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"ABSTRACT
" Digltal signal - detection : and :processing. -lInvelving [
dutomated proceduresis recognised as am important thrust :
© area activity in modern. selsmology.’ Facllitated by the high
Cliguslityldate cbtalned- from kailnly Geuribidanur: selsmic
‘AFray $tnce itw installatlen ln  southern Indla' aver
twenty-five years .ago, thip nctivlty As pqrported to
progressively evolve efficlent methode 'and technlques ‘to
detect signals of selsmic events, % lly week ones, .
from any reglon of the world and 1d y their sources"
.through feature extraction. This paper glves an overview of
ma jor data processlng technlquqs establlshed by us and
ment lons some future projectione lncluding development of ‘a
knowledge based expert system, Among the methods of slgnal
., detectlon from essentially short perlod ;rra.y records.l‘,
.+ Gptimup  beamforming, . correlogram, cumenerogram and
- ;edlct;on error filtering have ‘been emphaslsed For source]‘
disquminatlon employing single array data, partlcularly in
case of events with very shallow focal depth scaled
complexity combined with third moment of freqiency of P
slgnal . js shown to be reaspnably good. Hoquer. tempgral
.and spsctral ¢ eracter;stics of, the seconggry arr%vals spch L
as. PqP and PP are fquqd to be, promlsing iscrim naptﬁ It
s planned o supporg thesp r%cessprs by ex?ensively
employlng ang period es wal broadbend dafa that would
.also afford leoking into some &f the, xnteresiing,qlagnnstlc|_
features of S (shear wave) phases Do e e

INTRODUCTION PR L S R S e

Unampigupus detection of seismic signals Uell above the b&ckground noise
is an, 1mportant prerequislxe for, ,,éelsmlc Qata aqalysls " and
lnterpretation Quite often. these slgnqls, egpec}ally Af they are weak,
are masked by ambient noise. due to oceaulc microselsms. cultural
aptivity ih the nelghbourhood of selsmic senscrs deployed ig the fleld
and that generated by the electrqnlc system used at . ‘the recordlng
stet}pn The problem is compounded if the f[equeney band of the signal
of 1nterest largely overlaps with that of ;he uquanted nolge. |

A seismic array such as, the medlum ﬂpertuxe linear cross 20- element
shor£ period (around 1 sec) array ,of e ;epaced (2,5 km) seismpmeters
opera;ed ax dﬁurlhldanur i southern 1ndia Blnpe 1965 by. Bhabha Atomic
Research Gentre (BARC), . Hy, affords ephgpqement of s;gnel to nolge.
ratlo (SNR) by special processing techniques which’ pelp to lower signal
detection threshold. Layout detalls of the L shaped Gauribldanur array
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used by us are briefly discussed here. With the help of sultable
examples, it le demonstrated how these techniques of processing array
data ald detection of low level signals and ldentification of their
sources through feature enhancement.

PROCESSING OF SEISMOGRAMS TO CONFIRK PRESENCE OF SIGNAL
Beamforming

By summing signals from N sensors of an array (N channels) using
appropriate time delays between the channels to align the signals In

phase (best beam), one can get an SNR lmprovement upto lez compared to
slngle channel SNR (Birtill and Whiteway, 1965: Roblnson, 1967;Kulhanek,
1976). This beamforming method assumes that the signals are coherent
throughout the array dnd that the background nolse 1is completely
uncorrelated from channel to channel. However, such an ideal condition
ls seldom met in actual practice so that the enhancement in SNR 1is

usually lower than N'“? (Denham, 1963).

Correlogram and cumenerogram

Using two independent partial sums of signals from the two orthogonal
arms of GBA, where the background nolse ls already suppressed to some
extent, signal detection further improves by correlating the two time
serles corresponding to the partial sums to generate a correlogram
{Welchert, 1975; Arora and Basu, 1984, 1985). To obtaln a running
correlogram, we prefer a l-sec time window (slightly wider than the
expected dominant pericd of teleselsmic P slgnhal) and slide 1t towards
the tall end of the record gradually through only one dlscrete sample
(50 milliseconds apart) ln each step.

