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ABSTRACT

Results of an initial analysis of long-period and short-period
data collected at the Tonto Forest Seismological Observatory (TFO) are
presented in this report. The objective of this work is experimental evalua-
tion of the 3-component systems' capability to reject noise by exploiting the
relationship between horizontal and vertical components of the seismic noise
field.

Short-period data analyzed included three 8-min recordings

consisting of two teleseismic signals and one noise sample, while long-

peridd data included one 40 -min teleseismic signal (encompassing the P
through L interval) and one 40 -min noise sample. The long-period data

was taken from the 200-km dia extended array with 50 -km minimum element
spacing, while the short-period data was taken from the 10-km TFO cross-

array.

Long-period P- and S-waves appeared extremely reproducible

across the array, indicating minimal vertical crustal filtering variations.

Y R e ——— gL

Horizontally traveling surface wavee are disorganized by scattering within

i

the array. Over the usable frequency band, the shape and magnitude of the

-

noise spectra showed variations of +1 db (P-wave), +3 db (S-wave) and

-d

46 db (surface waves). Coherence across the array was high for the P- and

e

S5-waves and very low for the surface waves. While lacking reliable gain
corrections, the short-period P-waves also appear to be well equalized

(+2 db spaciral variation with high coherence among elements).

Results of analyzing 3-component array processing for
L]

P-wave enhancement with the long-pericd instruments generally agree

with the expected performance for an essentially uncorrelated noise field.
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However, some cohzrence was found to exist between vertical and adjacant
horizontal instruments around 0. 12 cps, and about 3 db additional nuit e L
rejection was achieved at that point. Similar though less impressive results ®
were obtained for the short-period 3-component processors witia 2 db L
additional rejection achieved in the 4- to 6-sec microseism band. Thus, : :
some noisc rejection using the horizontals to predict the vertical appears -

to be experimentally confirmed.
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SECTION I
INTRODUCTION

This special report describes a study of 3-component short-
period and long-period data recorded on the extended array at the Tonto
Forest Seismological Observatory (TFO) during 1965. The objective of this
study is the preliminary evaluation of the effectiveness of 3-compcnent array

instrumentation in extracting teleseismic signals. Investigated areas include:

e Teleseismic signal characteristics observer both
on the long-period and short-period extenced.
ci‘ouarrays

® P-wave extraction capabilities using 3 -component
subsystems

e Potential contributions of 3-component array instru-
mentation to the event detection and classification

problem

Effective monitoring of underground nuclear tests requires
the ability to detect low-level teleseismic signals in the presence of seismic
noise. The use of 3-component recording systems can exploit the relation-
ship between horizontal and vertical components of the seismic noise field
for additional noise rejection. The theoretical aspects of the noise-reduction
capability for horizontal -vertical component combinations are described in

Array Research Special Report No. 7. :

Using the theoretical background contained in this gpecial

report, multichannel filters for selected subsystemse of seismometers are

designed and applied for an experimental evaluation of P-wave extraction
capability. The subsystems evaluated include:




.. O
P A

® A single group of 3-component instruments

® A tripartite of 3-component instruments ' L{

® An array of 5 vertical component systems (long-
period only)

o A 9-cha.nnel hori:ontal nyltem (long-period only)

i &=

“To experimentally ewluto the P-wave extraction capu-

bilities, recordings of signals and noise were taken from the short-period

o
(S

and long-period 3 -component instrumentation at TFO near Paygcun, Arizona.
A large-aperture array configuration was obtained through the use of

LRSM recording vans along the extended crossarray arms. The recordings
were provided by AFTAC with Texas Instruments' assistance, and a

TIAC® (Texas Instruments Automatic Computer) data library was formed.
Array Research Special Report No. 12Z describes the data collection and

the library contents.

Statistics of the ambieut noise field are of fundamental im-
portance to the design and application of MCF systems. Accordingly, studies
of the ambient noise okyerved on the long-period and the short-period 3-
component arrays have been conducted and are described in Array Research
Special Reports No. 163 (long -pericd) and No. 184 (short-period). Presenta-
tions of the long-period noise analyvis were delivered at the VELA Seis -
mological Center (VSC) of AFTAC on 26 Juiy 1966.

The P-wave data must be well equalized if the P -wave
extraction filters are to be effective. Therefore, a study was made of long-
period and short-period telel'ei.lmic P-wave coherence and equalization.
Portions of the long-period equalization study were completed previously
and are presented in Array Research Special Report No. 16. 4

*Trademark of Texas Instruments Incorporated
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analysis procedures and findings for both the long -period and short-period

s

The following section of this report briefly summarizes the

=

data. Section III describes the data samples used for each study, and
Sections IV and V contain the long-period and short-period analysis,

respectively. Section VI presents the analytical conciasions and re-

commendations for further work.




