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Abstract

A method is presented for detection of synchronous signals in multidimensional time series data. It is based on
estimation of eigenvalues of spectral matrices and canonical coherences in moving time windows and extraction of
an aggregated signal (a scalar signal, which accumulates in its own variations only those spectral components which
are present simultaneously in each scalar time series). It is known that an increase in the collective behavior of the
components of some systems and an enlarged spatial radius of fluctuations of their parameters could be regarded as
an important precursor of an oncoming catastrophe, i.e. abrupt change of the system’s parameter values. From that
point of view, detection of synchronous signals in various geophysical parameters, measured at points of some
network, covering a given area of the Earth’s crust, is of interest for identifying precursors of strong earthquakes.
Some examples are presented of the use of this technique in the processing of real geophysical time series.

Key words collective behaviour — spectral matri-
ces —canonical coherences

1. Introduction

If we consider the problem of processing
time series from geophysical monitoring Sys-
tems, it is obvious that there is a major differ-
ence between data processing of seismic (i.e.
rather «high-frequency») signals and of low-
frequency geophysical time series, for exam-
ple, measurements of crustal deformation, tilts,
underground water well level variations, elec-
trical resistivity of rocks, emanation of free
gases from the Earth’s interior, seismoacoustic
intensity and so on. This difference consists of
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alack of a priori purpose in low-frequency data
processing. In contrast with seismic signals, for
which the purpose traditionally is defined as
detection and identification of seismic events
(abrupt changes of amplitude and frequency
structure of the recorded signals), for low-fre-
quency geophysical signals the purpose is very
fuzzy. The notion of «event» could not be di-
rectly transfered from seismology to low-fre-
quency monitoring problems because many
seismological terms arsing from the wave na-
ture of seismic signals are of no relevance to
the variations of chemical elements in under-
ground water, for example. This fuzziness is
intensified when there is a complex of hetero-
geneous and physically different results of ob-
servations coming from a number of spatially
different points of a monitoring system. The
only exception is the investigation of the re-
sponse of some processes (deformations, tilts,
water-well-level variations) on tidal influence,
because there are rather elaborate theoretical
models of their tidal response. But the tidal
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influence is very narrow-banded and most of
the frequency range could not be touched by
such an analysis. Moreover, for many process-
es the tidal response is negligible.

Thus, the analysis of complex low-frequen-
cy time series needs a special approach. This
approach must be based on a definition of what
kind of «signal» we want to extract from such
observations, especially if the scalar compo-
nents of a multidimensional time series, which
composes the data flow from a monitoring sys-
tem, have different physical senses and are
measured in various scales.

Some papers (Lyubushin, 1993, 1994, 1998a,b;
Lyubushin and Latynina, 1993; Lyubushin
et al., 1997) have elaborated a method for anal-
ysis of low-frequency multidimensional time
series based on estimation of response func-
tions, eigenvalues of spectral matrices and ca-
nonical coherences in moving time windows.
The main thesis of this approach is the notion
of a synchronous signal, which qualitatively
could be defined as an increase in collective
behaviour of the scalar components of the giv-
en heterogeneous data flow in some time inter-
vals and some frequency bands. It is widely
known that an increase in the collective be-
havior of constituent parts of some «big» sys-
tem and enlraged spatial radius of fluctuations
of its parameters could be regarded as an im-
portant «flag», a precursor of an oncoming ca-
tastrophe, i.e. of an abrupt change in parameter
values (Gilmore, 1981; Nicolis and Prigogine,
1989). From that point of view detection of
synchronous signals in various geophysical
parameters, measured at points of some network,
covering a rather big area of the Earth’s crust,
is of considerable interest for identifyng pre-
cursors of geocatastrophes, including strong
earthquakes.

