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Abstract

SENSING THE NONLINEAR INTERACTION BETWEEN GLOBAL TELECONNECTION
PATTERNS: MICROS TECHNOLOGY “GEOMATH”

A. V. Glushkov, V. N. Khokhlov, Y. Y. Bunyakova,
G. P. Prepelitsa, A. A. Svinarenko, T. A. Tsenenko

It is carried out the micros computer data processing technology for sensing the chaotic be-
havior in the global climate system of the Earth and the nonlinear interaction between telecon-
nection patterns, based on the using technical devices observation data and the joint wavelet
analysis PC programs complex “GeoMath”.
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Pesrome

JETEKTYBAHHSA HEJITHIMHOT B3AEMO/III TEJJEKOHHEKIIMHUX MMATTEPHIB:
MIKPOC TEXHOJIOI'TA “GEOMATH”

O. B. I'nywxos, B. M. Xoxnos, IO. A. bBynskosa,
I'. I1. Ilpenenuua, A. A. Ceunapenxo, T. O. I]enenxo

Po3po06i1eHO MIKPOC TEXHOJIOTiI0 OOpOOKH JaHHUX 1 IETCKTYBaHHS HEIIHIHHOI B3aEMO/III Te-
JICKOHHEKIIHHHUX ITaTTePHIB B 3¢MHii aTMocdepi, sika 6a3yeThbcss HA BUKOPUCTAHHI JaHHUX CYITY-
THUKOBUX Ta 1HIIUX criocTtepekenb Ta I1K koMIuiekcy rmporpam BeiiiaeT aHami3y “GeoMath”.

KurouoBi cioBa: mikpoc TexHosnoris “GeoMath”, BeiiBieT aHami3, IeTEKTYBaHHS HETIHIMHOL
B3a€MO/Ii1 TEIEKOHHEKIIHHUX MATTEPHIB
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Pe3rome

JETEKTUPOBAHUE HEJUHENHOT'O B3AMMO/IEMCTBUSA TEJEKOHHEKIIMOHHBIX
ITATTEPHOB: MUKPOC TEXHOJIOTUS “GEOMATH”

A. B. I'nywxos, B. H. Xoxnos, IO. A. Bynsakosa,
I'. II. Ilpenenuua, A. A. Ceunapenxo, T. A. I]enenxo

Paszpaborana MuKpoc TeXHOJIOrUsS 00pabOTKHU JAHHBIX U IETEKTUPOBAHUS HEJIMHEHHOT' O B3a-
MMOJICHCTBHS TEJICKOHHEKIIMOHHBIX TTATTEPHOB B 36MHOW aTMocdepe, ba3upyroriascs Ha uc-
MOJIb30BAHUY JTAHHBIX CITyTHUKOBBIX W JIp. HaOmroaeHuit u [1K xomriekce mporpaMM BIUBIIET

anammsa “GeoMath”.

KimoueBble cioBa: Mukpoc TexHoiorus “GeoMath”, BaliBneT aHau3, JeTEKTUPOBAHHUE HE-
JMHEHHOTO B3aUMOJICUCTBHS TEIIEKOHHEKIIMOHHBIX MMATTEPHOB

1. Introduction

Carrying out new, avanced sensors and my-
crosystems technologies in the modern atmosphere
and environmental physics is related to ine of the
most important problems. Here we present an ad-
vanced micros data processing technology for for
sensing the chaotic behavior in the global climate
system of the Earth and the nonlinear interaction be-
tween some teleconnection patterns, based on the
using technical devices observation data and the
joint wavelet analysis PC programs complex “Geo-
Math” [1-3]. In our paper the processes of nonlinear
interaction between teleconnection patterns are ad-
dressed. Evidence of chaotic behavior for the rela-
tionship between the Arctic Oscillation (AO),
Southern Oscillation (SO), and Antarctic Oscillation
is examined by using the cross-redundancy and
Granger causality (c.f.[1,4-7]). The analysis is car-
ried out for three epochs of twenty centuries with
different trends of global temperature [8-14]. To
study an influence of low frequency variations, the
wavelet decomposition is applied. The results dis-
play many well-known features for feedbacks be-
tween climate changes and observed trends in the
indices of teleconnection patterns.

