.'"« - - 

c.a "».f 4.^ 
I.7 - - 

?.^ - - 

f»,? -.^ -1.6 
1.? -." - 

7ro 

70.^ 

12^.4       114.-»      l?R.l 4.!       0./.      0.0 

Mri\Nj   <;N^,P   T MopnvF»«rK'T   = 
«^TANOAon   nrvT^TI^M   ■ 

NilMPFP    or   FVFNT«;   = 
l.S? 

10 

1 I 

t 

7 

1   ,OP 

V-15 
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I" ■". ^w*«ppw*^^^w™w*^piPBBPPiPPiPn 

I 

TABLF   V-l 

fHTRP   MftTCHPH   PIf TCP    |MPPnVF»«FNT   IN 
(o/VCF   10   OF    161 

SinNAL+NHI SF/NPTSF   OATin 

PCGTON   »SIN«   -   SntJTHWC^TFPN,    WFSTFRN,   MnRTHW^STFRN   STNKTANC, 

FVFNT THIRP   LPMGTH 
IOT        LRV        LPP 

RAMOPASSEP   SNNR «JMNR    TMP   (RB) 
LOT 1RV LRR        LOT      LRV     LP» 

SIN/lftft/2? 87 17« 174 0.0 0.0 n.o 1.6 1.2 0.0 
0% 

|ffl/tM/?1 o^ ?17 217 0.0 0.0 0.0 1.4 -.6 -." 

«;TN/170/17 108 217 217 o.n 0.0 0.0 0.7 1 .3 1.0 

S1N/221/01 10^ 78 78 0.0 0.0 o.o l.P 0.6 0."» 

rRS/2",6/16 ill 23* — 0.0 0.0 " 
2.f 2.5 

MN/77V1? 10A 174 174 0.0 0.0 0.0 1 .7 1.5 0.4 

PAI*05B*?? ion ■^oo •*oo 7.7 12.2 8.4 1 .2 2.7 ? .« 
PK7*07P«O7 — 50 «0 - 4.7* 3.3* — 0.4 U1 
K»0*028*20 80 3^0* 320* P.7 4.5* ^.7* 0.8 -1.8 -1 .3 

STN*002*in 80 100 100 70.4 75.8 6?.^ '.5 1.1 1 .0 

<;|M*0A?*05 100* 100 100 53.3 70.6 52.6 O.P 1.1 0.4 

<;TN*047*?^ 80 150 150 17.1 -»1.8 2'>.4 0.8 0.5 0.8 

SIN*06A*04 100 200 200 10.3 44.6 1P.1 -.2 0.7 1.0 

80 
60 

17« 
175* 175* 

2«>.0 
256.0 

«.8* 
78.2 53.0 

1 .« 
1.1 

1.2 
1.5 ?.-* 

S IN*lfl7*0<» \^0 175 175 8,0 12.7 8.4 4.2 3.2 2.5 

STN*1P2*10 160 17« 175 6.0 3>»* 26.ä ^.? 1 -6 1 .1 

STN*200*03 ^00 - - 7.6 — — 0.7 — *■ 

c;tKi*?^s*16 60 75 75 12.^ U.I 5.3* 0.4 1 .7 2.A 

<;iN*?A3*17 120 7S 7«; l.Q* 2.6* 2.8* 2.° 1.2 1.1 

«;TN*307*12 60 "FS 17« 3.8* 2.6* 4.1* l.P 0.3 -.6 

STN*-»16*14 60 75 1^0 4.«* 4.6* •^.4* -.5 -•2 2.^ 

S!N*"?25*0,5 60 150 - 24.0 3.5* • 1 .1 1 .^ 

MFAN    «;NNR    IMPPnVFMFMT   = 
^TANOARD   OFVIATION   « 

MUMincp   OP   FVFNTS   = 

1 .51    l.->7   0.07 
1.06   0.O8   0.8O 

18 14 l7 

: 

] 

—    
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TARIF   V-l 

CHIRP   MÄTTHEO   FILTFP    T-PROVFMFNT   IN   ^ICNAlfNOISF/Nni^F   PÄTin 
(Pftcp   11   OF   161 

RrriflN   *FK7*   -   FA^TFRM   KÄ7«KH   TFST   äRFA,   rFNTRAL   KA7ÄKH 

FVFNT CHIRP   IFNGTH BAMPPACSFn <:NNR SNNR IMP CriR) 

\ OT LRV LPR LQT I RV IRR 10T IRV |_PR 

FKZ/IA^/OA _ 113 - - 0.0* - - 4.0 
0.? 

PKT/IST/OA Pl ?00 2 00 0.0 0.0 0.0 1 ,3 l.P 

PK7/170/04 s? 13Q 13Q 0.0 0.0 0,0 o,s 0.^ 
♦,1 

1 .P 

FKZ/?8?/0f - 130 - - 0.0* ■ " 
«         g 

FK7/?oAr06 •SO 1?2 12? 0.0 0.0 0.0 o.o 0.p -1 .6 

FK7/-i33/06 S2 ftO 60 0.0 0.0 0.0 l.* o.s 1.1 

EK7/3A4/06 6^ fl7 P7 0.0 0.0 0.0 1.'» 1.1 1 .' 

PKZ*070*0A SO 100 100 10.0 o.O 6.^ 1 .0 T .4 l»' 

FK7*0««*0A 130 SO ^0 ?.p* 4.0* l.'* ^.2 0.1 o .^ 

FK7*??9*0^ 60 PO - h.-K *,ü* 
' 

0.? 0 .' 

FK7*107*01 40 PO 100 21.o ?7.8 20.S -.1 l.P U« 
PK7*34S*04 50 SP 7S 77."» •»4,0 90,1 -.3 O.o \.' 

WK7*?33*0? (SO o0 7^ 11.2 27.« 70,S 0.1 0.0 1 .1 

WRS^POA^O6' - - 120 - — ä4,0 • ~ 1 .3 

n7P*306*0^ - 80 1?0 - S.7* 4,4* 
" 

o.o 0,0 

K/V7*l*n«00 v — ion - - 4,7* - - 1 ,4 

CK7-2AO-03 — RO - - 13.6 "■ "" 1.1 " 

FK7-047-05 40 40 - R.7 S, fl* — 1.1 " 

FK7-204-01 - 80 - - OS.? "• " 1 .^ 

MC/VN   SNNP   T MPROVFMPNT   = 
STÄNDÄPO   PPVIATI^N   = 

NIIMBTR    PF    FVFNTS    = 

0,7?    1 ,01    0.00 
0,ft?    0,r)"»   0,07 

10 12 10 
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T/IOLF V-l D 
CHipp MATrnrn ^w TFO HppnvfMfNT   IM SI^NAI ♦NnT^P/^ni^F   PMin 

.i (PftOF   I' HF     15) 

tfft|(IN   'TA! •   -    TMWAM ,    ^   RVUKVU   I^IANO^,    F&<?T   THTMA   «;FA 

.. 
FVPMT C."\f »p   i FM6TH nANnPA<;scn SMNR SMNP \ wo (HP) 