It must be noted that an idea of searching for
the precursors of strong earthquakes as effects
of cooperative behavior can be realized by dif-
ferent approaches. For instance in Johansen ez al.
(1996) this idea is realized as a search for the
effects of log-periodic modulations in time
series of different ion concentrations in ground-
water. The idea of log-periodicity also comes
from the most general properties of system be-
havior before catastrophes and has recently
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been developed intensively for earthquake pre-
diction purposes and investigating the critical
behavior of geological and even financial sys-
tems (Ouillon et al., 1996; Sornette et al., 1996).
Searching log-periodicity means detecting (us-
ing time-frequency spectral analysis, wavelet
analysis or simply nonlinear regression) from
scalar time series a signal, which has a specific
form of modulations with a more and more in-
creasing frequency as the system approachs crit-
ical point. The main lack of such approach is
that it can be applied only separately to each
scalar time series but not to the whole multidi-
mensional data flow from monitoring system.

Multidimensional analysis is not yet a wide-
spread instrument for earthquake prediction
data processing. For geophysical data analysis
it is used usually as a classic factor or principal
component analysis of covariational matrices
in frames of expert systems for prediction and
seismic hazard assessment (Feng er al., 1984,
Zhuang et al., 1989). The main difference be-
tween these methods and the approach de-
scribed below is that in the latter a cardinal
point is the use of multidimensional spectral
statistics for the quantitative description of in-
teractions between geophysical fields and ex-
tracting effects of collective behavior, which
evidently could strongly depend on frequency.

2. Method

Let Z (¢) be an /[-dimensional time series of
measurements from a monitoring system (¢ —
discrete time index), S,, (w) — its spectral ma-
trix for the frequency value w (this complex
matrix is nonnegative and hermitian, an so its
eigenvalues are real and nonnegative), 4 (w) —
maximal eigenvalue of spectral matrix. Accord-
ing to the spectral method of principal compo-
nents (Brillinger, 1975), 4 (w) is a power spec-
trum of some hypothetical scalar time series
W, (1) (a first principal component time series),
constructed by multichannel filtration of the
initial time series Z (¢), by using as a frequency
filter an eigenvector of spectral matrix S, (w),
corresponding to the maximal eigenvalue 4,(w).
A first principal component time series carries
maximum information about joint behavior of
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the scalar components of the vector time series
V4 () (for Gaussian time series). Thus, if for some
frequency bands the value of A (w) increase
considerably relative to neighbor background
fluctuations, this means that for such values of
frequency @ the collective behavior also in-
creases. .

Let now the /-dimensional vector Z(¢) be
split into two vectors: an m-dimensional vec-
tor X (1) and an n-dimensional vector ¥’ (1), where
/= n + m. Without restriction of generality let
m < n. This sphttmg could have the follow-
ing phys1ca1 meaning: X(t) is composed of the
results of measurements of some geophysical
field at m point and Y(¢) is composed of obser-
vations of another field at n points. Now we
want to know for which frequency values w
the interaction between these two fileds is max-
imal or minimal. Another situation, that could
be reflected in such a decomposition, is two
points of obervations: at one point there are
records of variations of m different geophysi-
cal parameters and at another point of n param-
eters. Let us now ask a question: how can we
describe the interaction between the two geo-
physical regions, represented by these two
points, in various frequency bands, using all
available information?

To aswer us such a question, a notion of
maximal canonical coherence is useful (Bril-
linger, 1975). Let us consider the matrix U(w),
which is a following product of inverted spec-
tral and cross-spectral matrices

Uw) =S (w)-S, (@)-S () - S (). (2.1)
It can be seen that when both series are not
vectors but scalars, then U(w) becomes the usu-
al squared spectrum of coherence. It can be
shown that the eigenvalues of U(w) are real,
nonnegative and < 1. These eigenvalues can be
interpreted as the squared spectrum of coher-
ence between some scalar time series, which
are called canonical _components of the initial
time series X (1) and Y(t) Letu, ’(w) be the max-
imal eigenvalue of U(w) (i.e. the maximal ca-
nonical coherence). Then if for some values of
frequency the maximal canonical coherence
increases considerably and approaches the val-
ue of 1, it means that for this frequency the sta-
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tistical relation between the two vector time
series is strong.

