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Abstract

The horizontal geomagnetic field (SYM-H) is a geomagnetic field parameter for measuring the severity of
geomagnetic storm. We investigated SYM-H using nonlinear time series and Wavelet power spectrum using a
high resolution data of 1-minute obtained from the Flight Center Space Physics Data Facility (GSFC/SPDF)
OMNIWEB interface spanning from 1st January to 31st December, 2014. Wavelet power spectrum (WPS)
analysis assists in breaking down the time series of SYM-H s into different scales. The results revealed that the
months of January, August and October displayed more enhancement of geomagnetic storms. The nonlinear time
series modelling was also applied to study SYM-H using both the time delay and embedded dimension in
computing average mutual information (AMI) and false nearest neighbours (FNN), respectively. The Lyapunov
exponent (LE) was computed using the results obtained from AMI and FNN. The results revealed that LE displays
positive values, indicating that SYM-H is a deterministic chaotic system.

Keywords: Horizontal Magnetic Field, Lyapunov Exponent, Wavelet Power Spectrum, Nonlinear Time Series,
Embedded Dimension.

series, this study employs numerical tools such

INTRODUCTION as wavelet transform and nonlinear techniques.

The horizontal geomagnetic field (SYM-H)
measures the severity of the geomagnetic storm
disturbance of the Earth's magnetic field (Falayi
et al.,, 2020). Geomagnetic storms are well
observed phenomena that enhance the plasma
of the inner magnetosphere to high energies.
When the solar wind and the geomagnetic
field interact, it results in the magnetospheric
activity, which is measured by the global
magnetospheric indices and includes auroras,
turbulence, ionospheric currents, magnetic
reconnection, and geomagnetic storms. In order
to fully understand the dynamics of natural time
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Wavelet transform is utilized to simultaneously
break down a one-dimensional signal into two-
dimensional temporal frequency domains to
examine localized fluctuations within a time
series (Riabova, 2018; Adamowski et al.,
2009). Deterministic components in the data are
differentiated from other stochastic
components applying nonlinear (chaotic)
techniques. There are numerous applications of
the wavelet transform in geophysics and space
physics for example (Riabova, 2018; Gao and
Yan, 2011; Falayi et. al. 2018; Bremaud, 2014;
Arneodo et. al., 1991; Han and Chang 2013;
Falayi et al. 2020). The idea of wavelet is
applied to ionospheric and magnetospheric
studies of atmospheric cold fronts (Meyers and
Kelly, 1993), in coherent strutures in turbulent
flows (Farge, 1992).

Chaos has also been applied widely in
several related fields, notably weather and
climate forecasting (Fuwape et al. 2016;
Ogunsua et al. 2014; Rabiu et al. 2014,
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Unnikrishnan and Ravindran, 2010). Falayi et
al. applied Chaos in 2020 to investigate the
geomagnetic field's parameters for one solar
cycle. In this research, horizontal geomagnetic
horizontal geomagnetic field (SYM-H) from
January 1st — December 31st, 2014 was
studied using wavelet analysis and
nonlinear time series.

MATERIALS AND METHODS

Here, we analyzed horizontal geomagnetic
field (SYM-H). The 1-minutes resolution data
used were obtained from the Flight Center
Space Physics Data Facility (GSFC/SPDF)
OmniWeb  (http://omniweb. gsfc.nasa.gov)
interface between January 1st — December 31st,
2014. The year is considered as a year of solar
maximum.

Wavelet power spectrum analysis (WPS)

A technique to obtain the frequency of
occurrences in relation to their location within
a time series is the wavelet power spectrum.
Equation (1) reveals the non-analytic Morlet
wavelet, a function defined by a single
parameter, was employed for obtaining the
results that were presented.

Yapy = @ /2P(=0) L)

where:

a represents the scale associated with the
wavelet's increase and decrease.

b symbolises the time localization.

Morlet wavelet is obtained in equation (2)
as (Torrence and Compo, 1998):
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where, w, is the non — dimensional frequency
parameter of equation (2) (Riabova, 2018;
Falayi et. al., 2020; Kumar and Foufoula —
Georgia ,1997)

The time series of the data of Morlet
wavelet is presented in equation (3) (Falayi et.
al., 2020; Kumar and Foufoula—Georgia, 1997).

WpS@ap = [ o X a,b(®)dt  (3)

where, 1, ,"(t) denoted as the conjugate of
wavelet function 1, , (t). The expression of the
wavelet coefficient at time index n and scale a
is expressed in equation (4):

da
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Figures 1(a)—(c) show the wavelet power
spectrum analysis to estimate the time-
frequency characteristic of the SYM-H
between January 1st — December 31st, 2014.