\ OT i PV I^PP 10T LOV LPP LOT | PV 1 PR 

.; rHT*o?«*OA ?30 700 7C0 11.^ 7.5 f .0 1 .« 0.0 7.7 

PV||*1S^*0? ■»oo «500 500 1 O«.'1 101.-^ 55.5 1.? '*.5 ri.O 

OYl^lOT^O? ?40 570 K?n ?A.7 4P.0 3^.1 3.1 3.0 •» ,*> 

3 
T&T*no4*oe; 

360 
SOO* 

(SAO 

1000 

f40 ?5l.A 
«;,n* 

105.« 
3.?* 

5«.5 7.P 3.0 1 ."^ 

TA 1*004*!7 ?80 (SOO ^00 <)7.n 54.0 50.? 4.5 1.5 ^.i ] T ftT*006*06 700 ^On 600 1P.7 10.^ 13.^ "».I 0.1 -.0 

T M*oiO*ns 700 ^00 «00 50.5 70,0 '7.7 0.? 4.0 '.« 

T A!*l7R*01 ^00 ^00 «=00 1 fP,7 ot, « «1 .4 ?.3 4.7 

3 TftTtlR?"!? ?oo 5or cco 54«.o 15-».3 PO.l 4.7 0.° 7.4 

TAT*105*2^ ■?oo _ m ?0.1 - - "S.O - - 

3 TAI*19«-*n ^»on /*oo AOO 30.0 5^.« 75.4 «•* 3.« 4.1 

PVI)*?>1*1P «10 7^0 73n ?■».« 7 0.« 5.5 7.1 1.5 1 .1 

TAI*?35*?1 ^•iO - - 73.^ — — 7.° — 
" 

V TAT*31?*0^ 340 AAO A40 1«»1.P 75.1 7A.O 4.1 «•? % ,Q 

TM*3?0*03 770 ?hC ?fO 34.^ 3S.« 35.^ ■».^ 2.-» l.T 
w 

TäT*1<'»^*0? 7?0 AAO 3P0 1 «0.5 cR.l 57." 4.4 S,^, 5.Ä 

3 MnN*30ft*0^ 340 ?ftO ?fC 14.4 70.4 1^.1 ?., 7.6 1 .^ 

MCAM    <;NN|U    TMPPnVcMrMT   = 
^TANOAPn   OFVIATInM   * 

■».0°    ■'.01    3.11 
1 .^7    1 ,o"»    1 .«4 

17 IS 1«? 3 

»• 
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TAfXtF    V-l 

CHTPP   MATTHPn   C],TCO    IMppTV^MrMT   !W    Sf RKAl ♦Wf SF/NOI ^    P AT T n 

REGION    «KUR»    -   KUORF    ISieN^S   F""«   JAPAN   Tfl   KA-rHATKA 

FV^NT 

KljP/lAft/OI 
Kl)R/l47/lft 
KUO/15?/?! 
KUt/)90/t6 

KUR/l^l/O^ 
KIIR/1«)1/0P 
tO)R/?lV0? 

tfnQ*ooi*i 6 

Kl)R*001MR 

Kt)R*0P?*01 
KUR+O'P*?^ 

KIIP*n4frM6 
KijR*04O*in 
Kl)R*0,>4*0', 

Ki)R*n54-,':i7 

KDR^^MO 
KUR*0Sft*?^ 
Kt|P*057*0? 
«(jp*057*0r' 
K(IR*0<S?*',3 

KI|R*OTO*Ofr 
KllR*077*07 

KilR + lft«5*!0 

KIJR*171*1 o 

KI)R*1C>0*?1 

KnR*l£>,>*l 9 

THTRP   LFMr, TH 
LOT I RV L0" 

fl?« HOfr POft 

56f 7ft? 7ft? 
470 P?P o?P 

5f>ft ^^7 ft«7 

q?P 100? 100? 

IOT    I"V    LOP I OT  I 0»'  ' RP 

741 
^?-i 

OPO 
700 

700 

qflO 

PftO 
oftO 
f,?r 

qsp 
«71 

700 
O00 

700 

R50 

1000 
1000 
loor 

P71 
PO"» 

QQO 
^00 

1 ' ^0 

pen 

1000 

1000 
' 000 

980 1000 1000 
ft^O 700 700 
QRO 700 701 
OPQ n,;0 pt;0 
740 1000 1000 

h70 
qpo 
«=00* 
740 
ORO 

fl^O 

700 
1000 
700 

700 
I "»OO 
II 50 

-  1000 
SOO   R'SO  1000 

«so 
P60   050  1000 
^00   ""OO   700 

0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0* 
0.0 
3.6* 
1.4* 

4.7* 

1.6* 

•».4* 
4.7* 

7^,0 
70.7 

0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0+ 
0.0 

4,«?* 
6.7* 

7.S* 

4,P* 
4.0* 

7*..f« 
1 O,^ 

->4.6 

0.0 
0,0 
O.n 
0.0 
0.0 

0.0 
0.n* 
0.0 

1 ,^* 

7 , ">* 

4.4* 

p.o* 
7,P* 

1ft.9 
71 .7 

-.ft 

ft.1» 

ft.o 

0.^ 
4.7 
1 .R 
1.' 

.ft 

-4.-» 

0.«> 
7.P 
9.Q 

^.1 

4.Q 

ft.« 
4.« 
^.^ 
4.6 

4.0 
O.P 
P.7 

0.0 

1.0 

•^.0 

0.7 

?.? 
1.1 

46.7 l',4.6 00.4 
T.5* 4,0* 3.7* 

/.^.A 13"»,^ lO7^ 
^,P 7.4 ft.ft 
4,«:* n.« ft.4 

7.^* 
11,4 

U.'> 
16.7 

3.0* 

6.0* 
1 0.7 

1 .« 7.^ 
4.^ 

^.^   3.6  A.? 
^.7*   ?,«>   *,*» 
Q,?    0,?  0,6. 

n, fl* 

?,7*    c,0* 
•^1.1 

?1.1    S7.«: 
4,P*   Q,Q 

V-19 

,0*  ^,Q 

6,1 
ft,' 
7.1 
6.Q 

6,<(> 

7,? 

T-0 

l." -1.9 

3.4 f.] 

7,0   ^.1  ♦'>•« 

3 0,4 

6.«^ 

^.? 
'.O 
0.0 

1 .7 

?.7 

^.7 
0.^ 
O.fr 

I.ft 

4,S  7,7 
4,7   4.7 

7,^ 
0,° 

4,^ 

! 
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TAB IT    V-l 

CHIRP   MÄTr.HFn  FHTM   TMOPnVPMFNT   IM   SIGNAL^NOISF/NPTSF   "ATin 

(PAGP   1^   OF    161 

RFGinN   «KIIR«   -   KIIPILF    ISLANDS   PROM   JAP&N   TO   KAMCHATKA 

FVFNT CHIRP   l.FNG FH 
10T        LRV        LR1» 

RANPPASSFO   SNNR SNNR   IMP   (OB) 

L0T ipv IRR        10T      LPV     LRR 

KlJR*2ll*2l 
KMR*?16*0? 

