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WAVEFORM CORRELATION AND COHERENCE OF SHORT-
PERIOD SEISMIC NOISE WITHIN GAURIBIDANUR ARRAY WITH

IMPLICATIONS FOR EVENT DETECTION

Y.S.Bhadauria and S.KLArora

ABSTRACT

In continuation with our effort to model the short-period microseismic noise at the
seismic array at Gauribidanur (GBA), we have examined in detail time-correlation and
spectral coherence of the noise field within the array space. This has implications of
maximum possible improvement in signal-to-noise ratio (SNR) relevant to event detection.
The basis of mis study is about a hundred representative wide-band noise samples collected
from GBA throughout the year 1992.

Both time-structured correlation as well as coherence of the noise waveforms are found
to be practically independent of the intereiement distances within the array, and they exhibit
strong temporal and spectra! stability. It turns out that the noise is largely incoherent at
frequencies ranging upwards from 2 Hz; the coherency coefficient tends to increase in the
lower frequency range attaining a maximum of 0 6 close to 0.5 Hz. While the maximum
absolute cross-correlation also diminishes with increasing frequency, the zero-lag cross-
correlation is found to be insensitive to frequency filtering regardless of the pass band. An
extremely small value of -0.01 of the zero-lag correlation and a comparatively higher year-
round average estimate at 0.15 of the maximum absolute time-lagged correlation yields an
SNR/improvement varying between a probable high of 4.1 and a low of 2.3 for the full 20-
element array.

1. INTRODUCTION

In a seismic array the composition of ambient seismic noise field in terms of a coherent
part and an incoherent part bears strong dependence on the interelement spacing and the
aperture of the array. At large aperture seismic arrays, the seismic noise is largely incoherent.
It tends to gradually become coherent retaining, of course, some incoherent components as
both elemental gap and array size are diminished. The indication of a part of the noise being
coherent can come from the presence of some dominant periodic component in the cross-
correlation function (CCF) of noise traces from different channels of the array. It is
important, however, to note that such coherent pulses in the multichannel noise waveform do
not resemble signals since the latter have definite directionality and systematically organised
time structure.

The well-known array processing technique of "delay and sum" or "beam forming" (see,
for example, Birtill and Whiteway, 1965) which is used to obtain an improvement in signal-



to-noise ratio (SNR) relies mainly on coherent properties of signals embeded in incoherent
random stationary noise. With the noise turning partially coherent, the SNR gain reduces
from its theoretical upper limit of a factor of M 1 / 2 for an ideal incoherent noise (e.g.,
Kulhanek, 1976) to that given by vj/ according to:

\|/ = M/[M+(M2-M).C]1/2;O<C<1 (1)

where C is the magnitude of noise correlation coefficient and M, the number of channels
(Denham, 1963).

Some workers have demonstrated that further improvement in SNR can be obtained by
using more sophisticated processing techniques such as maximum likelihood (ML) method
(Capon et al., 1966) and prediction error filtering (PEF) technique (Robinson, 1966; Peacock
and Treital, 1969). These were followed by Roy and Murty (1982), Roy (1989), P,oy et
al.(1992a, 1992b) and Arora et al (1993) in some typical applications.

Judiciously choosing seismometer locations in the array (in other words, manipulation of
interelement spacing) so as to introduce appropriate time delays in the set of given
waveforms that makes the sum of the coherent noise minimum and, at the same time, renders
the signal of interest maximum, has also been frequently employed. This is feasible if the
coherence between noise traces from different seismometers in an array decreases faster than
the teleseismic signal coherence as the separation between the seismometers increases. While
designing an array the noise coherence can even be made to approach zero provided the
seismometers are placed at specific positions determined by the wavenumber of coherent
noise (Arora, 1968). In this situation the SNR will be equal to the ratio of signal power to the
incoherent noise power It is nevertheless known that seismic noise generated predominantly
by oceanic activity manifests uniformly same features throughout the array. In particular,
although the amplitude of oceanic microseims may vary within the array, yet time correlation
and spectral coherence between the pairs of noise traces are expected to remain practically
constant.

From the point of view of event detection it would be ideal if the seismic noise is
stationary both in space and time. But, owing to strong local geological, meteorological and
cultural conditions, it does show temporal and spatial variations at a monitoring network. A
model of seismic noise is, threfore, essential to examine signal detection threshold of the
network. Earlier, for siting the medium-aperture seismic array at Gauribidanur (GBA) in
southern India, several sets of instrumental measurements of background seismic noise were
analysed by Campbell and Marshall (1964) Subsequently, some studies of the spectral
behaviour of noise at four linear-cross arrays including GBA have been reported in a paper
by Bache et al.(1986). Recently we looked into the GBA seismic noise data more closely
(Bhadauria and Arora, 1994) with an aim to progressively evolve a comprehensive
parametric model of the microseismic noise.