The temporal variations of the global temperature
(and some other meteorological values, e.g. precipi-
tation) during last 150 years show the vibrations and
intermittency of the climate and to some extent the
variations of climate over longer periods. This pat-
tern gives the impression of being chaotic and bring
to mind the behaviour of the dynamic systems which
(in the modern theory of chaos) evolve on complex-
structured limit sets present in their phase spaces and
have come to be known as “strange attractors”. This
concept was introduced by Lorenz (1963, 1970). In
light of the above, the theory of climate variation

ought to be the statistical dynamics of the climate
system. The climate system must include other lay-
ers of the Earth, which interact with the atmosphere.
First of all, this includes oceans and seas, and then
the upper active layer of solid earth — mainly the
land. At that, components of the climate system like
the atmosphere and oceans exhibit some coherent
variability. The main source of energy for the proc-
esses in the climate system of the Earth is incident
solar flux. Its intensity at Earth’s mean distance
from the Sun, according to both terrestrial and extra-
terrestrial measurements, is equal to 1360 £ 20 W m~
2. However, the solar forcing of climate variations on
decadal and centennial time scales is too small. Oh
et al. (2003) showed that the solar irradiance varia-
tions due to the well-known 11-year Schwabe (sun-
spot) and the 80—90-year Gleissberg cycles amount
to 1.5 Wm?2and 2.25 W m 2, respectively. Thus, it is
impossible to apply the solar forcing as the modulator
of climate changes on the aforementioned time scales.

Modern numerical models utilize mainly two ap-
proaches allowing physical interpretation for the ob-
served climate variations: the greenhouse forcing of
the climate system and the response of the climatic
system on tropical Pacific sea surface temperature
(SST) anomalies [10-14]. The ability to represent
the atmosphere—ocean interaction is also possessed
other main teleconnection patterns such as the North
Atlantic Oscillation (NAO) and the Pacific North
American pattern (PNA), as well as the so-called
annular modes — the AO and the Antarctic Oscilla-
tion (AAO).This remarkable feature of the telecon-
nection patterns allow to use the time series of their
indices as an integrated indicator for the climate var-
1ations over extensive areas of the Earth. Thus, the
forecast for the phase of particular oscillation on the
decadal and centennial time scales allows to increase
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the reliability for the forecast of regional climate
change. Another feature of the main teleconnection
patterns consists in the interaction between particu-
lar oscillations. This interaction appears as the non-
linear one and seems, to some extent, the partially
synchronized chaos (as it’s found by Duane et al. for
Northern and Southern Hemisphere blocks). For such
a complex system, the only possibility for realistic
modelling seems to be that only a few of various
mechanisms become prevalent in process, so that sys-
tem dynamics are simplified with corresponding re-
duction in the number of the effective degrees of free-
dom. Therefore, the notion of chaos theory, i.e. seem-
ingly complex behaviour could be the result of simple
determinism influenced by only a few nonlinear inter-
dependent variables, and the related methods of non-
linear dynamics (e.g. nonlinear prediction) could con-
tribute to an understanding of dynamics for the inter-
action between particular teleconnection patterns.
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2. Data and methodology

2.1. Data

We use unsmoothed datasets for the indices AO,
SO, and AAO, as well as for global temperature
anomaly (T) from the base period 1961-90. All data
were obtained  via  Internet  (http://
www.jisao.washington.edu/data_sets/aots/
2018992002, http://www.cru.uea .ac.uk/ ftpdata/
soi.dat, http://www.jisao.washington.edu/data/aao/
slp/aaoslppc19482002,http://www.cru.uea.ac.uk/
ftpdata/ tavegl2v.dat, respectively). From the origi-
nal datasets, we extract time series from 1910 till
2001 (except for the AAOI that starts from 1948).
For further analysis, we divide time series into three
epochs: 1910-47, 1948—77, and 1978-2001 (hereaf-
ter W1, C, and W2, respectively). Figure 1 shows the
time series chosen for the analysis.
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Figure 1. Original time series of (a) the Arctic Oscillation index, (b) the
Southern Oscillation index, (c) the Antarctic Oscillation index, and (d) the
global temperature anomaly during 1910-2001. The X-axis is calendar year
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2.2. Mutual information and cross-redundancy