500 
500 

700 
«50 

700 
850 

55.6 
10.0 

«l.l 
1^.7 

34.6 
11.8 

2.4 
1.« 

1.7 
8.0 

2.8 
7.' 
6.3 

KI)P*2n*17 7?0 RAO OPO 188.6 705.8 12«.0 2.0 
1.0 
1.5 

7.P 

KI)R*2?6*ll 
KUR1"22P*1Q 

Q40 
830 

980 
ll?o 1120 

4.5* 5.6 
"«.6* 3.1* 2.7 3.0 

KI)R*?31*21 
KIJP*?32*\7 

KIM ♦2?2*?l 
KUR*232*23 
KI|R*?35*03 

500 
MO 
7?0 

850 
840 

Q80 
1120 

PRO 

980 

16.1 
3,1* 

82.5 

10.5 
12.3 

66.6 

10.^ 

46.8 

5.6 
3.4 
3.5 

6.« 
6.6 

3.0 
1.6 

1.7 

'.1 

KIIR*236*10 
KMR*306*16 

720 
«00 

9Br 
700 

qpo 
■^oo 

5.^* 
21.^ 

4.0* 
21.0 

5.1* 
q.O 

-1.1 
5.5 

6.« 
4.5 
4. 1 

1.1 
4.7 

RUM1UM6 
KUR*31B*01 
KMR ♦-*?->♦ 1 5 

MO 
500 

700 
- 

4.2* 

11.2 

- 

0.4 
-.8 

— 

Kl|R«3?7*17 830 P80 - 3.1* 3.2* O.P 
-.6 

0.8 
•j    7 f\   1 

KUR*373*17 720 700 700 5.2* 5,«* 4.2* * . ' 

MCAig   SNN»    IMPROVFMFNT   « 
STANOARH   PFVT ftTintg  = 

KHjMncR   OF   FV/PNTS   = 

"».65   4.71   4.73 
1.91    2.38    '.6° 

•»3        2P        24 

[ I 
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T*BIF    V-l 

CHIRP   MATCHFD   FIUFP    IMPPHVPMFMT   TM   ST RNAI ♦NOT SF/NO! <;F   R^TT^ 
(PAHF    I«!   "F    IM 

PFHinN    «KAMt    -   KAMCHATKA   OFMTNSIMA,    KDMANOrPSKY    ISIANOS 

FV^NT CHIRP   I FNjr.TH 
LOT IRV IPP 

RANnPASSPO   SNNP 
IQT LRV IPP 

SNNR   I**»   (HR) 

10T      IRV      IP0 

t 

KAM/I6ft/IA fclO 1046 1046 0.0 0.0 0.0 -.1 1.1 O.P 

KOM/IAR/IO 523 6*57 6P7 0.0 0.0 0.0 0.0 A.f, 5.1 

KAM*n03*0ft 5ftn 700 700 12.^ 1^.5 14.1 «5.1 '.0 3.6 

KAM*00^*lt' 700 - - 3.5* - - O.R — ■ 

KAM*00A*0? 600 900 POO 3.6* 3.0* -».7* -1.2 '.i ?  .} 

KÄM*005*U ^20 fl50 P50 ^.6* 1.4* 1.7* 1.7 1.« • 

KAM*009*1A 620 - - 3.7* - - -1 .1 """ ~" 

KAM*01?*20 ^00 10^0 1200 1^.1 13.3 11.2 2.4 1.4 6.6 

KAM*0^2*?l 74 0 1000 P50 6.6 6.2 fr.Q -.2 2.0 -1 .6 

KAM^OS?*?"» - 1000 — - -».o* ■ 
" 

2.0 

KAM + l'iS+O'' _ 1150 - - K.1* - - 1.4 - 

KAH*157*0A 620 1300 700 R.? fl.3 6.1 2.6 0.^ l.n 

K A»'*tf^*;4 - 1000 - - 5.6* - — r»,i — 

KAM*177*17 620 11^0 - ".1 S.6* - 3.3 4.1 ■~ 

KAM*TR0*1A - noo 1000 — 3.3* '..O " 1 .R O.Ü. 

KAM*1R6*13 _ «»50 - - 4.0* - - 4.4 - 

KAM*lRq*0,> - 1300 - - 3.2* — — ^.0 ~ 

KAM*iq3*08 500 - - 4.0* - — 2.7 • ^ 

K AM*lQ7*n - looo - - ■».2* - — 1.3 ■ 

KAM*?06*n - 700 700 - R.2 ^.4 ~ 2.2 7.1 

KnM*04**2? 7A0 700 700 ,.'«* ■».7* 3.2* 3.0 2.2 i.i 

KnM*153*?l QRO 700 700 6.1 5. 0* 6.1 -1.4 2.7 2.7 

KUR*?OP*00 c00 1 150 11K0 104.4 OR.l 6P,R 6,1 1." 1.6 

KAM*7lA*(n 610 700 700 14.0 4.6* 10.1 1.5 4.o n.o 

KAM*2lfe*l? 610 700 700 73.0 120.5 50.5 '.1 4.0 ^.7 

KAM*??!*!" •soo B^O P50 13.3 '2.7 *.i* ?,1 I.* l.n 
KAH*?^3*0« 610 «40 700 62.6 54.1 11.6 O.R 5."» R.O 

KAM^^n^O' ^OO TOO OAO 10P.4 ^7.6 30.4 '.7 ?.P 1 .*< 

KAM*^^1*14 610 R40 O40 ?«.7 i°.3 ?'.4 O.i 4.? 4."» 

KAM*332*71 610 QRO 1 120 ^1.4 1 Q.4 16.«^ 3.0 2.0 i.^ 

KnM*729*0R _ ORO - - "».l* - - 2.' - 

KnM*22e>*lO - 700 PPO - -.1* 4.P* "" l.o 2.0 

MF6N   SNNR I^PPOVPMFNT   = 1 .02 2.6^ i.Pl 
STAMOAPO   nPVl ^TT PN   ■ 2.02 1 .?? ■».li 

fgilHRPR   PP   FVf :MTS    = }^ 14 16 

V-2I 
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TARIF    V-1 

TMIRP   MATTHrn   FTLTF"    TMPPOVFMFNT   \H   ^TG^AL + ^nT SF/Mni<;F   PATI" 

REGION    «nTHFR«   -   nTHPR    FVCMTS   NriT   HPOUP^O 

rvFNT 

tl&R*lRO^0P 
AR A*l^l*10 
rAR*^?4*07 
TPÄ*^10*t R 

f M!/?4P/,>1 
CHi*n'*o*o"* 

MQC*O^R*10 

NRS'fcO'^M? 
RY(l*l06*lft 
fRS *?<»/.* 14 
FRS/l^S/n 
FPS/?f)ft/?l 

PAI*22'»*1'' 
rps*015*l« 
po<;*i7?*ac» 
rps*??2*70 

FR«;*"»l6*n 

«;? p*?->«*nA 
S TP*m^M7 

«; TR*01 4*0^ 

CHIP"   I FNRTM 
LQT IRV IPR 

RANOPA^^FO   ^MNP 
IQT IPV LPR IDT      I PV      I PR 

^00 A60 Aftn 1 ,>5.f 7P.0 qq.i -.^ 5.n 4.7 

190 4A0 AAO 2^.0 A^.l 76.1 O.o "«.Q 4.-« 

IftO AAO AAO n.o "Q.O m.? 0.1 l.n 0.7 

100 170 ^20 10.7 t-.R ▼•? -.1 1.5 1 .Q 

ip-J 1AO T4Q 0.0 0.0 0.0 1.A 7.-> 7.0 

>9? 7PA 7fl4 0.0 0.0* O.n* 2.1 2.-' 7.«; 

l«;n ^«00 3^0 16.p 77.P 9.R 7.0 1.5 n.o 

R^O B^O - ?.P* *•!• - 2.° -.1 

i?0 ISO 160 15.7 l?."» 70#? 2.7 2.A »•« 

'20 ?«;o* 7^0* Al."« 97.^« 0.7 "<.P P.A l.A 

■>?o ^»OC ^«00 A."«* 7.6 6.7 1.1 0.6 1.5 

_ Rpn opn - 1.?* -«.7* - 2.4 0.4 

_ 1^0 1^0 - »00»ft PP.6 - S.I 1." 