Let us now introduce a notlon of compo-
nent-wise canonical coherence v, *(w) (Lyubu-
shin, 1998a) as a maximal canomcal coherence
in a situation, when the time series X(t) 1s com-
posed only of the i-th scalar component of the
time series Z ® (m =1)and ¥ () of all the other
components of Z (1) (n = I-1). The value of
v:(w) describes the «strenght» of the relation
between variations with frequency w of the i-th
component and the set of all other components.
Computing the average value of all component-
wise canonical coherences gives a spectral sta-
tistic that describes the «strenght» of joint
relations between all components of Z(t) at a
given frequency w

1
pz(w)=%21}f(w).

(2.2)

It is evident that 0 < p’(w) < 1 and, hence, the
closer the value of p*(w) is to 1, the stronger
are the effects of collective behavior of the sca-
lar components of Z(7) at a given frequency .

We must keep in mind that the interactions
between geophysical processes and fields are
nonstationary. That is why the computation of
each statistic, describing the effects of interac-
tion and collective behavior, must be carried
out not over the whole time interval of obser-
vation, but in a moving time window. This
gives a possibility not only to describe the
changeability in the Earth’s crust, but to detect
anomalies, which could be precursors of earth-
quakes, for example.

Let 7 be a time coordinate of the moving
time window, for example, its center or right-
hand end (which is more convenient for pre-
diction purposes), L the number of samples in
a time window, and J¢ the sampling time inter-
val. Computing statistics 4,(w), uf (w) and pz(w)
not over the whole interval of observation, but
in a moving time window, we will obatin a set
of two-parameter functions

AT o), 1 @,o), p'T,0). (2.3)

The time window and the sampling time inter-
val define a frequency band, which could be
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investigated with the help of statistics (2.3)

2a/((L - 1)01 <w < /ot 24
Suppose that for some time intervals and fre-
quency bands (7, w) the value of one of the
functions (2.3) considerably exceeds the level
of its statistical background fluctuations. Then
we shall say that a synchronous signal is ob-
served for thls (r,w). Two of the functions,
AT, w) and p’(z, w), are intended for detection
of the same effect — increased collective be-
havior of the scalar components of a single
multidimensional time series (whereas u, ‘T, w)
deals with two multidimensional series). A ques-
tion arises — which statistic is the «best» one?
Unlike p’(r, @), which always lies in the inter-
val [0,1], A,(z, w) has no upper bound. Thus it
could arise that one sufficiently large peak of
values of A (z, ®) would overshadow other pe-
culiarities of A,(r, @) with more moderate am-
plitudes. For thls reason p’(tr, ) is preferred for
time-frequency analysis. But 4,(z, ) has a pos-
itive quality: a better clustermg of characteristic
vectors of time windows, which are computed
as energy values of the principal component in
nonoverlapplng frequency bands [Q,, €, ],
covering the frequency range (2.4):

QL-H

'[/l (t,w)dw, k=1,.

(r)

-4 (2.5)

Applying formula (2.5) to the evolution of the
first maximal eigenvalue of the spectral matrix
gives a sequence of g-dimensional vectors 7,
which constitute some «cloud». If this cloud
could be divided into a number of distinguish-
able clusters, it can be interpreted as implying
the existence of some distinguishable «modes»
of interaction between the monitored process-
es. Some of these «modes» or clusters may be
«dangerous» in the sense that they precede
geocatastrophes. If so, then precursors of strong
earthquakes could be found by identifying time
windows 7 when the vector 7 belongs to a
«dangerous» cluster.

Finally, let us introduce the notion of ag-
gregated signal (Lyubushin, 1998b). Qualita-
tively an aggregated signal could be defined
as a scalar signal, that accumulates in its own
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variations only those spectral components,
which are present simultaneously in each sca-
lar time series of the multidimensional signal
to be analyzed. Moreover, an algorithm of ag-
gregation suppresses those spectral compo-
nents, which are presented in any one of the
scalar components but absent in the others (these
components could be called local disturbance
signals). The main purpose of constructing an
aggregated signal is to bring out the common
trends in low-frequency geophysical network
data series, which indicate an increase in col-
lective behavior.