Similarly, another processor that alds signal detection and
identification and uses the array partlal sums as mentloned above relies
on the computation of cumulative excess energy (excess of energy at a
time instant over that at the immediately preceding dlscrete lnstant) as
a function of time along the seismogram. Called as cumenerogram (Arora
and Basu 1984, 1985), it facilitates detection of signals, particularly
transients, reasonably well.

Prediction error filtering

Exploiting the properties pertaining to stationarlty of the microseismic
hoise, we have made use of prediction error fllters (PFF} following
Robinson {1966); and Peacock and Treitel (1969). Such fllters are
capable of predicting a stationary time series one or more steps ahead
with a high degree of accuracy (Roy and Murty, 1982). Thus, parametric
modelling of time series using autoregressive (AR} modelling (Ulrych and
Blshop, 1975; Ulrych and Clayton, 1976) on account of lts ability to
accentuate small nonstatlonary changes, can be effectively employed to
detect weak selsmic slgnals in staticnary nolise background (see, for
instance, Fryer et al., 1975; Murty et al., 1979). By processing and
analysis of some artificlal {synthetic) and real seismograms, we have
demonstrated (Roy et al., 1992a, 1992b) using GBA data that an average
SNR improvement upto a factor of ten is possible when an integrated
method comblning the array best beam with PEF and moving autocorrelation
(MAC) technique is employed.

In support of the above techniques, we cite here sdme illustrations
(Figs. 1 to 4} of detection and ldentification of primary as well as
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secondary slignals using GBA short period data from selsmic events In a
large distance range. Flg. 1 shows typical raw plots of unprocessed
digital waveforms acquired in twenty independent short pericd channels
of GBA corresponding te the leadlng signal (P} and an important
secondary arrival (PcP, l.e. core-reflected P signal) from the recent
Chinese underground nuclear exploslon on 25 September 1992. Located at
Lop Nor in the southern Xinjiang province, thls event at an epicentral
distance (4) of 29.6 degrees from GBA ( 1 deg. of A = 111.2 knm along the
arc of meridian or great circle arc) and having a bodywave magnltude
Mb 5.0 (equivalent to an yleld of approximately 15 kilotons of TNT) has
generated clear P whille PcP is not discernable, By processing this event
using the techniques described above, we confirm from Flg. 2 «clear
detection of P as well as of PcP at an interval of 186.2 seconds.
Explanations with regard to practlcal usage of various processors are
duly mentioned in Fig. 2. In Fig. 3, we show optimally beamed P and. PcP
signals from another Lop Nor explosion event known to be a very large
(megaton class) underground nuclear test conducted by China on 21 May
1992, where PcP signal strength at GBA 1s found to be about one-third of
maximum P In the coda and nearly the same as that of the initial P
within the first few cycles.

Illustrations of processsing and detectlen of seismic signals from
weak sources at far teleselsmic distances from GBA in the core shadow
zone are presented in two sets in Fig. 4. The first set at left (Flg. 4)
pertains to detectlon of the first arriving main PKP signhal (core
refracted P) from a small nuclear test explosion (code name
"Shellbourne’, Mb 4.B, less than 10 kt yleld) in Southern Nevada, USA
(A = 128 deg.), on 13 May 1988. The second set at right (Fig. 4)
demonstrates clear detection of yet another important secondary signal
(PP, 1.e., P wave slngly reflected from earth's surface) in the coda of
the GBA recordings of a small shallow-focus earthquake {Mb4.5, focal
depth 10 km) that occured on 4 February 1991 in Central Californla at
about the some distance and azimuth from GBA as the companion event in
the first set.

EVENT TDENTIFICATION THROUGH SOURCE DISCRIMINATION

For ldentifying selsmic sources in distinguishing natural earthquakes
from man made wunderground detonations, the methods and techniques
developed over the years rely essentlally on exploiting the difference
in the energy release mechanism of the two processes. It 1s known that
occurrence patterns of tectonic earthquakes cannot be easlly altered by
human activity whereas explosions belng governed entlrely by human
declsion, can be modelled to produce such seismic effects as one
deslres.