In this paper we examine in detail the important features within the array space of the
short-period (SP) microseisms at GBA. The L- shaped GBA array with 10 equispaced (nearly
2.5 km) SP seismometers along each arm has an aperture of about 25 km. More details of the
array layout can be seen in the Handbook by Mowat and Burch (1974). The study involves
estimation of time correlation and spectral coherence from a large number of samples of



noise waveform taken over different periods of time, and analysing them in different
frequency bands. It has implications for detection and identification of seismic events and
sets out direction for improving methods and techniques for such seismic monitoring.

2. THEORETICAL BASIS

Let us consider a pair of time series, Zj and Zj, corresponding to i"1 and j " 1 channels of
the array respectively. Let each of these series be of length N, containing N discrete samples
at a uniform time interval At, and let S; and S; represent standard deviations of the zero-mean
sample time series respectively.

Following Kuihanek (1973), the normalised cross-correlation function (CCF) of the above
two series, Rij(x), for a time-lag x = pAt, can be obtained using the following expressions:

1 N-p
Rjj(T) = £ Zi(n).Zj(n+p); p = 0,l,..m (2)

Sj.Sj.N n=l
and

1 N-p
Rij(-x)= . I Zi(n+p).Zj(n); p = O,l,..m (3)

Sj.Sj.N n=l

where m is the index of the maximum lag such that m = N-l.

In a case where i = j , equations (2) and (3) yield the autocorrelation function (ACF)
denoted by Rjj(x) or Rjj(x), which are both even functions of x, i.e. R(x) = R(-x).

Similarly, in frequency domain, the coherence function (CHF) denoted by Gjj(f), which
is the counterpart of cross-correlation function Rjj(x) in time domain, is expressed as:

j j j j ( 4 )

where Pjj(f) is the cross-power spectrum, and Pji(f) and Pjj(f) are the power spectra of the
time series Zj and Zj respectively. These can be estimated from Fourier transform of the CCF
and the ACFs respectively.

The actual interetement spacing, Dy , between the seismometer locations pertaining to the
channels i and j is computed as:

where (Xj,Y{) and (Xj.Yj) are the corresponding cartesian coordinates of those two locations
in the array.



3. PREPARATION OF SEISMIC NOISE SAMPLES

As in our earlier study (Bhadauria and Arora, 1994), the noise data in this study are
essentially 2-minute digital noise samples from all the 20 SP seismic channels of the array,
digitised at 20 samples per sec per channel. Representatively, every week one noise sample at
day- time (1200 hours) and at night-time (0000 hours), so as to have at least 8 samples per
month and about a hundred such samples in a year, were archived from GBA data tapes
throughout the year 1992. Care has been taken to exclude recognised seismic detections so
that the noise data files are free from any contamination.

We select from each working channel a 10-sec data window (200 discrete samples),
normalise it by subtracting the window average from each sample and subject it to a band-
pass (0.1-8 Hz) recursive digital filter. The same operation is performed over the successive
data windows until the whole of the 2-min block sample from each working channel of the
array is treated. Similar noise data sets are also prepared for further processing in three other
relatively narrow frequency bands, namely 0.25-1.8 Hz, 1.8-4 Hz and 4-8 Hz. It is to be
noted that in these typical frequency bands we came across in the earlier study (Bhadauria
and Arora, 1994) certain interesting features of the GBA noise field that showed up as a
distinctive three-segment structure. This, therefore, provides a base model that motivates
further study through the present scheme of examining CCF and CHF behaviour of the noise
waveform within the array space.

4. TYPICAL ESTIMATES OF CCF AND CHF

From each of the wide band (0.1-8 Hz) noise time series, the estimates of Rji(x) and
G|j(f) are obtained at various interelement distances within the array. These are presented in
the set of Figs, la, lb and lc which show typical noise correlation and coherence functions
where Rl, R5 and R10 channels of GBA are paired with the rest of the array channels for a
day-noise sample taken on September 3, 1992.