17A TO? Tiro r. o 0.0 0.0 A.7 1.0 1.1 

15? «f)^ -«05 o.o* 0.0 0.0* 7.P -.*- O.f 

700 ^00 "»00 1.7* 3.Q* •».6* 2.1 1.1 0.' 

1R0 150 1K0 71.o iqq.-« R6.6 -l.A -.R "».6 

»00 ■<oo 700 7 0.5 1^.^ 17.1 I.P o.^ O.R 

A00 - - P.7 - - -.7 - - 

?00 100 - o-» ,p '*.? ■" 7.1 0.5 
' 

150 i^O _ A.-«* A.6* - •*.? 0.1 - 

150 700 ■»oo 7P.0 »^•T 37.? 4.1 7.4 '.1 

150 AOn - 1.5* 4.0* - -.4 2.7 — 

A OP POO POO ' 67.P 1(^6.1 7P1. ■» 1 .A 5.5 4.4 

«00 •soo frCO '.1* ■^.1* ^.0* 1.6 ^•.1 4.P 

WAN   5MNP    1 vppnvFMPMT    = 1.77 l.«7 ^.iq 
STAN'OARr )  nrvT iTl ON = 1 .R9 1.^6 1.47 

NUMPCf !   nr  FV FMT«; = 16 16 14 

D 

D 
.; 
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The number of events not detected on any bandpassed beam 

but detected with a chirp filter was 15 (out of 556) at ALPA and 13 (out of 515) 

at NORSAR.    Ten of these 13 NORSAR events were from the Kurile-Kamchatka 

area.    These regions tended to have larger chirp gains than the other regions, 

therefore this preference is not unexpected.     The exclusion of these events from 

the detection threshold estimation would not change significantly the 90 percent 

detection threshold of this region bat would appreciably raise the 50 percent 

detection threshold level.    This is discussed further in Section VI. 

V-23 

mmtmtmmaM 



SECTION VI 

NORSAR LONG-PERIOD SURFACE WAVE 
DETECTION CAPABILITY 

:      ' 

The detection history of the 517 events in the data base was 

used to estimate the NORSAR long-period surface wave incremental detec- 

tion probability curve.    Smoothed estimates of detection probabilities were 

obtained by a new method (Ringdal,   1974),     This method  models detection 

as a random Gaussian process and obtains maximum-likelihood estimates 

of the process parameters based on the experimental data at hand.    For 

a detailed description of the theory and its limitations,  and a derivation 

of the likelihood functions,   the reader is  referred to Ringdal (1974). 

Detections were determined independently for each component 

except for the 1971 events where detections were assessed only on the 

vertical component. 

The criteria used to classify the events as detected or non- 

detected were: 

A peak on the bandpass or matched filtered trace,   in a signal 

gate defined by a 4. 0 km/sec arrival and a 2. 5 km/sec arrival, 

which is 3 dB larger than any other peak within a 1 5 to  30 

minute gate (depending on distance) centered at the peak. 

The peak and its code should show signal-like,  i. e. ,   dis- 

persive characteristics. 

VI-l 



After an examination of a number of events from a particular 

region,   the analyst gains an intuition for the output trace characteristics that 

play a major part in marginal detection cases.    In most of the marginal 

detection/non-detection cases the judgment for detection was conservative with 

the result that the false alarm rate was low (estimated at less than 1 

percent) and that the detection threshold was also conservative. 

The subsets of events used for detection threshold estimation 

and their thresholds,   based on the assumptions of the detection model,   are: 

AH earthquakes in Eurasia,   Fi-ure VI-I.     The 90 percent 

detection threshold is at m    =   4. 5 \'A 
b 

in Special Report No.   7 for NORSAR. 

detection threshold is at m    =   4. 5 v,hich is the same as reported 
b 

Kurile-Kamchatka area.   Figure VI-2.     The 90 percent 

detection threshold is at m,   -   4. 5 which is less than Special 
b 

Report No.   7 but is 0.4 M    units higher than ALPA.    ALPA 
s 

is substantially closer to this area,   however,  than NORSAR. 

This area also had the majority of chirp-filter-only detections. 

Although the 90 percent detection threshold is essentially un- 

affected by these events,   the omission of the chirp filter detec- 

tions would raise the 50 percent detection threshold level from 

m    =   J. 9 to about m,   ■   4. 1. 
b b 

Central Asia events,   Figure VI-i.     The 90 percent detection 

threshold ism    =4.6 w lieh is greater than last reported, 
b 

These oet of events is different than the last report,  however, 

as this set   includes only events of short chirp lengths ( < 250 

seconds) of the Sinkiang,   Tadzhik,   Tibet,   and China areas. 
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Because of the number of points falling outside of the 90 

percent confidence interval,  this estimation is not as r .-liable 

as the two previous.     The 90 percent detection threshold value 

at ALPA for this area is m    =  4. 4. 
b 

• Presumed explosions,   Figure VI-4.     The method of detection 

threshold estimation used here is subject to possible large 

errors when the number of events is small as in this Iftt. 

Although the indicated 90 percent detection threshold is at 

m    =   5. 3 this estimate is highly unreliable, 
b 

• Winter and summer events. Figures VI-5 and VI-6 respectively. 

The winter 90 percent detection threshold is at m    ■   4.5 and 

the summer 90 percent detection threshold is at m    -   4. 5 

These sets contain only the 1972 events.     The summer threshold 

estimate is not as reliable as the winter estimate due pri- 

marily to the noise   level.    During the summer when the noise 

level is low,   a small change in absolute noise level produces 

a large change in the equivalent surface wave magnitude of the 

noise.     The winter detection threshold curve in   contrast,  has 

a steeper slope and narrower confidence limits,   indicating a 

stable estimate of the detection threshold.    Section IV of this 

report shows that an average of i to 4 dB improvement using 

MCF processing can be expected in the winter at NORSAR.     This 

would be a change of 0. 15 to 0. Z M    units in the detection thres- 
s 

hold at NORSAR in the winter. 

The difference of 0. 2 M    units in the 90 percent detection thres- 
s 

holds for Central Asia events between NORSAR and ALPA seems unusual since 

NORSAR is  30° to 40° closer than ALPA to this region.     This difference can be 
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explained by the spectra of the Central Asian signals (Eyres,   1972).    The sig- 

nal spectrum of the events in Central Asia at NORSAR tend to be strongest at 

the high end of the passband limit of 0. 059 Hz which is also near the predom- 

inant microseismic peak.    Thus by using the passband of 0. 025 - 0. 059 Hz, 

much of the signal energy of these events is rejected which in turn may raise 

their detection threshold.    The spectra of these events at ALP A,  however,  do 

not contain as much higher frequency energy and thus are less attenuated by 

bandpass filtering. 
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SECTION VII 

BEHAVIOR OF STANDARD DISCRIMINANTS 

I 
: 

: 

: 

: 

i 
i 
i 
i 

i 

The three standard surface wave discriminants AL versus mb 

nd M    versus m,   were measured rou 
s b 

ponent bandpassed beams oi the 381 detected events. 

