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SYNERGETIC ASPECTS OF GEOMAGNETIC INDICES

Zoltán VÖRÖS *

On the basis of nonlinear time series analysis new merits of the re/distribution of 
energy, information, mass and impulse are examined. Special emphasis is placed on the 
relationship between nonlinear macroscopic dynamics of the magnetosphere-ionosphere 
system and the new indices of geomagnetic activity.
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Í.  Introduction

The appearance of digital geomagnetic stations equipped with highly 
improved electronics opens new vistas for more precise and rapid data 
storage, exchange and processing. The expectations of both the observers 
and the users of geomagnetic data are basically common: new techniques 
perhaps allow us to determine ‘classical’ geomagnetic indices (e.g. K, DSt, 
AE  etc.) in an up-to-date manner and in real time.

On the other hand the time is ripe for introducing new kinds of 
geomagnetic indices which correspond better to our recent knowledge 
about the solar wind — magnetosphere-ionosphere coupling and global, 
nonlinear dynamics. The essence of our nonlinear approach to this problem 
is based on the fact that the Earth’s magnetosphere-ionosphere system is 
a macroscopic, nonlinear, open and dissipative system with a characteristic 
permanent ordered and/or turbulent state far from thermal equilibrium. As 
has been demonstrated by various authors turbulent and ordered structures 
(spatial, spatiotemporal as well as functional ones) arise from the same sort

* G e o m a g n e t ic  O b s e r v a to r y ,  9 4 7  01  H u rb a n o v o ,  C S F R



348 Z. Vörös

of nonlinear laws [HAKEN 1978, HAKEN 1983, GAPONOV-GREKHOV — 
RABINOVICH 1990]. So, nonlinear analysis is required if we want to find 
some measure which would characterize these nonlinear structures. Nowa
days there already exists a theory of nonlinear pattern formation developed 
and denominated as synergetics by HAKEN [1978,1983]. Techniques for 
nonlinear, chaotic time series analysis are also widely used in other fields 
of science [ECKMANN — R u e l l e  1985, RUELLE -  TAKENS 1971 ]. These 
numerical methods render it possible to obtain new information about the 
nonlinear macroscopic magnetosphere and about the re/distribution of 
energy, information, mass and momentum within the magnetosphere-io
nosphere system. So a close connection with the question of indices is 
given.

In this paper we propose three ways based on nonlinear analysis which 
enable us to drag more characteristic information out of a disturbed 
geomagnetic signal. We shall shortly discuss the ‘new approach—new 
index’ relationship.

2. Fractal analysis applied to //-component during geomagnetic
storms

The Hausdorff-Besicovitch or fractal dimension D was introduced as 
a measure of both irregularity and self-similarity of a curve in the regular 
as well as in the statistical sense of the word [M a n d e l b r o t  1982].

To measure the fractal dimension of geomagnetic storms we have 
applied the ruler method [ V ö r ö s  1990]. This method uses dividers with a 

ruler of length ey , to measure along the continuous storm curve in a 

sequence of steps: The number of steps multiplied by the ruler length e; , 
yields the total measured length / ,  (ey). The relation of the divider size e; , 
to the measured length / ,  (e;) is given by

Li (e,) = F г}~° (1)

where D is the fractal dimension and F  is a constant. We have analysed 15 
geomagnetic storms (Я-components recorded at the Hurbanovo Geomag
netic Observatory) and have computed the fractal dimensions of these 
curves using the method described (Table I) [VÖRÖS 1990].
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No. ssc D (±s.d.) К

Start. UT End. UT

1 07.06.1972 13 10 19.06.1972 10 00 1.20 ±0.03 5.13

2 11.05.1980 01 36 12.05.1980 23 00 1.03±0.01 3.44

3 25.07.1980 11 11 27.07.1980 15 00 1.0710.03 3.76
4 16.08.1980 12 42 18.08.1980 13 00 1.04±0.02 3.11

5 03.09.1980 13 35 04.09.1980 21 00 1.008±0.002 2.73
6 30.10.1980 15 19 01.11.1980 18 00 1.00610.002 3.29

7 11.12.1980 10 06 12.12.1980 23 00 1.0510.03 3.23
8 07.06.1981 17 48 08.06.1981 21 00 1.0810.03 3.95
9 11.11.1981 12 40 12.11.1981 15 00 1.1710.03 4.78

10 05.09.1982 22 48 08.09.1982 02 00 1.4010.04 7.76

11 21.09.1982 03 40 23.09.1982 21 00 1.3410.03 6.05

12 25.09.1982 20 29 28.09.1982 09 00 1.1610.05 4.38

13 06.02.1986 13 10 09.02.1986 08 00 1.2510.02 5.78

14 03.11.1986 23 55 05.11.1986 12 00 1.0810.03 4.67

15 24.11.1986 09 20 26.11.1986 01 20 1.1410.03 4.28

Table I. Fractal dimension and mean three-hour range A'-indices for the given geo
magnetic storms

/. Táblázat. A vizsgált geomágneses viharok három órás AMndexei és fraktális
dimenziói

Таблица /._ Фрактальные размерности и индексы К  трехчасового порядка по 
данным геомагнитным бурям

We have shown that there are self-similar fractal curves. We made a 
comparison between the obtained fractal dimensions and the mean three- 
hour range /f-indices (K) and found a linear dependence in the form:

D = 0.086 К + 0.755 for К  > 2.5 (2)

with correlation coefficient r (D,K) = 0.95.