To formalize the notion of aggregated sig-
nal let us exclude the i-th scalar component
Z(t) from the multidimensional time series Z(t)
and try filter the (/—1)-dimensional series X )
composed of the other components, so that
the filtered scalar signal C”(r) has a maximal
canonical coherence with Z(?) for each frequen-
cy value. For this purpose we must use, as a fre-
quency filter for X “(#), an eigenvector, corre-
sponding to the maximal eigenvalue of the
matrix U(w), where the series Z(7) is taken as
Y(t) and X ("(Z) as X(t) It is clear that this ei-
genvalue equals V. (w) If Z (t) contains some
noise, which is present only in this component
and absent from the other components of Z(t)
then the noise will be absent from C“(¢) as a
consequence of its construction. At the same
time, C,’(¢) retains all spectral components of
Z(1) which are common to the other scalar com-
ponents of Z(t) i.e. to the (/ —1)-dimensional
signal X (7). Let us call C(t) a canonical com-
ponent of the scalar time series Z(#).

Now let us define an aggregated signal A (1)
of the multidimensional time series Z(t) as the
first pr1nc1pal component of the multidimen-
sional series C(7), composed of the canonical
components C?(t) of each of the scalar time
series from the initial series Z(t)

The difference between A (1) and a «simple»
first principal component W (t) must be empha-
sized. In both cases the s1gnals are constructed
by multichannel frequency filtering, using spec-
tral matrix eigenvectors corresponding to max-
imal eigenvalues, as a filter. But for W.(2)_the
spectral matrix is that of the initial series Z(t)
whereas for A () the spectral matrix is that of
C @(t) Although in both cases detection of com-
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mon spectral compoents takes place, the ag-
gregated signal A (¢) has advantages in com-
parison with W (r), because the algorithm of
aggregation eliminates individual noise com-
pletely, whereas they could «penetrate» into
W,(2), especially when the noise has the char-
acter of intense monochromatic signals.

It is necessary to point out that an aggregat-
ed signal is constructed by the operation of
projection of Fourier transformations of time
series on the eigenvector of various spectral
matrices. Eigenvectors are defined with sign
uncertainty, and therefore phases of aggregat-
ed signals are defined with uncertainty + 7. This
peculiarity can give rise to a wish to «invert» a
plot of the aggregated signal if the inverted
signal seems to compare more naturally with
plots of the initial data time series. The inver-
sion is very simple: differ the series (to give a
series of increments), then change the sign of
each increment and sum them back again.

Estimation of spectral matrices can be done
either by averaging multidimensional periodog-
rams or by using a vector autoregression model
(Marple, 1987). The second approach is prefer-
able for estimation in short time-windows be-
cause it provides better discrimination of neigh-
boring frequency components. Before estimat-
ing the spectral matrix in each time-window the
following preliminary operations are carried out:
each scalar time series is substituted by a series
of its first successive differences (in order to
increase stationarity inside the time-window)
and then it is scaled to unit variance. The last
operation is intended to eliminate the differ-
ence in scale between the various physical units
in which the different processes are measured.

The are three main reasons why synchro-
nous signals arise in geophysical measurements:

1) The existence of a single external source
of disturbances with large spatial radius of cor-
relation, which influences all the measured
processes, for example, variations of atmospher-
ic pressure or tidal variations.

2) The most interesting reason, which was
already discussed, consolidation of small Earth
crust blocks into a big one in the area of prep-
aration of a future geocatastrophe.

3) The postseismic reaction of most of the
processes after rather strong earthquakes (this
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kind of synchronization is the most evident and
simple for detection).

Reason (1) should be removed before esti-
mating statistics (2.3) or calculating aggregat-
ed signals. It can be removed with the help of
methods of multidimensional compensation for
the influence of measurable external distur-
bances factors (Lyubushin, 1993; Lyubushin
and Latynina, 1993).