AR versus m    and M    versus nv   were measured routinely from the three com- 
b s b 

A. M    - m,   MEASUREMENTS 
s b 

The surface wave magnitude (M ) was computed from the 

bandpassed beams by the following formulas 

T M   . lognr +  1.66 log A (A > 25°) 

o. 
M    ■  log A_ + log A +  0.92 (A<   25 ) 

rp 

where   A =  maximum peak-to-peak amplitude of signal in milli- 

microns 

T =  period in seconds of cycle corresponding to  A 

\ =   epicentral distance in degrees 

Figure VII-1  shows the vertical Rayleigh (LR) wave M    versus 

m    and Figure VII-2 shows the Love (LQ) wave M    versus m   .    In both figures 
b s D 

presumed explosions are plotted with an asterisk and earthquakes with a circle. 

Complete separation between classes for this data set is obtained 

by the M   -m    discriminant for both Rayleigh and Love waves. The minimum 
s      b 
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'separation between earthquakes and presumed explosions having the same mb 

is 0. 3 M    units for the LR vertical and 0. 8 M    units for the LQ. 
s s 

These M    - m    results differ from those of Special Report No. 
s b 

7 because not only have an additional 138 evtnts been added,   but Love wave 

M   values have been computed for the 1971 presumed explosions.    In addition, 
s 

the eight events previously having poor separation have been reinvestigated 

and found to contain some mistakes in the M    calculations and some incorrect 
s 

m.   values, 
b 

The presumed explosion labeled «P in Figure VII-2 is actually 

a double event (EKZ*345*04) and has a higher than expected Mg value.    The 

"PDE" bulletin did not assign a magnitude to the second event thus we have 

used the m    of the first event.    Results from the short period NORSAR indi- 
b 

cate that the second event is actually larger and is   xear mb = 6. 0  (Ringdal, 

1973). 

The earthquakes lying closest to the presumed explosion popu- 

lation were investigated for regional biases,   radiation pattern effects or com- 

putation errors.    In particular those events processed also at ALPA (Special 

Report No.   8) were used to corroborate the NORSAR Ms values. 

There was no region which had consistently low Mg values.   The 

events in common at NORSAR and ALPA with low Ms values had low Mg values 

at both arrays,   except where a radiation pattern effect was obviously the cause, 

for example,   as in YUG*243*00 which had Ms Rayleigh = 3. 0 and Mg Love = 

2. 9 at ALPA and had M    Rayleigh = 2.0 and M    Love = 2. 7 at NORSAR. 

Four events with mL values taken from the PDE bulletin caused 
b 

some problems due to averages of a wide range of mb values.     For example, 

YUG*180*01  had an average m  = 4.6 from four stations with   A >15   .     The 

m    values were 4. 0, 4.1, 4.1,   and 6. 1 with the last value given by a station 

over 80° away.     Fortunately,  these instances are rather rare.     While we have 

uncritically used published mb values,   except for recomputing where possible 
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to include only teleseismic  stations,   we are aware that careful examination 

of the short period data woula result in better m    values and probably in better 

class separation.     These problems are discussed in Texas Instruments Special 

Report No.   9,   197 i. 

B. AL-AR VERSUS m. 

a 
ID 

T 

1 
I 
I 
I 

The AR parameter was introduced by Brune,   Espinosa and 

Oliver (1963) as a measure of the total Rayleigh wave energy.     The AL parameter 

is the equivalent measure of the Love wave energy.    Everndf'n (1969) has used 

these parameters to discriminate between earthquake and presumed explosions. 

Our AL-AR measurements were made from the bandpassed beams in a signal 

arrival gate corresponding to a velocity window of 4.0 to  2, 5 km/sec and have 

been scaled (Harley,   1971)  so as to permit a comparison with Evernden's results. 

The scaled AL-AR values were then normalized to a body-wave magnitude of 5.0 

and a distance of 20    (Brune,   1963). 

Figures VII-3 and VII-4 show AR versus m,   and AL versus B b 
m    respectively.    In both figures the earthquakes are plotted as circles and the 

b 
presumed explosions as asterisks.   (The presumed explosion labeled 1 is the 

double event on December 10,   1972  (EKZ* 34 5*04)). 

Both AL and AR isolate the two populations with AL being slight- 

ly superior to AR.    A straight line at AL =8.0 would,   with the exception of 

EKZ*345:::04,   give complete separation of populations.    A line at AR       12,   the 

■lighest value of a presumed explosion,   would include two earthquakes in the pre- 

sumed explosion populaticn.     Recomputing AL and AR for EKZ:': H5-::04 using an 

m    =6.0 would improve separation considerably,   however.     In the range above 
b 

the estimated 50 percent detection threshold for presumed explosions m    =   5. 1, 
b 

both of the discriminants are good. 
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In conclusion the measurements of M   ,   AL and AR versus m, 
s b 

provide good discrimination capabilities at NORSAR.    In most cases,   these 

discriminants would perform even better if better m    estimates were available. 
b 

Careful selection of available information with greater weight being given to 

the LASA and NORSAR values would be a direct approach to this problem. 
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SECTION VIII 

CONCLUSIONS 

A. MAJOR RESULTS 

The major conclusions from the five studies of the NORSAR 

.Long-Period Array Evaluation are summarized below. These conclusions 

are based on all the results obtained during the past two and one-half years. 

1. Noise Analysis 

• The noise level in the ZO-40 second band is strongly seasonal. 

Summer levels (March to October) are around 7 m/l RMS and 

fairly constant.     Winter noise is more erratic with levels vary- 

ing frcm 8 to  IS m/i   RMS.     The maximum observed level was 

79 m/i RMS. 

• The high winter noise levels are cai sed by storms in the North 

Atlantic Oce^u and many last from 12 to  56 hours.     The noise 

generating mechanism is not understood. 

• Noise directions are also seasonally dependent at NORSAR but 

are not strongly correlated with noise level.     Winter noise tends 
o o 

to be strongly directional with preferred azimuths of 0   ,   2S0   , 

and 280   .     Winter noise coherence is high at the frequencies of 

peak power.    Summer noise is generally Isotropie often with 

weak easterly direction and has low coherence particularly in 

the signal processing band of 17 to 40 seconds. 
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Z. Signal ;\.nalysis 

• Based on energy spectra,   uncorrected for instrument response, 

the majority of the signal energy generally lies between periods 

of 17 to 40 seconds.    Some Central Asian events,  however,   con- 

tain significant energy   down to 1 3 seconds. 

• The arrival azimuth of the signal is along the great circle path 

with only small deviations.    Some events have shown shifts in 

arrival azimuth deep in the coda and at the higher frequencies. 

• Signal similarity usually is very high along the propagation 

direction but degrades rapidly normal to the propagation path. 