In drawing conclusicns regarding the nature of a selsmic source, it
is preferred to Joln various identifiers in a cascade manner so as to
Integrate the output from each discriminator. A single discriminant or,
for that matter, a number of internally inconsistent discriminants tend
to lower the efflciency of the discrimination process. At the same time,
event ldentification using a varlety of dynamic parameters is limited by
the component which is difficult to evaluate with reliablility and
precislon. It is quite 1likely that an event 1s misclassified if Its
signal is weak (small event close to detection threshold). On the
other hand, difflcult cases do sometimes arlse when signal
characteristics cannot be established distinctly and satisfactorily even
though the signal is clearly seen above the background nolse.
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Today we have a number of identifying parameters that operate on
short perlod, long period and broadband data in both time and frequency
domains (see, e.g., Dshlman and Israelson, 1977; Husebye and
Mykkeltveit, 1981). Among these, the Mb:Ms method based on difference
between the bodywave magnitude Mb and the corresponding surface wave
magnitude Ms is most frequently applied. Sometimes, the ratioc Ms/Mb 1is
also used 1in additlon to Mb minus Ms. A serious limitation of this
method confronts, however, when Ms (usually 1 to 1.8 units lower than Mb
for explosions depending on the nature of the detonation medium, e.g.,
hard rock or dry alluvium) cannot he computed -because of undetectable
surface (Rayleigh) waves In case of small events.

Utility of single array data and of source depth estimate

It is indeed preferable to collate and analyse multl-stztlon data for
event jdentificatlon. This, of course, involves considerable tlme taken
mainly to gather data from various seismological stations, both within
the country and outslide. We have in recent years devoted attention in
evolving and establishing efflclent dlscriminants that rely on malnly
single array seismograms (Roy, 1986; Arora and Basu, 1990}. One strong
reason for this is due to the rapldity with which the status of an event
has to be invarlably ascertained, which in turn constralns us to use
data mostly from a single station under our operational control, namely
GBA.

Before we get to process in detail selsmlc waveforms for feature
extractlon we find it extremely useful to examine estimates of focal
depth (Arora et al., 1983; Nalr, 1983; Roy, 1989). Support 1s also
sought from pattern matching of P coda with those of known seismic
events recorded at GBA. If, however, the focal depth is less than about
5 km and alsc when the signal is weak, further processing of the event
becomes necessary in search of conclusive evidence confirming the type
of Beismic source.

Complexity, TMF and CTMF parameters .
Using short-period array data of P waves from a large number of shallow
focus Central Asian earthquakes and presumed Russlan underground nuclear
test exploslons recorded at GBA as well as at the two other arrays,
namely EKA (Eskdalemulr, Scotland) and YKA (Yellowknife, Canada), we
have developed an identifier known as CTMF (scaled signal complexity per
unit TMF {third moment of frequency)) and examined its efficacy (see
illustration in Fig. 6}. The complexity parameter involves a comparison
of sums of rectifled initial P-wave amplitudes and the correspending
coda (e.g., Kelly, 1968; Anglin, 1971: Marshall and Key, 1973). The TMF
computed from the amplitude spectra of P signal and the preceding nolse
in array seismograms of an event helps to accentuate the relative high
frequency content 1In explosion seismic records 'in preference to
predominantly longer periods in earthquake records (Anglin, 1971
Welchert, 1971),

It is found that complexity as a function of event magnitude Mb
exhibits generally a non-linear (cublc fits the data best) trend for
both explosions and earthquakes. But ‘this trend in the case of
earthquakes (complexity increasing with Mb} is Just the opposite
(complexity decreasing with Mb) of what we get for explosions {Basu and
Arora, 1985, 1987). With regard to TMF, although both explosions and
earthquakes show steadily decreasing TMF linearly with increase in Mb,
we notice (i) that earthquake TMF at any given Mb is comparatively
smaller than explosion TMF and (i}) that the slope deduced from the
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linear least-squares regression analysis 1is larger for expleosions
compared to that for earthquakes (Basu and Arora, 1985, 1987). This show
that, compared to earthquakes, the relative high frequency signaisfor
explosions attenuate more rapldly as the event magnitude increases. This
important result can be seen in Fig. 5. The explosion seismic data
analysed include GBA records of eighty nine presumed Russian explesions
(July 1979-December 1984) in ten different regions including the well
known sites at Eastern Kazakh and Novaya Zemlya. The earthquake data
obtalned at GBA are due to 165 shallow-focus earthquakes (focal depth
less than 40 km) that occurred in thirty-five Central Asian reglons
during the perlod from February 1980 to October 1985,