SECTION II
SUMMARY

This section presents a summary of the TFO 3-component
signai studies. It includee a brief description of analysis procedures and

objectives and a discussion of resulting conclusions.

R s G0 UG =

A. ANALYSIS PROCEDURES AND OBJECTIVES

The analysis program has involved studies in two areas: .

e Determination of signal properties
e Evaluation of teleseismic P-wave signal-enhancement

° processors

Signal properties ware examined to determine the extent of
signal inequalization across those array instruments us..d in the design of
the signal processors. The signal-enhancement processor evaluations
sought to verify experimentally the theoretical capability for additional
noise rejection resulting from exploiting the relationship between horizontal

and vertical components of the seismic noise field.

Section III discusses in detail the signal and noise data used -
for the studies. Two well recorded signal events and a closely related
noise samplc were relected for the short-period analysis. The long -period
studies used one signal event characterized by well recorded P-, S- au_xd

L-phases and also by a noise sar.dle taken near in time to the signal event.

The processors to be designed specified certain trace configurations which
were required i be available for both signal and noise, somewhat limiting
the extent of available data. These records had been previously gain-
corrected at the Seismic Data Laboratory (SDL). The long-psriod data

seeras reasonably well corrected; however, the short-period gain correcticns

do not appear to be reliable. 3
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The P-, S- and surface phases of the long-period data were
examined visually for signal reproducibility across the array. A coherence

analysis was obtained for al. signal phases. This analysis also yielded

g 58 B

power-density spectra and crnsscorrelations. Both were interpreted for
signal similarity across the array. Similar studies were performed for
the short-period P-phase arrivals, but due to the uncertain gain corrections,
these studies wore restricted to subjective evaluations of spectral shape

similarities, correlation symmetry, etc.

Long-period signal enhancement processors which were

designed and evaluated include:

e Four 3-component multichannel prediction error (MPE)

processors, each using ine two horizontals to inter-

“'polate and remove noise on the vertical
e A beam-steer of the four MPE outputs
e A beam-steer of the four verticals used in the MPE
analysis
e A 9-channel MPE using eight horizontals to interpolate
and remove the noise on one vertical instrument
e A 9-channel signal extraction filter using three

3-component systems (tripartite)

o A 5-channel signal extraction filter using five verticals

All processors were designed from measured noise correla-
tions. The extraction filters used theoretica’ infinite velocity signal models,
and all filters were applied to the signal event and to noise samples in and
adjacent't.éj' the design inteljval.' Appropri;t'e predictability and S/N ratio

improvmﬁt curves were computed from power spectra.

o O Cm E e e e ¢
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Short-period signal enhancement processors include:

]
®

Three 3-component MPE processors
A beam-steer of the three MPE outputs
e A beam-steer of the three verticals used in the MMPE

=2
®

o

analysis
A 9-channel signal extraction filter using the three

3-component systems (tripartite)

S 82
°

Filter designs were similar to the long-period processors.

All filters were applied to two teleseisms and to noise in and adjacent to

i
Ewu.!

the design interval. Evaluation proceeded on the basis of predictability and

S/N ratio improvement curves.

B. CONCLUSIONS

Both the long-period and short-period equalization studies

indicate that the teleseismic P-wave signals are extremely reproducible

across the TFO extended array, and therefore lend themselves to array

—

processing for signal enhancement. In addition, the long-period, S-phase
energy appears to be well equalized, suggesting only minor crustal fiitering
variations within the array for vertically traveling energy. Similar analysis
of the long-period surface wave energy suggests a more severe problem for
horizontally traveling energy. Because of complex geological and topo-
graphical irr.:gularives, it is probable that surface waves cannot traverse

the array undisturbed but undergo scattering that decreases coherence.

Although the vertical and the horizontal noise fields have
been found to be essentially uncorrelated at these receiver separations
(except for highly directional noise sources), soms correlation is found to

exist at the same location betwcen the vertical and horizontal components.

II-2 acience services division
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The long-period MPE and signal extraction filters demonstrate an experi-

a——
S iind

mental capability for using this correlation to achieve greater S/N ratio
enhancement than that possible for totally uncorrelated noise. Similar,
though less impressive results, were indicated for the short-period data

operating on the higher -mode surface wave energy.

! Analytical results indicate that 3-component praprocessing
at each point within the array is feasible and can contribute to array P-wave

extraction capabilities by rejecting low-velocity surface wave components

that may or may not be coherent across the entire array.