It is seen from the above illustration (Figs, la, lb and lc) that, at all distances throughout
the array, the noise correlation is generally low (absolute values of CCF ranging from 0.1 to
0.2) and that, at a given time lag, the average value of correlation for channel pairs with
nearly equal separation is negligible. This reflects truly random nature of the noise. The more
or less oscillatory character of the CCF with periods somewhat more pronounced in the range
of 1 to 2 sec corroborates well with the peaks in the corresponding CHF traces.

The above features are consistently noted in all the channel pairs of almost all the noise
samples analysed by us. Fig.2 shows a 3-dimensional illustration of year-round average
cross-correlation of noise waveform segments obtained from all the channels of the airay as a
function of time lag and interelement distance within the array space. It is noted that the CCF
is not so much dependent on the interelement distance within the array as it is on the time lag
and, in particular, for values less than about 0.8 sec. Beyond this limit (0.8 sec), the CCF
exhibits much smaller variation over the whole array. This suggests that the random seismic
noise at GBA is uniformly distributed across the entire array space and is largely incoherent
at frequencies higher than about 1.5 Hz.



5. CORRELATION PROPERTIES OF NOISE

To study the correlation properties of the seismic noise at GBA, we estimate maximum
absolute cross-correlation, |Rij(t)|max, orsimply Rmax> of noise waveform at different
distances within the array and atso the zero-lag cross-correlation, Rjj(O), or simply R(0), at
these distances. The correlation estimates are averaged over segments of distances within
±0.5 km from all possible pairs of array channels. Thus, the minimum distance covered is
1.35 km (Rl-Bl) and the maximum is 32.68 km (R10-B10). Since correlations are bounded
by unity, they are not normally distributed, and their averages and standard deviations are
therefore computed by transforming the correlations into a new variable, R\ using Fisher's
Transform (e.g., Jasson and Husebye, 1968; Bungum et al., 1985) by which

(6)

The upper and lower confidence limits of R' are then taken as R'u = R'+a(R') and R'| = R'-
o(R') respectively, where a(R') is the standard deviation of R'. The corresponding limits of
the original function R are obtained from the transformation (rewriting (6) as follows):

R = tanh(R') (7)

5.1 Wide-band noise

Fig. 3(a) shows the maximum absolute noise cross-correlation, Rmax> ^ a function of
distance, for a wide band (0.1-8 Hz) representative noise sample on January 11, 1992. The
corresponding zero-lag cross- correlations, R(0), are shown in Fig. 3(b). In both of these
cases the individual correlation values exhibit a scatter. The trend is seen, however, from the
optimum 4th order least-squares polynomials fitted through the reduced data points obtained
by averaging the correlation values over segmental distances within ±0.25 km (Figs. 3a and
3b).

In the entire distance range up to 32.5 km, irrespective of time- lag, the average Rmax ts

considered to remain practically constant at about 0.13 (Fig. 3a), although, it has a tendency
to gradually fall through a narrow range from 0.16 to 0.10. This small decrease in Rm a x ,
however, is associated with a small variation is somewhat more pronounced near the
extremes of the distance range, viz. less than about 4 km and beyond the length of any of the
two orthogonal arms (25 km) of GBA. This indicates that the wide-band SP seismic noise at
GBA is more or less uniformly distributed over the entire array space and is weakly
correlated.

In a similar way, the least-squares polynomial through the average R(0) data points (Fig.
3b) is also found to give nearly constant correlation but it has an extremely small value of
-0.01. The variations too are small, being within ±0.08 up to 30 km. Beyond this distance,
R(0) indeed rises marginally.

In order to investigate if these results are consistent on year- round basis, about a hundred
different noise samples collected throughout the year 1992 were procesed and analysed
employing the above method. Taking into account the set of estimates of R m a x and R(0) for



ail the noise samples, Figs. 4a and 4b illustrate, respectively, the trend curves obtained by
fitting least-squares polynomials through the pertinent data as before. To demonstrate that
both the types of correlations, i.e. R m a x and R(0), of the wide-band noise at GBA are nearly
identical in all the seasons in a year, we have included in Figs.4a and 4b monthly trends from
January through December, 1992. It is noted that these trends closely agree with the basic
pattern of spatial noise correlations presented in Figs. 3a and 3b.

It is seen from the above data that, within the limits of one standard deviation, the typical
noise correlations at GBA are stable not only in the array space but also in time. Over a large
distance range covering more than the array length of 25 km, the yearly average values of
Rm a x and R(0) turn out to be 0.15 and -0.01 respectively Thus, even though the spectral
power of microseisms at GBA has considerable temporal and spatial variations (Bhadauria
and Arora, 1994), their correlation properties are found to be stationary with respect to time
and array space.