3. Array Processing Performance 

a) Full Array 

• Multichannel filter improvements in array gain are sea- 

sonally dependent for off-design noise in the signal band 

(0. 025-0. 059 Hz).    The MCF averaged 4. 0 dB more ar- 

ray gain than the beamsteer in winter noise conditions. 

This implies that the use of an MCF in winter could lower 

the detection threshold by 0. 2 M    units.     Little gain im- 

provement was obtained in the summer. 

• Signal amplitude degradation of the beamsteer processor 

is 2. 0 dB for the Rayleigh wave and 2.2 dB fur the  Love 

wave.    The MCF signal degradation is slightly greater 

than the beamsteer for the samples used. 

b) Reduced Array 

• The high signal similarity over the reduced array sign- 

ificantly increased the performance of both the MCF and 

Q 
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beamsteer processors.    For the 22 noise samples inves- 

tigated,   the MCF averaged 4 dB more noise suppression 

than the beamsteer processor. 

• In contrast to the full array,  the MCF improvement over 

the beamsteer is strongly correlated with the beamsteer 

noise level.     The MCF improvement over the beamsteer 

for the reduced array is slightly less seasonally depen- 

dent than is the full array. 

• The signal amplitude degradation for the beamsteer is 

1.4 dB for the Rayleigh wave and 1.6 dB for the .Love 

wave.     These values are 0. 6 dB less than for the full 

array.     MCF signal loss is slightly more than the beam- 

steering loss. 

c) MCF Processing Using One Noise Sample for MCF Design 

• Using a single sample of summer noise for MCF design, 

array gain improvement of the MCF,  when applied to 

events up to 15 days from that sample,   showed no cor- 

relation with time separation. 

4. Matched Filtering Performance 

• Considerable effort was expended to determine the signal pro- 

cessing band.     The 17-40 second period band (0. 025-0. 059 Hz) 

seemed to show slightly better overall performance than the 

other bands investigated and was adopted as the routine signal 

processing bind for NORSAR. 

• Chirp filter lengths were successfully used to regionalize the 

events.    Chirp filters giving optimum SNNR improvements 

were found to have lengths which vary in a regular,   consistent 

fashion over the Eurasian continent allowing contour maps of 

equal chirp length to be made. 
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5. 

The SNNR improvements of the chirp filter averaged 2 dB 

more than the equivalent bandpass filter.    For a given region, 

the standard deviations of the g uns were typically 0. 6 times 

the mean gain. 

Reference waveform filters (RWF) were not used on a routine 

basis at NORSAR.     The marginally superior performance of 

the RWF did not seem worthwhile because chirp filters offered 

more stable and uniform results,   were less sensitive to the 

presence of signal-like noise,   and parametric values were simple 

to Generate and determine. 

Chirp filters produced a small increase in the number of de- 

tected events at the 50 percent detection threshold level but 

did not materially affect the 90 percent detection threshold 

level. 

Detection  Threshold Estimation 

The 90 percent detection threshold (with a false alarm rate 

estimated at less than 1 percent) was estimated for the various 

event populations using a maximum likelihood method.    Under 

the assumptions of this method,   the 90 percent detection thres- 

holds for the events studied here are: 

All Eurasian earthquakes m    =   4. 5 
b 

Central Asia m    =4.6 
b 

Presumed explosion m    =   5. 1  (this value is based on a 
b 

few events and may be unreliable) 

Kurile-Kamchatka areas m    =  4, 5 
b 

Summer events m    =   4. J 
b 

Winter events m    =   4. 5 
b 
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The difference between the summer and winter 90 percent detecion 

detection threshold is attributed to the increased noise level at 

NORSAR during the winter months. 

Behavior of Standard Discriminants 

The M   -m    criteria achieved complete separation between 
s       b 

event classes for both Rayleigh and Love waves. 

• AL and Ar also achieved complete separation bet\ een classes 

and appear to give slightly better s^pavation of classes than 

M   -m    at NORSAR.    At ALPA  the AL,  AR versus m    criteria 
s       b B 

performed more poorly than the M   -rn,   criterion. 

B.     SUGGESTIONS FO* FUTURE ANALYSIS OF NORSAR 

The results from the NORSAR evaluation conducted during the 

past two-and-one-half years have pointed out areas which should be studied 

in any future analysis of NORSAR. 

• The correlation of ambient noise level with the presence of 

winter storms in the North   Atlantic ocean suggests two areas 

of investigation.     First,   the noise generation mechanism should 

be identified as either a coastal surf action,  an interaction of 

dee^ water waves with continental shelves,   or an open ocean 

mechanism.     This would require fairly comprehensive wave 

and weather information from both Norway and England and 

possibly seismic data from English stations.    Second,   multi- 

channel filters should be used on wintertime data.     The>e may 

be fixed or possibly time-adaptive.    If the first study demonstrates 

a structural effect,  fixed MCF's may be useful for processing 

of winter data. 

• More events from central Asia should be analyzed.    Some areas 

sb.Dw unusual behavior in both spectral content and dispersion, 
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particularly around the Caspian Sea,   Tadzhik,   and Kirgiz. 

These events tend to have particularly large high-frequency 

energy content,   relatively wide dispersion,   compared to 

Sinkiang.   China,   and more northerly areas,   and occafionally 

reverse dispersion.    It may be desirable to use wider processing 

bandwidths for central Asian events. 

Chirp matched filters should be evolved to more sophisticated 

non-linear models while maintaining simplicity.     This may 

realize li   nificantly higher signal-to-noise ratio gains for the 

central Asian events in particular. 

Maps of chirp iilter length were successful in indicating seismic 

region boundaries.     There is some evidence that the boundaries 

of the tectonic systems of Asia can be correlated with these 

maps.    It may be possible that such maps,   computed for several 

seismic  stations,   may be helpful in pointing out geologically 

interesting areas. 
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APPENDIX A 

Table A-l presents the entire ensemble of events processed 

during the evaluation of the NORSAR Long-Period Array.    It includes 59 events 

from 1971 and 456 events from 1972.     The latter group includes 133 new events 

processed since release of Special Report No.   7.    Processing of the 1971 events 

was discussed in Special Report No.   5.    A number of events previously included 

in the original 1971 and 1972 ensembles have been deleted.    These are discussed 

in Appendix B, 

The events are ordered chronologically and are identified by a 

name consisting of a three letter area rode,   the Julian date,   and the hour of 

origin.     The year is indicated by the symbols separating the three parts.   A "/" 

indicates  1971,   a "*" indicates 1972,   and a " -" indicates 197i   . 

Oth^r information includes the origin date and time,   epicenter 

coordinates,  delta and azimuth from NORSAR,   BW ,   Rayleigh and Love surface 

wave magnitudes,   normalized AR and AL,   depth (if reported),   and coded com- 

ments.     The latter consist of a letter indicating the source of event informa- 

tion,   an "X1 if the event is a presumed explosion,   and the number of sites used 

to form the array beam.     The source codes are "P" for the Preliminary Deter- 

mination of Epicenters (PDE) bulletin of the National Oceanic and Atmospheric 

Administration,   "L" for the Seismic Data Analysis Center bulletin for the LASA 

array,   "N1 for the NORSAR bulletin,   and "I" or "J" for the Massachusetts 

• Note that these symbols are the same as used for the ALPA evaluation 
but are displaced by one year. That is, for ALPA, a " - " was used for the 
1972 events,   etc. 
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Institute of Technology - Lincoln Laboratory bulletin for the International 

Seismological Month (ISM) which was from 20 February to 19 March,   1972. 