SECTION III '
DESCRIPTION OF DATA

This section describes the data selected for use in the long- i
period and short-period signal extraction and signal equalization studies.

Table III-1 provides a summary of pertinent information. i

A. LONG-PERIOD DATA

One noise sample and one teleseismic signal were chosen
for processing from a 6-event ensemble of TFO long-pericd 3 -component
data. ’ The ensemble had previously been selected to include signals with
well recorded P, S and L phases, a maximum number of usable channels
and closely related roise samples. Further selection required that all
signal enhancement processors be designed and applied to the same signal
and noise event pair. The signal event from the Rat Islands and the noise

sample (NS-1) associated with this event were chosen for this stuay.

Both the signal and noise data were 40-min records of
4800 data points each, sampled at 500-msec intervals. Since only the low
frequency portion of the data was seismically valid, each event was digita.lly.r
lowpass filtered and resampled 3:1, resulting in 1600-point record; at

 1500-msec sample intervals (Figures III-1 and 111-2).

These event s had been gain corrected by the Seismic Dais 1
Laboratory (SDL), and the gain-corrections for the vertical seismometers "—._
appear to have been performed satisfactorily. (From past array
processing experience, most gain-correcting procedures using calibra-

tion data have not been successful.) However, there seems to be some

difficulty with the TFO horizontals (Figures LI-1 and I1-2). .
B. SYHORT-PERIOD DATA ;
One noise sample (NSH-11) and two teleseismic signals .-,
e

(SSL-12 and SSL-30) were chosen from the TFO short-period 3-component

data library. 5 The events were chosen for good seismic data on all channels

I1-1 . sclence services division
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Table III-1
SUMMARY OF SIGNAL AND NOISE EVENTS

Long-Period Data

Channels Used: JR ZRT, SG ZRT, SN ZRT, WO ZRT, TFO ZRT

Noise Sample NS-1
Date: 26 September 1965 Edit Time: 055154.6 GMT

Rat Islands Signal

Date: 27 September 1965 Edit Time: 051543.0 GMT’
PDE Information:

Origin Time~— 050913.3 Epicentral Dist. — 53.9°

|
f
i
'.
ﬂ.
[
!
i

Lat, — 51.9°N Sta. -to-Epicenter Az — 312.9°
Lon‘. = 175. 5°E Mag. - 50 5
Depth — 4l km

Shorit-Period Data

Channels Used: Z61/SE86/NES85, Z68/SE95/NE96, Z13/SE89/NE90

Noise Sample NSH-ll
Date: 27 August 1965 Edit Time: 090900 GMT

Central Chilean Si‘gal

Date: 18 August 1965 Edit Time: 101300 GMT
PDE Information: - ]

Origin Time — 100148.1  Epicentral Dist. — 79. 9°

Lat, — 37.9°s Sta. -to-Epicenter Az — 150.7°
Depth — - 33R km
Kermadec Islands Signal

Date: 23 August 1965 Edit Time: 214200 GMT

PUE DeeEmurmn Epicentral Dist. — 90.3°
Origin Time— 212959 Sta.to-Epicenter Az — 232, £
Lat. - 30.8°S Mag. — 4.8
Long. — 178.1°W
Depth - 49 km

i
!
[
[
i
Long. — 73.6°W Mag. — 4.7 : B
[
i
i
i
i
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oi a tripartite of 3~-component groups. The signals were also required to
have well recorded P phases with the noise samrple chosen to be reascnably
close in time to the signals. The selected signal events were from Central
Chile (SSL-12) and the Kermadec Islands (SSL-30) (Table III-1),

P The signals and noise are each comprised of 8-min records
of 9600 data points sampled at 50-msec intervals. Each event was
digitally lowpass filtered and resampled 2:1, resulting in 4800-point
records at 100-msec sample intervals (Figure III-73).

Gain correction of the TFO short-period data library was
performed at SDL. However, due the various problems involved in the

process, it has been determined that the gain corrections were not

reliable, 7
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SECTION IV
3-COMPONENT LONG-PERIOD DATA ANALYSIS

This section discusses in detail the signal equalization and
P-wave signal enhancement studies conducted with the TFO long-period
3-component extended array. Figure IV-1 shows the location and orientation
of the 3-component instruments, whileFigura IV-2 illustrates the wide

variations in geology over the extended array.