3. The correlation dimension

Starting from the time series of a single, scalar variable (H(t)) we are 
able to reconstruct the corresponding phase space portrait in an m dimen
sional phase space using the time delay method [ECKMANN —  RUELLE 
1985, RUELLE —  TAKENS 1971, GRASSBERGER —  PROCACCIA 1983b].
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A set of N  points on the phase portrait (attractor A ) is reconstructed as

= Я  ft), Я(Г,+т),..,Я(г,+ (m-1) T ), Hi G Л c  7?"' (3)

where т is the time delay. More detailed discussion is to be found in [SIM M  
et al. 1987, VÖRÖS in press]. A suitable quantity which characterizes an 
attractor as a metric structure is its correlation dimension Dc, defined as in 
Ref. [G r a s s b e r g e r  —  Pr o c c a c ia  1983b],

к

c m (r ) = lim J -  I  j -  I  0 ( /*— II H im) -  H jm)\\ ) = rDc" (4)
K-*°° 1'ref A
r - 0  i~l '*>

where N  ref  - is the number of reference points,
0 - is the Heaviside step function,

Cm (r) - is the correlation function in m dimensional phase 
space.
Then

log D(cm) = log Cm (r)/log r . (5)

If lim D(cm) = Dc (finite) then the signal is deterministic or corres-
m  —* °°

ponds to the low dimensional coloured noise [L in h u a  S h a n  et al. 1991]. 
For a stochastic signal it holds that D(cm) -» °° for m -* 00 .

A finite correlation dimension for deterministic signals provides the 
minimum number of variables necessary for modelling the behaviour 
represented by an attractor in the phase space on a given time scale.

We have analysed a geomagnetic storm on the substorm time scale 
(0 .5 - 1.5 h) from 13.3.1989 (Hurbanovo geom.data [PODSKLAN —  BRU N 
NER unpubl.]). The correlation dimension obtained is: 2.3 ± 0.1. Physi
cally the correlation dimension is a measure of the complexity of the 
internal dynamics of the magnetosphere-ionosphere system on the given 
time scale.
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4. Entropy

When the dynamics of a system is represented by a low-dimensional 
attractor in the phase space, even erratic, chaotic motion is possible; this 
is known as deterministic chaos. In this case the attractor is chaotic, and 
the phase trajectories on the attractor are unstable in the sense of Lyapunov. 
Chaotic systems are characterized by at least one positive Lyapunov 
exponent A,,- [E C K M A N N -R U E L L E  1985, RUELLE — TAKENS 1971, 
G r a s s b e r g e r  —  P r o c a c c i a  1983b, S i m m  et al. 1987]. To estimate the 
sum of all positive exponents A,+ we introduce the 2nd order Rényi entropy 
К г  [G r a s s b e r g e r  —  P r o c a c c i a  1983a], which can be estimated from 
the measured signal using the same type of correlation function as in 
Eq. (4)

K2 = lim lim — In
m-+°° r-> 0 T

(6)

The Кг entropy has the following properties:
1. K2 >0,
2. K2 < £  К  ,

i

3. K2 is infinite for random systems,
4. K2 * 0  for chaotic systems

So, 0 < K2 < < 00 is a sufficient condition for deterministic chaos.
We have computed the K2 entropy for a geomagnetic storm. The 

obtained K2 entropy is positive: 0.03 ± 0.01. It means that the observed 
geophysical phenomenon—geomagnetic storm on substorm time scale — 
should be described by non-linear systems in a 3 dimensional phase space 
which is capable of deterministic chaos.

5. Conclusions

The storm curve’s fractal dimension can easily be extracted from 
geomagnetic data. The geometric self-similarity feature of field variations 
could perhaps be useful for the automatic digital treatment of observatory 
data. On the other hand the linear dependence of fractal dimensions on
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mean three-hour range ^-indices ensures a continuity and some compati
bility between the old and new indices.

The computation of the correlation dimension and K2 entropy is much 
more problematic and computer-time consuming [for detailed information 
see VÖRÖS in prep.]. However, this kind of nonlinear analysis is a necessary 
condition for understanding the global dynamics of the magnetosphere-io
nosphere system. We believe, the new geomagnetic indices should involve 
such information about the macroscopic, nonlinear system.

The description of global geomagnetic storm activity utilizing this 
point of view is still in its infancy and should be continued by further careful 
analysis. Our view is that on such a basis it will be possible to decide 
whether the language of chaotic attractors is relevant to observed macros
copic nonlinear dynamics and whether the dynamic invariants (dimensions, 
entropies, etc.) could serve as a new measure—index—for energy, infor
mation, mass, impulse re/distribution within the magnetosphere-ionosphe
re system.
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X-INDEXEK ÉRTELM EZÉSE SINERGETIKUS SZEM PO N TBÓ L

VÖRÖS Zoltán

A szerző azt vizsgálja, hogy új matematikai módszerekkel, fraktál-analízissel, mág
neses komponensek idősorának nonlineáris dinamikus elemzésével milyen fizikai isme
ret-többletre tehetünk szert.

АНА ЛИ З ИНДЕКСОВ К С  СИНЕРГЕТИЧЕСКОЙ ТО Ч К И  ЗРЕН И Я

3. ВЕРЕШ

Автором рассматриваются возможности увеличения физической информ
ативности при введении новых математических методов, фрактального анализа 
и нелинейной динамической интерпретации временных рядов магнитных ком
понент.




