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The new way of thinking science from Newtonian determinism to nonlinear unpredictability and the dawn of advanced
computer science and technology can be summarized in the words of the theoretical physicist Michel Baranger, who, in
2000, said in a conference: “Twenty-first-century theoretical physics is coming out of the chaos revolution; it will be about
complexity and its principal tool will be the computer.”. This can be extended to natural sciences in general. Modelling and
predicting ionosphere variables have been considered since many decades as a paramount objective of research by
scientists and engineers. The new approach to natural sciences influenced also ionosphere research. lonosphere as a
part of the solar—terrestrial environment is recognised to be a complex chaotic system, and its study under this new way of
thinking should become an important area of ionospheric research, particularly with the addition of machine learning
techniques.
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| 1. Introduction
1.1. About Linear and Complex Systems

In April 2000, the French-US theoretical physicist Michel Baranger gave a “physics talk for non-physicists” on chaos,
complexity, and entropy at the New England Complex Systems Institute of Cambridge, Massachusetts . In his initial
words, he said, “Twentieth-century theoretical physics came out of the relativistic revolution and the quantum mechanical
revolution. It was all about simplicity and continuity (in spite of quantum jumps). Its principal tool was calculus. Its final
expression was field theory. Twenty-first century theoretical physics is coming out of the chaos revolution. It will be about
complexity and its principal tool will be the computer. Its final expression remains to be found.”.

The “solar—terrestrial physics” phrase has been replaced in the last few decades by “space weather”. This was carried out
to make the subject more appealing to the public and politicians and also to stress the effect of solar—terrestrial physics on
technology. However, space weather should be considered just a part of solar—terrestrial physics, recognizing that it is the
“star” of this field.

All physical sciences of the 20th century, including relativity and quantum mechanics, were based on “calculus” introduced
by Newton and Leibnitz, by itself a key example of linear approach. Space and earth system sciences are data-driven,
and they always had to rely on time series of observations of specific variables intrinsically not repeatable. Their time
variations were analyzed, modelled, and forecasted on the basis of the model adopted. Models were grounded for a long
time on linear approaches not only following Newton’s and Leibnitz’s “calculus” but also because of the reduced number
of data available.

A linear system has a fixed proportional relationship between the input and output; it is predictable and stable. In addition,
the relationship between variables x and y can be graphically represented by a straight line. The linear modelling efforts to
explain the variability of data time series played an important role in understanding the basic behavior of natural
phenomena. However, most natural processes are nonlinear, and, thus, linear models can only approximate real-world
systems to a certain extent. A typical linear system approach is given by the Maxwell equations.

The advancement of experimental data sources, their increase in number, and particularly the advent of the space era
and the enormous amount of space and ground data now available completely changed the perspective of solar—
terrestrial physics/space weather.



1.2. About Complex Systems and Chaos

One of the characteristics of a complex system is its nonlinearity, and its modelling shows nonlinear relationships between
inputs and outputs, as well as chaotic behavior often present in natural systems. When we say that a certain system
“exhibits chaos”, it means that the system obeys deterministic time evolution, but that the outcome is highly sensitive to
small uncertainties in the specification of the initial conditions, as indicated in the pioneering work of Lorenz (1963) 2.

A way to quantify the presence and degree of chaos in a complex system is to measure its correlation dimension (D,) and
the Kolmogorov entropy (K,) (Abarbanel and Parlitz, 2006) B, which can be calculated with the method given by
Grassberger and Procaccia (1983a) 4.

The correlation dimension D, is a non-integer value and gives a lower limit of the number of independent variables or the
degree of freedom of the system. It indicates the minimum number of differential equations needed to fully describe the
system itself. A value of K, = 0 indicates a fully predictable evolution of the system, a finite K, > 0 indicates a chaotic
system, and a value K, = « indicates a fully stochastic system. An estimate of time predictability of a system variable is
given by 1/K.

1.3. Solar-Terrestrial Physics/Space Weather and Chaos

Time series of observable variable data, processing of such data, modelling, and prediction are the essential steps of
solar—terrestrial physics/space weather, including ionosphere research.

Let us assume that all the systems involved in the solar—terrestrial environment are complex. It is important to investigate
if these complex systems exhibit chaotic behavior. This can be performed in terms of the correlation dimension and the
Kolmogorov entropy mentioned above.

Considering that all the systems of the complex solar—terrestrial system are mutually interacting as indicated in Figure 1,
those that are going to be analyzed in the discussion that follows are indicated in orange.
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Figure 1. The assumed complex solar—terrestrial system of interacting complex systems (both blue and orange). In
orange are those systems that are going to be considered in the text discussion. Light grey arrows indicate that the Sun
act on all the other systems and blue arrows indicates that all the other systems may act among them.

| 2. An Overview of lonosphere Variability

The multifaceted variability of the ionosphere due to the fact that it is a complex system interacting with complex systems
is summarized in Figure 2.
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Figure 2. lonospheric variation result of interactions with other complex systems.

Following Mendillo (2020) & and the method developed by Rishbeth and Mendillo (2001) €, three main sources of the
day-to-day variability oyt Of NMmF2 can be identified, where Oyqq is the standard deviation of NmF2 daily values within
every month. These are changes of ionizing photon solar radiation ogy,, solar-wind-induced geomagnetic activity Omag,
and meteorological coupling from the troposphere ot The chosen groups of years can be written as

[Ctotall® = [Osunl® + [O'mag]2 + [Omed?