The events obtained from PDE,   and those from the ISM group 

which were also lifted by PDE wera checked for m    determination.    Any m 
b b 

values reported by stations clooer than 15 degrees to the event were deleted 

and the average m    was recalculated.    If a change in m    resulted,  an asterisk 
b b 

was placed next to the revised m  . 
b 

Non-detection of   a event on the Love or Rayleigh components 

is indicated by a dash in the M    column; a "C" in those columns indicates de- 
s 

tection by a chirp matchr'' filter only.    Love wave magnitudes of the 1971 

events were computed only for the presumed explosions. 
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APPENDIX B 

Appendix A does not contair many of the events previously in- 

cluded in the ensemble lists of Special Report No.   5 and No.   7.    In Report No.   5, of 

152 events listed,   only 59 were processed through matched filtering.    Several others 

were used only for measurement of signal loss from beamforming and/or M 
s 

m    calculations on the unfiltered data.    The remainder of the edited events were 
b 

not processed.     Because of the large number of events which have been fully pro- 

cessed through matched filtering in this contract,   only those 59 similarly pro- 

cessed events from 1971 have been included for consistency. 

The single event deleted from Special Report No.   7 to thf present 

report was ITA*035*04.     This event was reported by seven non-teleseismic stations 

(A < 15 ) but only one station  assigned an m    (m    =   4.8).    Since the event was 
b       b 

not   detected at either NORSAR or LASA the value 4. 8 was considered erroneous 

and the event was dropped. 
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APPENDIX C 

This appendix contains the lists of the 93 noise samples edited 

at NORSAR from 1 May 1971 to 27 March 1973.    The data are arranged in the 

three tables chronologically.    Included are the start time,  duration, and the 

number of good sites available. 

Table C-l contains the 25 noise samples edited in 1971. 

Table C-2 contains the 55  noise samples edited in 1972.     Table C-3 contains 

the 13 noise samples edited in 1973. 
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TABLE C-l 

1971 NORSAR iNOISE SAMPLES 

Start Time Length Number of 
Day hr:min hr:min: sec available sites 

1 May 18:00 0. 39. 24 16 
1 5 Mav 10:00 01.33.52           I 8 
21 May 05:00 01.16.48 14 
30 May 13:21 0.57. 28 14 
13 Junt 10:00 04. 37. 20 14 

20 June 12:15 01. 16.48 14 
10 July 23:00 0.51. 12 11 
20 July 02:00 00.59.44 18 
30 July 16:37 01.12. 32 15 

8 August 20:20 04.24.32 19 

19 August 19:50 02.04.44 17 
29 August 17:00 02.42.08 15 

7 September 20:37 01.55. 12 16 
13 September 18:00 06.02.40 14 
18 September 05:20 03.03. 28 16 

29 September 17:00 01. 50.58 17 
8 October 05:20 01. 21.04 16 

18 October 08:50 0.59.44 16 
28 October 00:06 01. 38.08 16 

6 November 04:00 02.20.48 14 

17 November 20:15 04.09.28 20 
28 November 06:00 04.03. 12 19 

6 December 07:45 02.16. 32 18 
14 December 04:00 02.16. 32 15 
27 December 20:00 02.29. 10 17 
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TABLE C-2 

1972 NOPSAR NOISE SAMPLES 
(PAGE 1 OF 2) 

: 

: 

a 
D 
Q 

a 
Q 

i 

Start Time Length Number of 

Day hr: min hr:min: sec available sites 

5 January 13:00 6.24.00 14 
5 January 19:00 6.24.00 14 
9 January 16:30 6. 19.44 18 

1 3 January 8:30 3.35.00 13 
19 January 4:30 4. 45. 52 14 
30 January 6:00 5.49. 52 18 

10 February 18:00 4.37. 30 19 
18 February 5:30 0.21.08 20 
26 February 7:30 6. 24.00 15 

8 March 22:00 2.54. 56 16 
28 March 22:30 7.06.40 18 

8 April 1U:30 5.02. 56 19 
23 April 6:00 4.45. 52 22 
17 May 5:00 1.25. 20 16 
27 May 15:00 3.07.44 21 

3 June 21:00 4. 16.00 17 

15 June 17:40 3.35.00 21 
7 July 21:00 2.42.08 16 

13 July 3:20 2.50.40 20 
23 July 14:30 2.29. 30 21 

1 August 14:15 3.03. 28 16 

7 August 02:00 06.02.40 22 
15 August 11:30 05.02. 56 16 
18 August 20:00 0.42.40 19 
20 August 17:00 07.06.40 21 
24 August 22: 30 05.02. 56 17 

28 August 1:00 0.42.40 21 
31 August 08:30 05.02. 56 18 

6 September 10:00 0.42.40 18 
9 September 07:00 07.06.40 21 

1 2 September 17:30 06.02.40 17 

C-3 



TABLE C-2 

1972 NORSAR NOISE SAMPLES 
(PAGE 2 OF 2) 

Start Time Length Number of 
Da hr: min hr:min: sec available sites 

14 September 01:10 04. 11.44 17 

17 September 8:00 0.42.40 19 

19 September 10:00 05.02. 56 20 

24 September 09:00 04.03. 12 19 

28 September 14:00 0.42.40 19 

1 October 14:00 03. 33.20 22 

6 October 22:00 04.03. 12 20 

12 October 08:00 04.03. 12 19 

17 October 10:00 0.42.40 19 
18 October 04:00 07.06.40 13 

27 October 03:00 04.03.12 18 

27 October 22:00 0.42.40 19 
4 November 12:00 04. 33.04 22 

6 November 8:00 0.42.40 20 

12 November 21:00 06.06.56 16 

1 5 November 23:00 0.42.40 21 

20 November 00:00 03,33. 12 18 

26 November 20:00 03. 33. 12 20 

4 December 04:00 01.42.24 17 

6 December 17:00 0.42.40 21 

10 December 15:00 03. 33. 12 22 

18 December 17: 30 06.02.40 20 

25 December 15:00 03.16.40 21 

26 December 15:00 0.42.40 21 
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TABLE C-3 

1973 NORSAR NOISE SAMPLES 

Start Time Length Number of 

Day hr: min hr:min: sec available sites 

1 January 08:00 06. 33.20 19 

8 January 16:00 05.02. 56 22 

16 January 12:00 06.02.40 16 

23 January 19:30 05.02. 56 17 

31 January 07:00 05.31,52 20 

6 February 07:00 03.03.28 19 

12 February 06:00 06.02.40 19 

20 February 00:00 05.02.56 22 

28 February 17:00 04. 33.04 15 

8 March 02:00 04.11.44 19 

14 March 15:00 04.11.44 22 

21 March 06:00 07.06.40 22 

27 March 21:00 04.03.02 22 
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APPENDIX D 

SOME COMMENTS AND OBSERVATIONS CONCERNING THE 
EFFECTIVENESS OF THE USE OF LINEAR GROUP 

VELOCITY CURVES IN CHIRP FILTERING 

1 

The chirp matched filters which have been used routinely on 

NORSAR and ALPA long-period data to enhance signal detectability are designed 

to have a linear change in frequency within a given passband over a given time 

interval.    At NORSAR,   the passband has been 0. 025 to 0. 059 Hz (17 to 40 seconds) 

with durations typically from 50 to 1200 seconds.    The "best" chirp for an event 

is the one which produces the maximum increase in peak signal amplitude.    Us- 

ing a linear chirp as a matched filter implies the assumption that the signals 

being mat-hed have a group velocity which changes almost linearly with fre- 

quency.    This study compares the actual group velocities of a small set of events 

with the linear group velocities implied by the best chirps. 