Nonlinear dynamical techniques

We analyzed the Lyapunov exponent,
average mutual information (AMI), and false
nearest neighbor (FNN) in order to investigate
the chaotic time series of SYM-H. To obtain the
dynamical properties of a system, the SYM-H
time series data requires space phase
reconstruction with embedding dimension (m)
and time delay (s) (Takens, 1981). Equation (5)
is used to generate this.

Pt)=(M M M.,
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where x and 7 suggests the embedding
dimension and time delay, correspondingly.

The phase reconstructions of SYM-H may
be determined from the initial minimum values
of AMI were chosen as the delay time (Shaw,
1981, Fraser and Swinney, 1986; Kennel et al.,
1992). The AMI technique is predictable by
Equation (6):

=—>1
Z K (z)in ™) (6)

where k and |k|(‘C) are the combined
probabilities that a time series value can be
obtained in segment k at time t and | at time t +
1. Ik is the likelihood of finding a time series
value in the interval. For various locations, the
initial lowest value of Q is regarded as the time
delay (t). The Fig 2(a)—(c) show the average
mutual information AMI for SYM—H between
January 1st — December 31st, 2014,
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Figures 1. Depict the wavelet power spectrum for SYM-H between January 1st — December 31st, 2014.
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Figure 2. Average mutual information AMI of SYM-H from 1st January to 31st December, 2014.
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In order to identify the embedding
dimension and eliminate the unfitting
neighbours, nonlinear systems' dynamics can
be clarified or rebuilt using the false nearest
neighbours (FNN). FNN varies as the
embedding dimension intensifies along the
path. Because of prediction, the points in a
dimension are near to one another; this will be
divided in upper dimensions. When advancing
from d to d +1, the difference between two
relative distance neighbour points strengthens
and serves as a degree for casting embedding
mistakes. The technique utilized by Falayi et al.
(2020), Ogunsua et al, (2014) and Kennel et al.
(1992) was applied to determine the embedding
dimension of SYM-H. Equation (7) provides
the expression for the false nearest neighbour
distance.

V2M<t,r>-xzd(t,r>f_{y(ﬁr)—y(ur)}xm ™

X7 - X,

where neighbour and origin points are denoted
by the letters t and t;, respectively. (see Figure
3a-c)

Lyapunov Exponent

The Lyapunov exponent is chaotic
quantifier. The LE is used to explain when the
near trajectories diverge or converge in one
dimension. A positive Lyapunov exponent
indicates that there is evidence of chaos in a

FALSE NEAREST NEIGHBOUR FOR SYM-H JANUARY TO APRIL

dissipative deterministic system, where the
positive  Lyapunov  exponent indicates
divergence of trajectory (Falayi et al., 2020;
Ogunsua et al., 2014; Eckman and Ruelle
1985). The huge Lyapunov exponent (A) can be
used to determine the rate of divergence as
obtained by (Abarbanel and Lali 1996) using
equation 8.

(8)

where A represent Lyapunov exponents (LE)
and it is applied for differentiating different
kinds of paths and to determine the rate of
divergence.

The exact estimation of a chaotic
dynamical structure is a component of the
major Lyapunov exponent (Abarbanel and Lali
1996) which is expressed using Equation (9).

A — 1

A
max

The Lyapunov exponent was computed for
the SYM-H values from January to December.
The choice of embedding dimension 7z =25 and
delay m = 5 was used for the computed
Lyapunov exponent the values of SYM-H were
obtained from January to December as shown
in Figure 4(a-c).
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Figure 3. False Nearest Neighbour FNN of SYM-H from 1st January to 31st December, 2014.
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Figure 4. Lyapunov exponent of SYM-H from 1st January to 31st December, 2014.

DISCUSSION OF FINDINGS

This section presents the results of wavelet
power spectrum and Lyapunov exponent from 1st
of January to 31st December, 2014 for the
horizontal magnetic field (SYM-H).

The wavelet power spectrum was used to
decompose the SYM-H into different scales. The
results provide more insight on how these
variations have changed in frequency and time
mode over time. In order to identify SYM-H
disturbance storms in time series, the WPS
analyses the nonstationary signal. Figures 1(a —)
reveal the power of the WPS for SYM-H from 1st
January to 31st December, 2014. The figures also
present the real fluctuation of the wavelets
character relative to their magnitude. Red depicts

the signal's peak energy across the period, while
blue denotes a signal with a lower level of
intensity. Figure 1a shows the geomagnetic storm
is more significant in the month of January, it is
severe in the mid of the month and towards the
end of month of January while February, March
and April display little enhancement of the
geomagnetic storm.