Consider two discrete variables X and Y with
joint probability density functions (PDF) f (x,y),
and marginal PDF f (x) and f,(y) respectively. The
mutual information /(X, Y) quantifies average
amount of common information contained in the
variables X and Y [6]:

fx,y(xay) d
Sx () [y (¥)

When the discrete variables X and Y from contin-
uous variables on a continuous probability space,
then the mutual information depends on a partition
chosen to discrete the space. The mutual information
can be considered as a nonlinear analogue of the cor-
relation between X and Y. The mutual information is
symmetric, nonnegative and equal to zero if and
only if X and Y are independent. A generalization of
mutual information has been proposed by expressing
it in terms of generalized correlation integrals C,(e).
In particular, it give:

1(X,7)= [[ frr(x, ) log xdy (1)

1,(X,Y;e)=logC (X,Y;€)—
—logC, (X;€)—logC (Y;€) - )

This form enables convenient estimation by
means of plug-in estimates of C . The choice
q = 2, value which will be used throughout this
paper, is particularly convenient since the estima-
tion of the correlation integral for this case is
straightforward. To estimate the correlation inte-
grals, we use the algorithm of Grassberger-Pro-
caccia [6], which uses reconstruction of the phase-
space. For scale parameter we chose € = 0.5. To
examine the relation between two variables in
more detail, we determine a mutual information of
time series as a function of the delay (termed
cross-redundancy).

2.3. Granger causality

By using the cross-redundancy, we only examine
the dependence between two variables, but not ob-
tain a behaviour of coupling. For example, if there is
the nonlinear dependency between two variables,
this might be because the first variable is driving the
second, or the second is driving the first, or both
(feedback). Such a causal relationship can be exam-
ined by testing for Granger causality. This is well-
known concept used in econometrics is based on
predictability. According to Granger (1969)
(c.f.[1,6], the following sentence can be stated. Yis a

Granger cause of X if past values of Y can improve
predictions of future values of X, conditionally on
past values X and Y, are distributed differently than
future values of X only. In this case X conditionally
(on past values of X) dependent on Y. This definition
of causality is only operational and leaves open the
possibility that causality is found between X and Y
when they are in fact uncoupled. This can be the case
if both X and Y are driven by a third variable (Diks
and Mudelsee, 2000). The above definitions have
assumed that only stationary series are involved. In
the nonstationary case the existence of causality may
alter over time. The definitions can clearly be gener-
alized to be operative for a specified time. One could
then talk of causality existing at this moment of
time. The one completely unreal aspect of the above
definitions is the use of series representing all avail-
able information. Let us to illustrate the above defi-
nition using model with two variables.Let X, Y, be
two stationary time series with zero means. The sim-
ple causal model is

=
Y = chXt—j +2det—j +1,,

where v, n, are taken to be two uncorrelated
white-noise series. In Eq. (3) m can equal infinity
but in practice, of course, due to the finite length
of available data, m is assumed finite and shorter
than the given time series. The definition of cau-
sality given above implies that Y, is causing X,
provided some b, is not zero. Similarity X, is caus-
ing Y, if some ¢, is not zero. If both of these events
occur, there is said to be a feedback relationship
between X and Y.

2.4. Non-decimated wavelet transform

Wavelets are fundamental building block func-
tions, analogous to the trigonometric sine and cosine
functions. Fourier transform extracts details from
the signal frequency, but all information about the
location of a particular frequency within the signal is
lost. In comparison, the multi-resolution analysis
makes wavelets particularly appealing for this study,
because they are localized in time and the signals are
examined using widely varying levels of focus. For
detail about used version of the wavelet theory look
references[1-5]. In this paper we consider periods
with non-dyadic number of months. Therefore,
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whole periods are divided onto two sub-periods with
dyadic length of months. Then the NWT is applied
for these sub-periods and derived detail components
are “glued” together to obtain the maximum possible
length.