An investigation of the ambient noise field statistics was
performed previously on a 3-comuonent basis in the long-period frequency
range. g Over the usable seismic bandwidth of 0.02 to 0.2 cps, the noise is
essentially uncorrelated between like components due to the large receiver
separations. However, in the frequency range of approximately 0.025 to
0.095 cps, the noise was found to be correlated between the vertical and
horizontal components at the same location. The P-wave signal waveforms
were also shown to ke reproducible across the extended array. : Signal
equalization studies were expanded to include the shear (S) and surface (L)

phases.
A. SIGNAL EQUALIZATION STUDIES

Signal waveforms should be reproducible at ali points within
‘an array for effective tele‘leinmic signal enhancement. P phase equalization
hal been investigated previously for.one teleseismic signal. . Visual exa.mina-L
tion of the recorded v'vavefor‘;nl indicated that teleseismic P -waves are

highly reproducible across the array. Quaatitative estirnates of P-wave

i

lignal equalization through power density spectra, 2-channel coherence

functions and crosscorrelation functions indicated excellent reproducibility

over the frequency range of 0.04 to 0.07 ;:ps. Power density spectra of the

Iv-1 sclence services division
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PERIOD SENSORS}
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Figure IV-1. TFO 3-Component Long-Period Seismmometer Locations
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P-wave signal used in this analysis (Rat Islands) computed from total correla-~ i

tions over a 50-point (75-sec) gate encompassing the P-wave onset (Figure

IV-3) also show the P-wave to be reproducible within +1 db for the vertical

components.

Power density'spectra and 2-channel coherence functions also
were coinputed for the Rat Islands signals over the shear (S) and surface (L)
phases. A 100 -point (150-sec) gate was used for the shear phases and a
500 -point (750-sec) gate for the surface phases. Correlation lags were
computed for +73.5 sec. The coherence functions were comptuted between

like components with respect to van JR for each of the vertical, radial and

density spectra and coherence functions.

Shear phase spactra and coherences indicate that the vertical
components are reproducible.within +3 db over the array in a frequency band
of approximately 0.02 to 0.08 cps. The horizontal component spectra ex-
hibited larger variations than did the vertical, although they have similar

coherence values. This was probabvly due to the variations in horizontal

seismometer orientation. Surface phase spectra show approximately 46 db

variation for all components and indicate very small coherence.

transverse instruments. Figures IV-4 and IV-5 display the computed power ' !
The close agreement shown for the power density spectra of B
the P - and S-wave implies that vertical crustal filtering effects do not show

much variation and suggests that the vertical component magnification com=-

pensations (dgrived from on-site calibrations) were reasonably accurate.

By contrast, the surface waves are less reproducible; this is probably due
to near-surface scattering mechanisms within or near the array which
modify the surface waves severely but do not appreciably affect P- and

S-wave arrivals.

b 4 ‘ 1V-4 : solence services division
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The long-period signals are thus sufficiently well equalized

in the P-wavelet interval across the TFO extended array to be used in P-

wave signal enhancement studies.
B. P-WAVE SIGNAL ENHANCEMENT PROCESSORS
Five types of signal enhancement processors were analyzed:

e 3-channel prediction error '
For each of four vans (JR, SG, SN, WO), a multi-

channel prediction error filter was designed using

the two horizontal instruments to output the error
obtained by interpclating and removing noise on

the vertical instrument. The outputs of each of

i , the prediction error filters were summed to yield
E any additional noise rejection.
e 9-channel prediction error
A multichannel prediction error filter was designed
to output the error in interpolating and removing noise

on the vertical instrument at SG when using two hori-
zontal instruments at each of four vans (SG, SN, WO,
TFO).

e Beam-uteer
The data from four vertical instruments (;IR. SG, SN,
WO) were summed for cancellation of uncorrelated
noise and comparison with other processors.

e 5-channel signal extraction
A multichannel filter based on the vertical inatruments
at JR, G, SN, WO, and TFO was designed to extract
the signal on the vertical instrument at JR.
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e 9-channel signai extraction
[ A multichannel filter based on data from the
3-component systems at JR, SN and WO was

designed to extract the signal on the vertical

instrument at JR.

The design of the P -wav'e vignal enhancement processors
was based on measured noise statistics while the signal extraction filters
used a theoretical infinite velocity signal model. A constant signal-to-noise
ratio of four was used for the signal model. The P-wave arrival of the signal

had Leen previously time-aligned and appeared to be of infinite velocity.

Correlations of +24 lags (+36 sec) in length computed over a
900 -point (1350 -sec) interval of noise were deconvolved with a 9-point
(13, 5-sec) whitening filter. The theoretical signal model was assumed to
be identical for all vertical components and was built from the whitened JR

van autocorrelation, while the horizontal autocorrelations and crosscorrela-

tions between vertical and horizontal components were set to zero. Twenty-

five point (37. 5-sec) multichannel signal enhancement processors for both

signal extraction and noise interpolation were designed and applied.