3. Examples of applications

Figures 1 to 3 illustrate the use of statistics
(2.3) and (2.5) in the processing of hydrogeo-
chemical time series, measured by Yu.M.
Khatkevich (Institute of Volcanology, Petropav-
lovsk-Kamchatsky) on a system of boreholes
during the time period 1986-1992 on Kam-
chatka, not far from the town of Petropav-
lovsk-Kamchatsky. Characteristic linear size of
the network is about 50 km. The time series
were obtained with a sampling-time interval of
3 days, with 821 samples in each time series.
Such a big sampling-time interval does not
allow us to investigate «high» frequencies and
forces us to use moving time-windows with a
small number L of samples within it. The next
defect of these data is low precision, which
manifests itself in the existence of a rather
long time «plateau» of constant values. Nev-
ertheless, using the described method gives
some interesting results on the connection of
synchronous signals with seismic regime (Lyu-
bushin et al., 1997). During the period of
observations 7 earthquakes occurred near the
network. The epicenters of these events are at
distances of 100 to 150 km from the center of
the network, near the Pacific Ocean coastline.
Among these seismic events two are rather
strong:

~ Event #2: 06 October 1987, M = 6.6,
depth = 34 km (644-th day from the beginning
of 1986).

— Event #7: 02 March 1992, M=17.1,
depth =40 km (2253-th day from the begin-
ning of 1986).

Statistics (2.3) were computed in moving time-
windows of length 100 samples (300 days), with
a mutual shift of 20 samples (60 days).
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Figure 1 presents the function A,(z, w), com-
puted for the 5-dimensional time series of in-
tensity of emanation of free gases (Ar, CH4,
CO2, He, N2) from one of the boreholes. Syn-
chronous signals (2) can be seen before event
#2 on low frequencies and before event #7 near
the frequency 0.07 day ™. Also a post-seismic
synchronization can be seen (3) after the strong-
est event #7.

Figure 2 illustrates the idea of computing
the sequence of characteristic vectors (2.5) for
the case g =2, i.e. one component of the vector
is a high-frequency energy and another a low-
frequency. The cloud of vectors strictly divides
into two clusters. Note that vectors preceding
the strongest earthquakes belong to one clus-
ter («right-hand»), which could be called «dan-
gerous». After event #7, the vector’s trajectory
«jumps out» of the cloud but returns to the
side of the dangerous cluster. This fact could

be interpreted as forewarning rather strong
shocks in the future. This conclusion was con-
firmed later: in 1993 two earthquakes occurred
with magnitudes 7.3 (8 June) and 7.0 (13 No-
vember).

Figure 3 is a u’(r, w)-diagram between the
4-dimensional time series of concentrations of
silicon acid and the 5-dimensional time series
of concentrations of negative ions of carbon
acid in various boreholes. The most interesting
peculiarity of this diagram is a long-term pre-
cursor of event #7 in the frequency band [0.03,
0.05] day™. It is interesting that neither the
4-dimensional time series nor the 5-dimension-
al, nor the general 9-dimensional one, taken
alone and using statistics 4,(t, w) or pz(r,w)
detect such a long preseismic signal. In this
case the most subtle and latent effects could be
detected only by investigating interactions be-
tween processes.

Frequency, 1/day

400 600

Right-hand end of the moving time window, days from the beginning of 1986/

M=6.6
06 October 1986
time=644

800 1000 1200 1400 1600 1800 2000 2200

|

i

|

FM=71
102 March 1992,
time=2253

Fig. 1. Evolution of the maximal eigenvalue of spectral matrix of 5-dimensional time series of intensity of emanation
of different free gases from a borehole in Kamchatka, estimated in a moving time-window of length = 300 days,
taken with shift = 20 days. Vertical lines = time moments of the two strongest earthquakes during the period of
observation (1986-1992).
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Fig. 2. Trajectory of characteristic vectors, computed using formula (2.5) for ¢ = 2, for evolution of the maximal

eigenvalue of the spectral matrix of the 5-dimensional time series

(fig. 1).