Interestingly, the CTMF parameter that combines the complexlty and
the TMF behaviour of the seismic svents studled by us provides at any
glven magnitude better separation between earthquake and exploslon
population than does elther the complexity or the TMF independently,
This is demonstrated in Fig. 6 wheres the two distinct curves represent
typlcal quadratics fitted by least-aquares regression through the
exprimental data (Basu and Arora, 1987, Arora and Basu, 1990) in a wide
range of magnitude, 3.7<Mb<é&.6.

Relative abundance of PcP energy : the PcP discriminant

Teking a closer look at a large number of shallow focus earthquake and
explosion selsmic records obtalned at GBA, EKA and YKA arrays, we noted
that an underground explosion tends to produce PeP more prominantly than
does an earthquake from the same region and of comparable magnitude as
the explosion. The amplitude of explosion generated PcP, generally
limited to only one of two cycles, 1s usually smaller than the parent P,
At times, PcP can be even stronger than P. For example, abnormally large
PcP signals have been noticed in the beamed GBA records of small
presumed nuclear test explosjons near Casplan Sea in southwestern Russla
(Arora and Basy, 1985, 1987). This phenomenon is ascribed to a possible
typical Q-structure (specific attenuation) in the Casplan Sea region,
which seems to Influence absorption of P much more than PcP over the
travel paths to GBA. On the other hand,s earthquakes are found to
generate PcP rather weakly, regardless of their reglon of occurrence.
Generally defuse and spread out over a few cycles, earthquake PcP at
teleselsmic distances (A > 25 deg.) lg difficult to detect below Mb 4.8.

The obperved characteristics pertaining to relative efficlency of
generatlon of PcP in the far fleld range (4 > 30 deg.) led us to develop
a new identifier that essentially quantifies the ratle of PcP to P
energy in time as well as in frequency domain and of PeP In certain
preferred frequency passbands. The parameters of this jidentifier are
NTENR(P,PcP) that glves normalised ratio of PcP to P energy in. a
specific time window, NSENR(P,PcP) giving normalized spectral energy
ratic of P and PcP in & certain frequency passband, and SENR(PeP) based
on spectral energy ratlc of PcP alone in two different passbands (Arora
and Basu, 1990; Basu and Arora, 1986, 1987, 1991).

We reproduce in Flgs. 7 and 8 typlcal results obtalned on
applicatlion of ocur PcP discriminant, Fig. 7 shows estimates of temporal
and spectral constituents of the PcP ldentifier (NTENR, NSENR and
SENR) operated on the data of ten Eastern Kazakh explosions during July
1981 -~ December 1981, obtained at the three arrays, viz. GBA, EKA and
YEA. In Fig. B, we present exclusively GBA data pertaining to NTENR,
NSENR and SENR scores from Central Asian earthquakes and presumed
Russian explosions in a wide range of magnitude, 4.2<Mb<6.6. One would
notice here that the least-squares regression curve through the
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earthquake data separates out reasonably well the explosion events
conslstently in all the three cases. One would alsc notice exceptlonally
large scores for explosion events near Caspian Seéa in southwestern
Russia (12 events including the Orenberg and the Astrakhan exploslons in
the lower magnitude range of Mb<5.0) and moderately large scores for
earthquakes in the same reglon.

FUTURE PROJECTIONS

Detection and I1dentification of seilsmic events occurring in far
teleseismic distance range, particularly when GBA happens tc be situated
in the core shadow region (A > 110 deg.), often pose difficulty. The
PKIKP (core-refracted P signal) from such events is generally difficult
to be recognised and characterlsed for source identliflication unless the
event 1s moderately large; for example, where Mb ls 5.5 and above.

Using our slgnal detectlon and processing techniques described in
this paper, we have carrled out some preliminary work on the important
secondary arrival, PP, well sulted for processing large distance events
in the core shadow zone and beyond where PcP 1s not observed. We are
engaged In studying in detail PP at GBA from NTS (Nevada Test Site}
exploslons, from earthquakes in California-Nevada border region,
Southern California and other adjacent provinces and from sources ln and
around the test slte at Mururca Atolls (French Polynesia) in South
Pacific. It is ailmed at developing a PP dlscriminant, particularly for
weak events that occur in the far teleseismic range of distance from our
monitoring station.