The result presented in the Figure 1b show
that the months of May and August display more
enhancement of the geomagnetic storms compare
to the months of June and July, this is strong
indicator of change of weather conditions, the
month  of  August demonstrated more
enhancement it occurred from the beginning of
the month and toward the end of the month of



Published by The College of Science & Information Technology (COSIT), TASUED, Vol. 19, No. 1, pp. 1-9.

August the dominant can also be attributed to
sudden break of annual rainfall and humidity
level.

Figure 1c displayed the variation of the
intensity of geomagnetic storm for the months of
September, October, November and December
using WPS. It was noted that the month of
October that the activity of geomagnetic storms is
more dominant in the month compared to the
other months. The results presented revealed that
there is no stable structure during each month
from January to December. The frequency of
each moths varies (see Figures 1(a-c). It can be
noticed that SYM-H showed that variability of
the geomagnetic storm. Despite the low solar
activity, wavelet coefficients show low power
spectrum energy. In contrast to solar maximum
conditions, geomagnetic storms are common
during the decline phase of the solar cycle and are
often minor in magnitude. Falayi et al. (2020)
revealed that these storms are connected by
streams of high solar wind speed emerging from
coronal holes.

The nonlinear behaviour of SYM-H were
investigated, the figures 2(a —c) presented show
the average mutual information AMI of SYM-H
from 1st January to 31st December, 2014. The
AMI was computed in order to obtain the time
delay function (t). However, since the AMI and
FNN techniques provide an understanding of the
complexity of the dynamical system. The Figures
3(a-c) revealed the false nearest neighbour
(FNN), the embedding dimension (m) was
obtained from a geometrical analysis described as
false nearest neighbour (FNN). It is obvious from
the Figures 3 (a-c) that the FNN decreases
considerably and the least value of (m) relating to
the least number of FNN can be measured as the
initial information for the selection of embedding
dimension. When the false nearest neighbours
move towards zero, the preferred dimension is
attained. For the months of January, February,
March, April, May, June, July, August,
September, October, November and December
the minimum Embedding dimension (m) appears
to be 5 for the SYM-H (see Figures 3 (a-c). The
choice of embedding dimension 7 = 25 and delay
m = 5 was used for the computed Lyapunov
exponent presented in Figures 4(a-c) from
January to December, 2014. The results exhibit
positive Lyapunov exponential values through
the year which is the strong indicator of chaos.
The values of the Lyapunov exponent range
between 0.2632 - 0.1281 from January to
December. The month of January displayed high
value of Lyapunov exponent compared to the

others months while low value was obtained in
the month of February.

The results obtained show that the
geomagnetic storm is suspected to be a linear
system despite that the system producing it
(magnetosphere) exhibit nonlinear characteristics
(Falayi et al 2021). The erratic behaviour of the
magnetosphere could arise from the combined
effects of solar wind and internal magnetospheric
activity (Unnikrishnan, 2008) similarly, the
variations in the magnetosphere-ionosphere
system from the solar wind exerts a significant
influence on Earth's magnetosphere, which
exhibits nonlinear structural extension the
magnetosphere  system  displays internal
variability that can be subdued, potentially
leading the system toward stochasticity rather
than deterministic chaos. Solar winds, acting as
stochastic drivers, can induce storms within the
system, particularly when coronal mass ejections
(CMEs) occur, resulting in geomagnetic storms.
The complexity of the ionosphere, as highlighted
in previous studies (Bamidele et al., 2025; Falayi
et al., 2020; Ogunsua et al., 2014; Unnikrishann
and Ravidran, 2010), suggests that the chaotic
dynamics resulting from the exponential growth
rate of infinitesimal perturbations in the
ionosphere may account for the observed
variations in Lyapunov exponent values.

CONCLUSION

The study showed the results of the SYM-
H using both wavelet spectrum analysis and
nonlinear dynamic time series techniques.
The enhancement of the geomagnetic storms
is more significant in the months of January,
August and October, this event can be
attributed to coronal mass ejections for the
period of high solar activity. The results of
the nonlinear dynamic have shown that
chaotic features evidently exist in the SYM-
H data from the positive Lyapunov exponent
from 1st January to 31st December.
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