Multichaunel prediction error (MPE) filters were designed

to interpolate and reraove the noise ~n the vertical instruments at each of

= R

four vans (JR, SG, SN, WO), using their respective horizontal instruments,
and on the vertical instrument at SG using the horizontals at SG, SN, WO,
and TFO. Displays for each filter are shown in Figures IV-6 through IV-1Y,
For each filter the input, the MPE output, the difference traces (i.e., the
interpoiated no!se) for the noise sample, and the vertical and MPE output

traces for the signal are displayed.
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The MPE filters were designed from the first 900 points
(1350 sec) of the noise sample but were applied to the entire 1600 points !
(2400 sec) of noise in order to evaluate the effectiveness of the filter both '

in and adjacent to the design interval (i.e., design and off-dasign intervals).

The: power in the MPE output trace is an estimate of the power
in the vertical trace that could not be iﬁterpohtcd from the horizontals. It
is possible to define a "predictability’ function as [ 1-(MPE output power)/
(vertical input power)]. The function describes the fraction by which the
vertical input nnise power is reduced by removing the interpolated noise

estimate.

Power density spectra were computed frnm 49-point correla-
tions calculated over 900 -peaint (1350 -sec) and 600 -puint (900-sec) gates in
the design and off-design noise intervals, respectively. Figure (V-11 dis-

falayl ""predictability’’ functiona calculated from the power density spectra
and indicates that the noise is reasonably predictable between the vertical
and horizontal components over the usable seismic band and highly pre-
dictable around 0.12 cpe. The predictability function for the 8 -channel
MPE filter, which is also shown in Figure IV-11, confirms the conclusion
that the noise is essentially incoherent between the horizontal components

used in this analysis.,

In order to evaluate the effectiveness of the 5-channel and
9-chunnel signal extraction and beam-steer processors, ratios of tho;'qutput
ncise power to the input noise power were computed from 49-point correla-
tions over gates for both design and off -design noise areas. These ratios
represent the signal-to-noise improvement possible ovar these noise
samples, assuming no signal distortion. Insufficient noise to evaluate

noise rejection for the signal samples preceded the signal onsets. In order
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to establish the signal gain of the filters, ratios of output P-wave signal

power to input P-wave signal power were computed for total correlations

over a 50-point gate encompassing tﬁe P-wave. Values of the lign;tl power
ratios outside the frequency range of maximum signal power (0.04 to 0.07 cps)
are probably not mieaningful estimates of signal distortion due to the contam-
ination of the transient signal waveform with ambient noise.

Results of beam-steering the four input vertical components
and the four 3 -channel MPE filter outputs are displayed in Figure IV-12,
Appropriate noise a1 d signal power ratios for each beam-steer case,
using the JR seismometer as a reference, are shown in Figure .V-13,

The theoretical masimum noise rejection /7 in amplitude, assuming a
Gaussian distribution of noise on n channels) achievable by summing a
4-channel system consisting of totally uncorrelated noise is 6 db. Figure IV-13
indicates that over the usable seismic band, except at frequencies less than
0.05 cps, the beam-steer of the input vertical traces achieved a noise reduc-
tion of about 6 db and the beam-steered MPE outputs achieveaan 8 db

noise reduction overall. Around 0. 12 cps, the beam-steer (BS) output °
attains 9 db rejection and the beam-steered MPE (BS MPE) output shows

12 db rejection due primarily to vertical-horizontal coherence at this
frequency. Each process caused an apparent signal loss of approximately

1 db at maximum signal power (near 0.04 cps) due to contamination of the
transient signal with ambient noise, misalignment and slight inequalization
residuals of the P-wave. The deviation of the off-design power ratio from
the design area rat'io is caused by a spike on the SG van data in the off-design
interval.

Figure IV-14 displays the impulse response for an infinite
velocity, vertically-arriving comnpressional impulse of unit gain of the
5-channel signal extraction MCF and its amplitude and phase response.

The 9-channel response (not shown) to an infinite velocity, vertically-

arriving compressional impulse of unit gain is very similar. Results of

IV-17 science services division
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applying the 5-channel and 9-channel MCF's are shown in Figure IV-15
and IV-16 and their corresponding power ratios are displayed in Figures : s
IV-17 and IV-18. At frequencies greater than 0.05 cps, the 5-channel
MCF noise rejection is generally on the order of \/n_ (7 db). Again; the
deviation of the off-design noise ratio is due to a spike on SG. The 9-

channel MCF exceeded (12 db at 0. 12 cps) the random no‘ise improvcmen.t g
(10 db) at certain frequencies above 0.05 cps due primarily to the cor- i
related nature of the horizontal and vertical nvuise at these frequencies. - The

off-design noise ratio has less rejection due to an apparent cha.ngg; «n th 2 noise

character on the horizontal instruments. Both MCF's had signal distortion

at 0,04 cps in the order of 1 db which slightiy exceeds that indicated by the
amplitude responses of the filters and which is probably due to contamination
of the signal estimate, P-wave misalignment and slight inequalization residuals.
Figure 1V-19 displaye a comparison of the signal enhancement processor out-
puts for the siynal and noise samp.es. ‘