Under nominal conditions (in the absence of solar or geomagnetic events), Mendillo (2020) & considers that the total
variability and contribution of each component of this variability in percentage (see the equation above) is

[20—-25%]? = [3-6%]2 + [14—17%]? + [14—17%]?

He concludes that the influence of ionizing photon solar radiation is minimal in comparison with solar wind
magnetospheric sources and tropospheric sources, with the latter two being comparable. The same author considers that
the results for NmF2 are also valid for the day-to-day variability of the TEC.

| 3. Chaos Theory and the lonosphere

The analysis that follows will be centered on those studies that treat time series data of foF2 and TEC in terms of
correlation dimension. Possible convergent or divergent results from different authors using diverse time series lengths
and sampling rates will be evidenced in Table 1 and Table 2.

Table 1. Correlation dimension of the deterministic chaos found in foF2 time series by two different authors under different
conditions. Geomagnetic activity not specified.

Solar
Latitude Activity Geomagnetic Activity foF2 Time Series Length foF2 Sampling Rate D Authors
(F10.7)
A Romanelli et al.,
High Low - 2 years 1h 3.4 1088 [Tl
Middle high Low --- 83 days 1h 3.0 Mendez, 2022 8]
Middle high Low 83 days 1h 3.3 Mendez, 2022 [

Regarding foF2 data, | found only two papers analyzing the chaos characteristics of the time series. As shown in Table 1,
the first study reporting the existence of a low dimension in an foF2 data series was the one of Romanelli et al. (1988).
These authors used a time series of hourly values of foF2 obtained at Argentine Island (65.25° S, 64.27° W) for the years
1977-1978. A recent paper by Mendez (2022) 8 reports the study of chaos characteristics obtained from two foF2 time
series obtained at Juliusruh (54.6° N 13.4° E) from 1 November 1987 to 10 February 1988 and from 1 November 2002 to
10 February 2003.

The large amount of TEC now available has allowed the study of the chaoticity of this ionosphere parameter by several
authors.

Kumar et al. (2004) [ reported the chaotic behavior of time series of TEC at a 15 min sampling rate at Goose Bay (47° N,
286° E) during the period February to April of the solar minimum year 1976. The TEC was measured by Faraday rotation



technique using the trans-ionosphere signal from the satellite GOES-2.

These references were chosen because, in all of them, the correlation dimension is calculated. As indicated in the
introduction, the correlation dimension is a good indicator of the type of chaoticity found in an experimental time series.
Table 1 summarizes their results in terms of correlation dimension (D). It is organized by the latitude of the location
considered and solar activity and by considering the geomagnetic activity also. The intention is to see if the results of
different authors and calculation techniques, using the distinct length of the time series and data sampling rates, show a
consistent picture.

Table 2. Correlation dimension of the deterministic chaos found in TEC time series by different authors under different
conditions. The asterisk means that the values are the averages of those shown in Table 1 of the paper mentioned

(Eapen et al., 2018). “---" indicate that the geomagnetic activity is not specified.
Solar TEC Time Series TEC Samplin
Latitude Activity Geomagnetic Activity pling D Authors
Length Rate
(F10.7)
. . 2.23- Unnikrishnan (2010)
Low Low Quiet 4 days 1 min 274 [20]
Low Low Disturbed 4 days 1 min 3.37 Unnlkrlsi&an (2010)
Low Low Monthly 5 quiet days 1 year 1 min 3.5 Ogunsua (2013) 11
Low Low Monthly 5 disturbed days 1 year 1 min 2.8 Ogunsua (2013) 11
Low Low Quiet 4 months 5 min 4.61* Eapen e[izl_Z]aI. (2018)
Low Low Disturbed 4 months 5 min 3.74* Eapen e[tl_f‘]l' (2018)
Middle Low Quiet 4 months 5 min 4.63 * Eapen e[tl_ZIaI. (2018)
Middle Low Disturbed 4 months 5 min 3.81+* Eapen e@l. (2018)
. . Materassi et al.
Middle Low 1 year 1 min 2.78 (2023) 113]
. . . Materassi et al.
Middle High 1 year 1 min 2.78 (2023) 113]
High Low Two intense :?‘torms inthe 3 months (F_ebruary- 15 min 5.63 Kumar et al. (2004) [
period April)
High Low Quiet 4 months 5 min 6.22 * Eapen e&l. (2018)
High Low Disturbed 4 months 5 min 3.77 * Eapen e[tl_Z]aI. (2018)

Machine Learning and the lonosphere

Machine learning (ML) has been increasingly applied to ionosphere time series data analysis in the past several decades
to model and forecast their evolution. Research started by using artificial neural networks or, in brief, NNs. The first steps
on NNs came in the 1940s, but it was in the 1980s when they evolved to what is now known about them. Between 2009
and 2012, the recurrent NNs and deep feedforward NNs were developed (Schmidhuber, 2014 [14]), L ater on, NNs became
the basis of what is known as deep learning (DL), a set or branch of ML. NNs are systems or hardware designed to
operate in a way that imitates the work of human neurons. The simplest type of NNs is the feedforward NNs where the
information moves in one direction, from the input nodes to the output nodes. The other main type of NNs is the recurrent
NN that allows the output from some nodes to affect the subsequent input to the same nodes. Since the early 1990s, NNs
of different type evolved to more advanced DL tools that have been used in ionosphere research with relevant success.
They were performed to model and predict particularly the behavior of the TEC obtained from GNSS signals (most of
them from the GPS constellation).
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