S.2 Noise in different frequency bands

It is interesting to examine how correlation properties of the noise vary in different
frequency bands. The three distinct bands chosen are: 0.25-1.8 Hz, 1.8-4 Hz and 4-8 Hz,
which coincide with the three- segment noise structure deduced by us in the previous study
(Bhadauria and Arora, 1994).

Fig. 5a gives the maximum absolute cross-correlation, Rmax , obtained for band-filtered
waveforms from the noise sample taken on January 11, 1992. For comparision, the wide-
band (0.1-8 Hz) R n a x is also shown Although, Rm a x within the array space is found to
behave in different frequency bands in a manner almost identical with the wide-band Rmax ,
the values do differ systematically depending on the particular frequency band in use. For
example, typically, the wide-band Rmax is estimated at approximately 0.13 throughout the
distance range (Fig. 5a), while the narrow-band Rmax increases from nearly 0.1 in the higher
frequency range (4-8 Hz) to nearly 0.15 in the intermediate frequency range (1.8-4 Hz) and
rising up to about 0.18 in the lower frequency range (0 25-1.3 Hz). Thus, we infer that the
microseismic noise correlations become important only in the relatively lower frequency
range and that they tend to diminish considerably as the frequency increases.

In contrast, the- zero-lag cross-correlations, R(0), for the same noise data of Jnauary 11,
1992 as above are illustrated in Fig. 5b. Interestingly, over a large distance range covering
the array and certainly at least between 3 and 30 km, practically constant behaviour
independent of frequency pass-band characterises R(0) that seems to maintain itself at an
extremely low level close to -0.01 corresponding to the wide-band average R(0). Thus, it is
noted that the zero-lag correlations of the SP noise waveforms are insensitive to frequency
filtering regardless of the pass band.

6. COHERENCE PROPERTIES OF NOISE

Coherence obtained from spectral correlation in frequency domain of the noise
waveforms from different channels of GBA is another important propeity of the noise field



In the present case of SP noise at GBA, we examined coherence at smm different
frequencies ranging up to 8 Hz, namely 0 5, 0.75, 1.0, 1.5, 2.0, 4.0 and 8.0 Hz as a function
of interelement distance within the array.

At each of the selected frequencies, the individual coherence estimates obtained from
about a hundred representative noise samples in the year 1992 are averaged and best-fit
polynomials through such data points computed in each case. Fig. 6 shows the entire data set
and the representative best-fit curves. Like the time-lagged correlations, but unlike the zero-
lag correlations, the coherence over all segments of interelement distance in the array is
found to diminish with increase in frequency. This is in vindication of what we note also
from the multichannel plot of Fig. 1 where, for one typical noise sample on September 3,
1992, the prominent coherence peaks in mostly low-frequency region decay rapidly as
frequency increases.

Specific values of the average coherence during whole of the year 1992 of the
microseisms at GBA (see also Ftg.6) are estimated at a maximum of about 0.6 at 0.5 Hz
followed by nearly 0.41 at 0.75 Hz, mostly 0.21 at 1.0 Hz, and then dropping down to a low
of 0.18 at 1.5 Hz. For frequencies ranging upwards from 2 Hz, the coherence at ail distances
within the array is negligibly small, being less than 0.15.

The above estimates of coherence, varying significantly with frequency but remaining
practically independent of intereiement distance within the array, are attributed mainly to
changes in wavelength of the Rayleigh-wave component of the noise, larger wavelengths
spectrally correlating better than the samlier ones. There may indeed be some biases in the
coherence data due to which the true zebermce is perhaps contaminated (Capon et al., 1967).
There is, however, no definite way to isolate such biases, nor would their presence in the data
qualitatively alter in the overall sense the noise characteristics deduced here.

7. SNR IMPROVEMENT

Let us now look at the above con-elation properties of the microseisms at GBA in terms
of SNR improvement (vj/) that can be achieved by beaming the array as best as possible.
Using relation (1) and assuming that all the twenty channels in the array operating, the year-
round time-lagged noise correlation; (Rm a x) of 0.15 gives the value of \\i as 2.3. in
comparision with this, the magnitude of the year-round zero-lag noise correlation (R(0)) at
0.01 gives \|/ equal to 4.1 for the full array. In an independent study, Roy et ai. (1992b)
estimated noise correlations to range from -0.01 to 0.36 which gave the corresponding limits
of y at 4.3 and 1.58 respectively, for 16 working channels of the array. The difference in vj/
in the two cases is small. It is, however, attributed to basically the correlation estimates that
show up some difference when full array is employed and also depending on the method used
for computing best year-round correlation values.