In summary, th.e 3-component signal enhancement proces'lors
performed satisfactorily and achieved noise rejection generally greater
than J;for frequencies above 0.05 cps and especially around 0. 12 cps.
This was due primarily to the correlated properties of the noise field

between vertical and horizontal components.
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SECTION V
3-COMPONENT SHORT-PERIOD DATA ANALYSIS

This section describes in detail the analysis and results of
signal equalization and P -wave signal enhancement processor studies con-

ducted with the TFO short-period 3-component crossarray. E}gure V-l

shows the location and orientation of the 3-component instruments. An indi-
cation of the wide variations in geology ove:r the array was shown in

Figure IV-2.

The ambient seismic noise field statistics have been investi-
gated previously on a 3-component basis in the short -period frequency

range.4 Over the usable seismic bandwidth of approximately 0.1 to 1.3

cps, noise is essentially uncorrelated for a 10-km seismometer separaticn
except for the dominant Rayleigh wave energy peak in the 4- to 6-e2¢ micro-
seism band, which seems reasonably time- and space-stationary. Resnlts
similar to those for this study were previously reported for seismometer
spacings in the order of 4 km (Semiannual Techaical Report No. 3). $ The
analysis of the TF( short-period data has been hindered, as far as absolute
measurements are concerned, by the apparently unreliable gain corrections

(Semiannual Technical Report No. 5). $

A, SIGNAL EQUALIZATION STUDIES

For efiective teleseismic signal enhancement, it is essential
that signal waveforms be reproducible at all observation points within an
array. Signal equalizatio. across the TFO array was examined for the twc
signals described in Section III. Only the locations (z61, 268, Z13) selected

o =3

for use in the signal enhancement studics were analyzed.

L= ]
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Visual examination of the recorded wiveforms (Figure III-3)
suggests that they are reasonubly reproducible across the array. The
reproducibility of the P phase is shown quantitatively with powier density
spectra and with 2-channel coherence functions in Figure v-2, Itis also
shown by 50-point crosscorrelation functions (Figure V-3) computed over a

[ 100-point (10~sec) gate encompassing the P-wave onset.

i The close agreement of the power density spectra (+2 db) for
the vertical instruments over the usable seismic bandwidth indicates that

crustal filtering causes little variation and suggests that the signal vertical
component magnification compensations (derived from on-site calibrations)
were re. .uably correct for these signals. Coherence is high over the
interval of peak power; values outside this frequency range are probably
not meaningful estimates of signal coherence. Crosscorrelation functions
of perfectly reproducible signal waveforms should be identical for all pairs

of instruments and should be symmetrical. These properties are closely

approximated by the crosscorrelations, except for the effects of slight gain
! variations. The short-period P-wave signals are thus sufficiently well

equalized to be used in P-wave signal enhancement studies.
j B. P-WAVE SIGNAL ENHANCEMENT PROCESSORS
1 Three tvpes of processors were analyzed

e 3-channel prediction error
4 For each of three locations (Z61, 268, Z13) a multi-
channel prediction error filter (MPE) waa.designed to
output the error obtained by interpolating aud removing

L 1

the noise present on the vertical instrument when using
the two horizontal instruments. The outputs from each

of the prediction error filters were summed for any

additional noise rejection.
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e Beam-steer

ﬁvﬂ

The data from the three vertical instrumente of the

tripartite were summed for cancellation of un-

correlated noise and comparison with other processors.
e 9-channel (tripartite) signal extraction

A multichannel filter was designed to extract the signal

on vertical instrument Z61 based on data from the 3-

component systems at Z61, Z68 and 213,

The P-wave signal enhancement processors were designed
uliné measuvred noise statistics, and the signal extraction filter was designed
using a theoretical infinite velocity signal model with constant signal-to-
noise ratio of four. The P-wave onsets of the two signals had been time-

aligned previously and abpeared to be of infinite velocity.

Correlations of 124 lags (+2.4 sec) in length computed over a
2400-point (240-sec) interval of nolse were deconvolved with a 9-point
(0. 9-sec) whitening filter. The theoretical signal model was built from

vertical components, while the horizontal autocorrelations and cross-
correlations between vertical aud horizontal coinponents were zero. Twenty-
five point (2. 5-sec) multichannel signal enhancement processors for both

signal extraction and noise interpolation were designed and applied.