We are planning to conscllidate all established technlques including
‘those developed by us to systematlcally evolve a knowledge based expert
system for on-line dlscrimination of all selsmic single array (GBA}
detectlions. The essential elements and components of such a syatem are
currently under test on a wide variety of known seismic events from
different regions including those that usually give rise to simple
(relatively less complex) signals originating from deep focus
earthquakes. Development of software for achleving thls objective 1is
also-in progress.

To further lmprove efficacy of the varlous processors described in
this paper, 1t is also planned to extensively employ long period and
broadband digital data. This would, among other studies, afford
investigations of Important dlagnostic features of S waves related to
source mechanlism.
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Fig. 1: Raw (unprocessed) waveforms plotted from digital data obtalned
at GBA corresponding to P and PcP parts (PcP signal is not discernable)
of the recent Chlnese underground nuclear explesion (magnitude Mb 5.0;
yield approximately 15kt) at Lop Nor, Southern. Xinjlang Province, on 25
September 1992. Labeled from Rl to R10 and Bl to Bl0 corresponding to
twenty channels of the seismic array, each of the waveforms Iis
reproduced for 15 seconds starting from 08:05:39.0 and 08:09:07.0 GMT
respectively as shown by 1 sec tlme marks at bottom. Unsatisfaclory
recordings in some channels marked by crosses (x) 'are not used In
further processing.
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Fig. 2: Processed P and PcP signals, each from 15 sec GBA data of the
Lop Ner, China, exploslion event of 25 September 1992 {(gee fig. 1), with
their onsets clearly detected at 08:06:07.0 and 1B6,2 sec later at
08:09:13.2 GMT respectively, marked by vertical arrows over the topmost
traces. The eleven traces shown are : (A) typlcal raw seismogram from
one channel (Rl) of -GBA, (B) bandpass (0,5-5 Hz) flltered version of
trace A, (C,D) phased sums of signals from 'R’ and 'B' arms of the array
respectively, (E) flnally beamed signal (overall sum of signhals in C and
D),. (F) correlogram using 1 sec sliding (by one discrete sample) tlme
window, (G) cumenerogram, (H) prediction error filtered (PEF} version of
the beamformed trace E, (I) zero lag moving autocorrelation (MAC) of the
PEF trace H using 2 sec sliding window, (J) modulus sum of the MAC trace
I from 4th to 40th sample for each step movement of the window, and (K)
dot product of the traces I and J.
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Fig. 3: Beamed P (1 : lower trace) and PcP (2 : upper trace) GBA
seismograms of a large {megaton class} Chinese underground nuclear test
at Lop Nor on 21 May 1992. Processing starts from 05:05:54.0 and
05:08:59.0 GMT for P and PcP respectively. Time marks at 1 sec interval
are shown at bottom. Numbers on top of the vertical bars at left
represent relative maximum signal amplitude in digital counts.
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Fig. 4: Left set : processed PKP from 15 sec GBA data of a small [Mb
4.8; less than 10 kt yleld) explosion {(code named 'Shellbourne’) at the
Nevada Test Slte on 13 May 1988, where the signal onset at 15:54:07.2
GMT is indicated by a vertical arrow over the topmost trace. Detalls of
traces from A to K are as explalped in flg. 2. Right set slmilarly
processed PP from a small (Mb4.5) shallow-focus (depth 10 km) earthquake
that cccurred In Central Callfornia on 4 February 1991,
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Flg. 5: TMF as a function of Mb for explosions {crosses) and earthquakes
(eircles) recorded at GBA and the corresponding linear best-flt shown by
a rcontinuous line through the data of presumed Russlan explosions and by

a dashed line through the data of shallow-focus Central Aslan
earthquakes.
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Fig. 6: Scaled TMF (CTMF) as a function of Mb for explosions (crosses)

and earthquakes (small circles) menticned in fig. 5. Notice two distinct
branches of the quadratics in Mb.
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