An important implication of t'he noise correlations that are found to be independent of
distance within the array space is that event detection capability of the array relying basically
on SNR improvement is not constrained by the choice of specific channels of the array in
processing the event. The requirement for detection of weak events, therefore, places a
demand largely on the number of channels operating in the array.



On the other hand, the marked decrease of R m a x in the relative higher frequency range
can be exploited to some extent to improve the SNR by frequency filtering appropriately. At
the same time, R(0) being insensitive to frequency, the application of beam forming using
practically zero time-delay could probably be useful in detecting efficiently very distant
seismic signals in any preferred frequency band.

8. CONCLUSIONS

From this study of the short-period microseismic noise at the medium-aperture
Gauribidanur array, the following main conclusions emerge:

(1) Both the time-correlation and spectral coherence of the wide-band (0.1-8 Hz) noise at the
array are found to be practically independent of the interelement distances within the array
indicating that the random stationary noise at the array is uniformly distributed across the
entire array space Such noise is attributed to mainly oceanic origin.

(2) The correlation and coherence properties exhibit strong temporal as well as spatial
stability. However, the year-round average value of the maximum absolute cross-correlation
between various channels pairing wide-band noise waveforms shows a moderate estimate of
0.15 while the zero-lag cross-correlation remains at an extremely low level at -0.01.

(3) As seen through different frequency pass-bands, the maximum absolute cross-correlation
of the noise generally diminishes with increasing frequency In contrast with this, the zero-
lag cross-correlation is found to be insensitive to frequency filtering regardless of the pass
band.

(4) The noise is considerably incoherent at frequencies of 2 Hz and above since the
coherency coefficient is negligibly small, being less than 0.15. The coherence increases only
in the lower frequency range, attaining a maximum of 0.6 at 0.5 Hz. It is followed by a
decrease to nearly 0.41 at 0.75 Hz, mostly 0.21 at 1 Hz, and then dropping down to a low of
0.18 at 1.5 Hz.

(5) On the basis of the year-round average values of time-lagged and zero-lag noise
correlations, the lower and upper limits of SNR improvement for the full 20-element array
are estimated at 2.3 and 4.1 respectively, which depend largely on the number of seismic
channels operating in the array and not so much on their elemental locations. The lower limit
of SNR can be improved to some extent, however, by frequency filtering in an appropriate
pass band.
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Fig. la Correlation (CCF) versus time lag (set at left) and coherence (CHF) versus frequency (right) of Rl channel
with other working channels of GBA corresponding to the day-noise sample on September 3, 1992, in
wide band (0.1-8 Hz). In between the two sets of traces are marked the channel pairs along with the distance
between their constituent elements, given in parentheses.
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Fig. 1 b Similar to Fig. ,a except that the channel used iteratively with other woricing channels of the array I
isR5
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Fig.3 Segmental average (small circles) of (a) maximum absolute and (b) zero-lag cross-correlation as a function of
distance within the array space for a representative wide-band (0.1 -8 Hz) noise sample ©a January 11, 1992.
Solid lines represent the best-fit polynomial through the date points while the broken lines are the
corresponding upper and lower bounds.
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Fig.4 Best-fit curve (solid line) through the data points corresponding to ihe year-round average of (a) Rmax and (b)
R(0) at various segmental distances within the array space obtained by processing a large number of wide-
band (0.1-8 Hz) noise samples in the year 1992, and the corresponding upper and lower bounds (broken lines).
Other curves drawn in between are also best-fits but pertain to representative monthly averaged correlation
values from noise samples on Jan. 11, Mar.8, Apr.6, May 9, Jun. 1, Aug.4, Sep.3 and Dec.6, 1992.
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F1g.5 Typical behaviour of (a) R , ^ and (b) R(O) as a ftinction of distance within the array space for a noise
sample on January 11, 1992 filtered through different frequency pass-bands of (1) 0.25-1.8 Hz, (2) 1.8-4 Hz
and (3) 4-8 Hz. In both of the above diagrams, the unlabled curves (solid lines) in the middle correspond to
the wide-band (0.1-8 Hz) Kj^^ and R(O) respectively.
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Flg-6 Average year-round coherence at seven different frequencies of the SP noise at GBA as a Junction of
mterelement distance within the array and the corresponding best-fit curves labled 1 through 7.
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