Multichannel prediction error (MPE) filters were designed
to interpolate and remove the noise on 261, 268 and 213, respectively,
using their horizontal components. Displays for each filter are shown in
Figures V-4 through V-6. For each filter, the vertical and the two hori-
zontal input iraces, MPE output and diffezence traces (i.e., the inter-

polated noise) for the noise sample, and the vertical and MPE ~utput traces

the whitened Z61 autocorrelation and was assumed to be identical for all !
[
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for each signal are displayed. All displayed traces were amplitude-limited,
and thus the spike on Z68 of the Chilean signal is not at true amplitude.

The MPE filters were designed from the first 2400 points
(240 sec) of the noise sample but were applied to the entire 4800 points
(480 sec) of noise in order to evaluate the effectiveness of the filter both in

and adjacent to the design interval.

The power in the MPE output trace is an estimate of the power
in the vertical trace that could not be interpolated from the horizontal seis-
mometers. Using the ratio of these powers, a ''predictability' functiorn,

[1 - {MPE output power)/(vertical input power) | is defined. This function
describes the fraction by which the vertical input noise power is reduced

when the estimated noise obtained by interpolation is subtracted.

Power density spectra were computed from 50-point correla-
tions calculated over 2400-point (240-sec) gates of noise both adjacent to
and in the design interval. Predictability functions (Figure V-7) were U
computed from the power density spectra. i
conclusion that the noise is essentially uncorrelated between vertical and
horizontal components over the usable seismic band, except for the slight
interpolation achieved in the 4- to 6-sec microseism band. Rejection is

apparently achieved for the low velocity surface wave noise component only,

In order to evaluate the effectiveness of the 9-channel signal
extraction and beam-steer processors, ratios of the output-to-input noise
power were computed from 50 -point correlations over 2400 -point (240 -sec)

gates for both noise areas. These ratios represent the signal-to-noise

These functions confirm the
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improvement possible over these noise samples, assuming no signal dis-
tortion. In order to estimate the signal diatortion of the filters, ratios of
the output P -wave signal power to the input P-wave signal power were
calculated for 50-point correlations over a 100-point (10 -sec) gate which
encompassed the P-wave. Not enough noise was present before the P -wave
onset to evaluate noise rejection over these signal samples. Values of the
signal power ratios outside the frequency range of maximum signal power
(0.4 to 1.0 cps) are probably not meaningful estimates of signal distortion

due to the contamination of the transicut signal waveform with ambient noise.

Results of beam-steering the three input vertical components
(BS) and the outputs of the three MPE filters (BS MPE) are shown in Figure
V-8. Appropriate noise and signal power ratios are shown for each of the
beam-steer cases in Figure V-9. The theoretical maximum noise rejection
achievable by summing a 3 -channel system containing totally uncorrelated
noise is 5 db (\/;_ in amplitude, assuming a Gaussian distribution of noise
on n channels). Figure V-9 indicates that the bearn -steer of the vertical
input traces achieved 5 db noise rejectic:: over the usable seismic band,
and the beam-steer of the MPE outputs achieved a noise rejection slightly
greater (6 db) in the 4- to 6-sec microseism band. Outside the microseism
band, the noise rejection for both processes is approximateiy equal. Both
beam-steer operations caused a signal distortion of approximately 2 db for
the Kermadec Islands signal and 0 db for the Chilean signal., The slight
apparent signal distortion observed is probably due to contamination of the
transient signal by ambient noise, misalignment of the P-wave and slight

inequalization residuals.
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The results of applying the 9-channel MCF are shown in
Figure V-10. Figure V-11 shows the correspcnding noise and signal
power ratios. The\/n— (10 cib) noi‘_l;*;"'ejection obtained by the lilter over
the usable seismic band waun exceeded slightly (11 db) overall with 13 db
achieved in the partly correlated 4- to 6-sec microseism band. The filter

) caused a signal distortion of approximately 3 db for the Kermadec Islands

signal and 2 db for the Chilean signal. The signal distortion exceeds that

indicated by the amplitude response of the filter and is probably due to
contamination of the transient signal by ambient noise, misalignment of

the P-wave onsets and slight inequalization residualu.