Figures 4 and 5 present the results of ap-
plyng the aggregated signals technique. A set
of initial data consists of 10 time series, repre-
senting the results of synchronous observations
for the following geophysical values:

— Rock electroresistivity — 3 time series,
plots 1-3 on fig. 4.

— Tilts — 3 time series, plots 4-6 on fig. 4.

— Underground water well level variations —
4 time series, plots 7-10 on fig. 4.

The initial time series were kindly placed
at our disposal by Prof. Zhang Zhaocheng,
Center for Analysis and Prediction of Earth-
quakes, State Seismological Bureau, China. A
characteristic linear size of the observational
network is about 200 km. The time-period of
observation is 8 years, from 1 January 1972 to
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of intensity of emanation of different free gases

31 December 1979. The sampling-time inter-
val 0t =1 day. Thus the length of each time
series is 2922 samples. During this time inter-
val a catastrophic Tang-Shan earthquake oc-
curred on 28 July 1976, M =7.8. This event
coincided with the 1671-th day from the be-
ginning of 1972 and it has a most explicit re-
action on plot 9 of water-well level variations.

A visual analysis of plots 1-10 on fig. 4 does
not allow us to detect precursory features for
the Tang-Shan earthquake. A question arises as
to whether some latent information exists in
these results of observations, which could in-
dicate their usefulness for prediction purposes.
We try to give a positive answer to this ques-
tion using different variants of aggregated sig-
nals.
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Fig. 3. Evolution of the maximal canonical coherence between 4-dimensional time series of concentrations of
silicon acid and 5-dimensional time series of concentrations of negative ions of carbon acid in various boreholes
in Kamchatka, estimated in a moving time-window of the length = 300 days, taken with shift = 20 days. Vertical
lines = time moments of the two strongest earthquakes during the period of observation (1986-1992).

Plot 11 in fig. 4 presents the behavior of excluded one by one from processing but then,
aggregated signals of all 10 data time series. A after testing a current set of series, they return
prolonged precursory «bay-like» amplitude for processing. The meaning of plot designa-
anomaly can be seen, which begins about 1500 tions in fig. 5 is transparent: for example
days before the event. In order to check the «Z-9-2i» means that the aggregated signal was
stability of the obtained results, various aggre- created for § time series, leaving out series 9 and
gated signals were constructed, of which plots 2 and then the result was inverted («i»). One
are presented in fig. 5. First of all, we exclude can see from these graphics that all of them
series 9 from analysis, because it presents the contain long-term low-frequency precursory
results of water-well-level observations at a sta- anomalies before the Tang-Shan earthquake.
tion which is the closest to the hypocenter of Some of them could be called «more success-
the earthquake and thus has a large postseis- ful» (Z-9-3, Z-9-4, 7-9-7) and some «less suc-
mic reaction. Plot «Z-9» in fig. 5 demonstrates cessful» (Z-9-1i, Z-9-5, Z-9-6). Nevertheless
the behavior of aggregated signal after remov- even for «less successful» cases a precursory
ing series 9. It can be seen that a prolonged anomaly exists, but it is masked by seasonal
precursor remains and moreover, its relative am- variations, which could easily be removed by
plitude even increases. frequency filtering (even «by eye»). Thus, the

Other plots in fig. 5 represent various ag- results of the multi-dimensional analysis of
gregated signals, constructed over sets of 8 time complex geophysical observations in North
series, when besides series 9, other series are China show that they have a general collective
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Fig. 4. Plots of 10 initial time series (1-10) and
their aggregated signal (11) for observations in
China, 1972-1979. Initial time series: 1-3 = rock
electroresistivity; 4-6 =tilts; 7-10 = underground
water-well-levels variations. Vertical lines = time
moment of Tang-Shan earthquake (28 July 1976,

M =17.238).
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component, which reflects processes of strong
earthquake preparation. This component can be
extracted using the aggregated signals tech-
nique.
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