3. Cross-redundancy and Granger causality for
unsmoothed time series

Figure 2 shows the cross-redundancy and Grang-
er causality for unsmoothed, unfiltered time series of
oscillations and global temperature anomaly. Before
analyzing, let us note some particularities concern-
ing the interpretation of results represented on the

graphs. For the particular graph, the head notation
reveals: (i) values for which results are presented;
(i) the lagged value; and (iii) the epoch under con-
sideration. For example, “AOI-T (W1)” in Fig. 2(a)
denotes that the cross-redundancy for the lagged
AOI and T during the W1 epoch. Also, only positive
values for the cross-redundancy indicate that there is
the relationship between variables. In these graphs,
the magnitudes for the Granger causality are denoted
as triangles. If these values are located in the area of
positive lags, then, e.g. for Fig. 2(a), the AOI is a
Granger cause of the T and vice versa. Note that
throughout this paper the Granger causality is esti-
mated at 95% significance level. One can be noted
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Fig 2.Cross-redundancies (solid lines; left Y-axis) 7 Granger causalities (tri-
angles; right Y-axis) subject to the lag (X-axis) for different indices of oscilla-
tion and temperature anomalies during 3 epochs in 20century
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that Fig. 2 shows many features for the interaction
between the teleconnection patterns, which was de-
scribed in section 2. For example, the AO-SO inter-
action occurs, though it is week. At that, during the
C epoch the cross-redundancy for these oscillations
tends to the increase with lags, whereas during the
W1 and W2 epochs the cross-redundancies is rather
insignificant. Here, it is surprisingly that the AO is
the Granger causality of SO, it is observed at the al-
most same lags (12—24 months) both during the W1
epoch and during the C epoch. The largest cross-re-
dundancy is registered for the T and SOI. During the
C epoch, it is almost symmetric with regard to the
maximum at the zero lag, whereas in the W2 epoch
this maximum shifts towards positive lags (15
months approximately).

At that, the temperature anomaly is the Granger
cause of SOI. Most interesting feedbacks are regis-
tered for the Antarctic Oscillation. First, during the
C epoch the SOI is the Granger cause of the AAOI
with lags close to 30 months, whereas the AAOI
causes the SOI with lags less than 10 months. Sec-
ond, during the W2 epoch the temperature anomalies
force the AAOI with lag up to 12 months, but the
AAQOI itself is the Granger cause of the T with lags
larger than 24 months.In some case, the cross-redun-
dancies are small and the Granger causalities are in-
significant at the prescribed significant level, e.g. for
the relationship between the AOI and AAOI. So, the
obtained results are mostly agreed with experimen-
tal and observational data, though by using known
feedbacks it is difficult to explain some of them. In
particular, it is related to that AOI is the Granger
cause of the SOI. The latter can be rather referred to
the deficient quality of unfiltered time series with
the so-called “white noise”.

4. Conclusion

We examine the nonlinear interaction between
some teleconnection patterns during different ep-
ochs of the twenty century and reveal the chaotic
behaviour in the global climate system. The main
advantage of the cross-redundancy and Granger
causality, in contrast to other chaotic analysis, is
relatively short time series used as input parame-
ters for these approach. Our findings show that the
aforementioned methods allow to display well-
known mechanisms and feedbacks. Nevertheless,
some our results require further elucidations. This
is first related to the feedbacks between the AO and
the Antarctic Oscillation, as well as the fact that the

AOQO can be the Granger cause of Southern Oscilla-
tion. The wavelet analysis represents enough the
known physical behaviour of large-scale dynamics
in atmosphere and allows to detail the characteris-
tics of this behaviour. So, our micros data process-
ing “GeoMath” technology allows sensing the cha-
otic behavior in the global climate system of the
Earth and the nonlinear interaction between tele-
connection patterns and can be considered as quite
powerful and effective tool in studying complex
geosystems.
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