In summary, the signal enhancement processors performed
satisfactorily for rejection of uncorrelated noise in the frequency range
fr>m 0.3 to 1.3 cps, both in and outside of the design interval. Both
the beam-steer of the MPE outputs and the 9-channel MCF filters attained
noise rejection slightly greater than the JtTin the 0.1 to 0.3 cps frequency
band where some correlated microseism energy exists. A comparison of

the various signal enhancement processor outputs is presented in Figure V-12,

v-15 science services division




V-16



Helad @ wud Wwew W 020 w0 e '

— Ll

NOISE POWER RATIO (db)

SIGNAL DISTORTION (db)

Figure V-11. Noise and Signal Ratios for 9-Channel Signal Extraction

NOISE OUT/NOISE IN
T ¥

v !

DESIGN

cvveee e OFF DESIGN

———— KERMADEC |SLANDS

v COAST OF CHILE
1 P .3 4
FREQUENCY (cps)

Processors




Py oy TR Y 7 Sa— e

L e R

) D oo Cue WS BYM W G OO0 D o &

L et s

SI0889201g judwadueyuy [eudig porraJ-3royg Jo nostredwon °zy-A andi g

[ S S S 1711 S S N G S S L WU W W O~ S e T O U e e R A e N AL




e

P

SECTION VI
CONCIL.USIONS

The use of 3-component instrumentation provides a capability
for noise rejection by exploiting the relationship between horizontal and
vertical components of the seismic noise field. For extended arrays in
general and TFO in particular, it is possible for local geological and
topological features to disturb the propagation of low-velocity surface
wave energy across the array, causing a less coherent noise component
which cannot be as effectively removed by array velocity filtering. However,

at each instrument location, a portion of the vertical component of the surface

wave energy can be interpolated from horizontal instruments and thien re-
moved from the vertical recording. The objective of the analysis was ex-
perimental verification of the effectiveness of such 3-component processors

for teleseismic signal extraction.

Prior to the design of the signal enhancement processors,

long-period and short-period teleseismic signal coherence and equalization

were examined. These studies indicate extremely reproducible P -waves

S

across the TFO array. In addition, the long-period S-phase energy appears

well equalized, suggesting that crustal filtering variations across the array

E

are small for vertically traveling energy. Similar analysis of long-period

surface waves shows a more severe problem for horizontally traveling energy.

Long-period spectral variations in the :ange of peak signal power are approxi-
mately 1 db for P-waves, 13 db for S-waves and +6 db for surface waves.

P- and S-waves yielded high coherences in the frequency band from 0.02 to
0.08 cps, while surface wave coherence wae very small. The orientation

of the horizontal components varied by as much as 15° which partly con-

tributed to the observed surface wave inequalization. However, it is also
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probable that surface waves cannot traverse the array undistrubed but undergo

scattering that decreases the coherence. Short-period P-phase spectra yield

+2 db variation over the peak signal band, indicating that the vertical com-

{ ;

ponent r;nagnification compensations (derived from on-site calibrations) were
reasonably correct for these ;ignaln. Signal coherence is high over this

bangi.

For the receiver separations used in the study, both the vertical
and horirontal noise fields are essentially uncorrelated. Thue, vertical -
component or horizontal -component array processors would not be expected
to exceed the f; improvement in rms signal-to-noise ratio possible from
simple time-shifting -and -summing. Such is found to be the case for the 5-
channel vertical MCF and the 9-channel MPE (long -period), except for an
indicated noise directionality around 0. 12 cps. The 5-channel case closely

approximates the theoretical rejection level of 7 db. For the 9-channei MPE,

9 db down in power from the vertical, thus the vertical noise level was

virtually unetlected.

L
|
[
L
A
the summing of eight uncorrelated horizontal components yields an output l
|
In general, the 3-channel MPE outputs and the 9-channel
(tripartite) multichannel filters also achieved a \/r_x_ noise rejection over the l
usable seismic band. Some vertical-horizontal noise coherence was detected
by the long-period processors a’. about 0. 12 cps for an additional 3-db re- s
jection and by the short-period processors from about 0. 2 to 0..5 cps for 2 db
additional noise rejection. These confirm the peaks in the predictability U
curvee. While the magnitude of additional rejection is not great, it is H
important to recall that the noise field is essentially totally uncorrelated
between like compcenents across the array, and these gains would probably

not be realized through conventional verticzl array processing.
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to the noise design interval, suggesting that the process is reasonably time-

L Ty

e )

Processor performance were similar both in and adjacent

stationary. Insufficient noise preceded the signal onsets to evaluate noise

rejection for the signal samples. Averaged noise statistics would certainly

-

be preferable for the design of long-term, time-invariant filters, but adaptive
filtering should provide an attractive alternative to the compromise of

averaging.

In summary, 3-component preprbcel sing appears to be

briviine

feasible for rejection from the vertical recording of surface wave seismic

S——
- i

noise and horizontally scattered signal energy and should be especially

effective where local geology interferes with surface wave coherence across

the array.
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