The events were six Italian events which occurred on February 

4,   5 and 6,1972 in close proximity to one another and which had high signal-to- 

noise ratio ( > 10).    Table D-l gives some epicenter information and Figure 

D-l is a mapof their locations. 

The Love waves of these events are nearly identical; visually 

the time series overlay one another almost exactly throughout the signal dura- 

tion.    However the Rayleigh wave phases are not as uniform with the two events 

ITA*035*09NL and ITA!!:036'!=07NL having a phase change in the middle of the 

signal which are not evident on the remaining four.    The events were beam- 

steered to the expected signal arrival azimuth using a velocity of 4.0 km/sec 

for Love waves and 3. 5 km/sec for Rayleigh waves.     The bandpass filtering and 

chirp lilter processing were performed on these beamsteered data. 
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FIGURE D-l 

LOCATION OF ITA EVENTS FROM PDF INFORMATION 
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The highest gain,  linear group velocity chirps for these data have 

been documented in Section V of this report and in Special Report No.   7 and are 

listed in Table D-l for both LR vertical and LQ transverse components. 

The measurements of the actual group velocity curves were mada 

using the technique of band-pass filtering described Kanamori and Abe,   (1968). 

For both modes,   the seismograms were filtered by five zero-phase filters,   each 

having 131 points and using a 2 second sampling interval,  which had these pass- 

bands: 

0.020   • 0.030 Hz centered at 40 second period 
0. 027 - 0. 037 Hz centered at 30 second period 
0.035 - 0.045 Hz centered at 25 second period 
0.045 - 0.055 Hz centered at 20 second period 
0.054 - 0.064 Hz centered at 17 second period 

The time of occurrence of the peak amplitude of the filtered out- 

put was taken as the arrival time for the center period of that filter,   and from 

the distance (A) listed in Table D-l,   the group velocity for the correspondinp; 

event and period was computed.    These results are plotted by event in Figures 

D-2 and Figure D-3 for the LR vertical and LQ transverse,   respectively. 

The maximum amplitudes of the filtered traces were norma- 

lized to the 25 second period amplitude for each event and are plotted in Figure 

D-4.    The relative spectral amplitudes shown in Figure D-4 help to explain the 

large variation in LR group velocities at 17 and 20 second periods shown in Figure 

D-2.    The events with low spectral amplitudes at 17 and 20 seconds are probably 

contaminated by noise because the noise energy is higher at those periods than at 

30 to 40 seconds,   thus a large variance of expected arrival times would be ex- 

pected.     High spectral amplitudes for the same filter had peaks within one cycle 

of one another giving accurate time estimates.     Figure D-4 also shows the two 

different LR wave sets of this suite of events.     ITA*035*09NL and ITA*036*07NL 
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have relatively more 20 second energy and less 17 second energy than the 

others.     LQ relative spectral amplitudes are more consistent between events 

than the LR data.    By omitting  ;he low spectral amplitudes at 17 and 20 sec- 

onds on the LR vertical,   and taking averages of the remaining at each period, 

smoothed L.R and LQ group velocity curves were obtained and are shown in 

Figure D-5. 

D-8 

Ü 

J 
0 

Figure D-6 shows the two group velocity curves of Figure D-5 

plotted versus frequency.    Also plotted on Figure D-6 are the implied group 

velocity curves of the chirp filters used when routinely processing the event 

ITA*035*17NL.    The point of intersection on the linear group velocity curves 

at 0. 040 Hz is the zero-phase frequency of the chirp which defines the time at 

which the chirp filter output maxima should occur.     Listed beside each curve 

is the length of the chirp in seconds.    The maximum gain output was for lengths 

of 75 and 65 seconds for LQ transverse and LR vertical,   respectively. 

Three things are immediately apparent from Figure D-6.   First, 

the recorded group velocity curves are not linear with frequency over this band. 

Secondly,   none of the chirp filters used in the processing fit the entire curve. 

Third,  the velocity of the chirp maximum at 0. 040 Hz does not correspond ex- 

actly with the average 0. 040 Hz velocity measured with the narrowband filter 

set.    Because the real group velocity is not linear and -^ince the chirps used in 

the processing are chosen on the basis of maximum gain,  then the velocity im- 

plied by the chirp should tend to approximate that portion of the real group ve- 

locity curve that contains the most energy.    For the event used in Figure D-6, 

the highest spectral amplitudes are at 20 and 25 second periods for the Love 

wave and at 17 and 25 second periods for the Rayleigh wave.    A shift of the 

linear velocity curves for the chirp of maxir-.um gain (65 seconds for LQ and 

75 seconds for LR) to intersect the actual group velocity curves gives nearly 

exact fits to the actual group velocity curves at the two points of highest spec- 

tral amplitude.    However,  over the range of chirp lengths used on this event. 
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the chirp filter maxima vary by less than 1 percent for the Love mode and less 

than 10 percent for the Rayleigh mode,   so the chirp lengths giving maximum 

gain are not sharply defined at least for this case. 

The arrival time of the chirp peak is also important for detec- 

tion purposes.    The chirp peak should arrive within the same interval that the 

unfiltered signal should arrive which is (1/2.5 (km/sec)- 1/4.0 (km/sec)) x A 

(km).    A non-linear fr-quency-time chirp that was a better approximation to 

the dispersed signal would reduce the uncertainty in the arrival time of the 

zero-phase   energy and hence aid detection. 

In this report and in Special Report No.  7,  the optimum chirp 

lengths are contoured for the Asian continent for LR and LQ waves.    Since it 

has been shown here that the optimum chirp length is a function of the received 

signal spectrum as well as the actual group velocity,  then some of the questions 

concerning these plots can be resolved.    For example,   since the group velocity 

curve is an average over the entire travel path from source to receiver,  the 

rapid change of chirp lengths around the Hindu-Kush area may be due to sig- 

nal spectra received at NORSAR rather than extreme velocity changes.    Be- 

cause the actual group velocity curves for Asian events at NORSAR are un- 

known,  the influence of the signal spectra on these chirp lengths also is un- 

known at present. 

The concept of a non-linear chirp filter is similar to that of a 

reference waveform filter (RWF).    Maintaining a file of chirp parameters for 

various regions would be like maintaining a suite of reference events.   The dif- 

ferences,   however,  are that the chirp parameters would be based on averaged 

information and wouM require only minor amounts of storage,  and that the re- 

sulting chirp would have constant amplitude,  precluding the noise sensitivity 

of RWF's discussed in Special Report No.   7.    Thus a non-linear chirp could 

be expected to produce more gain than a linear chirp,   less gain than a RWF, 

but with greater stability than the RWF. 
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However, even though chirps and RWF's aid detection by in- 

creasing signal-to-noise ratio, these gains are primarily at the 50 percent 

detection level and not at the 90 percent detection level. 
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