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Abstract

Leaming from successful applications of methods originating in statistical mechanics, com-
plex systems science, or information theory in one scientific field (e.g.. atmospheric physics
or climatology)y can provide important insights or conceptual ideas for other areas (e.g..
space sciences) or even stimulate new research questions and approaches. For instance,
quantification and attribution of dynamical complexity in output time series of nonlinear
dynamical systems is a key challenge across scientific disciplines. Especially in the field of
space physics, an early and accurate detection of characteristic dissimilarity between nor-
mal and abnormal states (e.g., pre-storm activity vs. magnetic storms) has the potential to
vastly improve space weather diagnosis and, consequently, the mitigation of space weather
hazards.

This review provides a systematic overview on existing nonlinear dvnamical systems-
based methodologies along with kev resulis of their previows applications in a space physics
context. which particularly illustrates how complementary modern complex systems ap-
proaches have recently shaped our understanding of nonlinear magnetospheric variability.
The rising number of corresponding studies demonsirates that the multiplicity of nonlin-
ear time series analysis methods developed during the last decades offers great potentials
for uncovering relevant yet complex processes interlinking different geospace subsystems,
variables and spatiotemporal scales.
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Complex systems perspectives pertaining to the research of the
near-Earth electromagnetic environment

m This a largely interdisciplinary International Team, combining expertise from
both space physics and nonlinear physics communities, which had been
selected for funding by the International Space Science Institute (ISSI) in 2019.

m Taken together, the multiplicity of recently developed approaches in the field
of nonlinear time series analysis offers great potentials for uncovering relevant
yet complex processes interlinking different geospace subsystems, variables
and spatio-temporal scales.

@ The Team aims to provide a first-time systematic assessment of these
techniques and their applicability in the context of geomagnetic variability.
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Abstract

This review examings complexity scigace in the context of Heliophysics, describing it not
as a discipling, but as a paradigm. In the context of Heliophysics, complexity science is
the study of a star, interplanatary environment, magnetosphere, upper and terrestrial atmo-
spheres, and planetary surface as interacting subsystems. Complexity science studies entities
in a system (e.g.. electrons in an atom. planets in a solar system, individuals in a society) and
their interactions, and is the nature of what emerges from these interactions. It is a paradigm
that employs systems approaches and is inherently multi- and cross-scale. Heliophysics pro-
cesses span at least 15 orders of magnitude in space and another 15 in time, and its reaches
o well beyond our own solar system and Earth’s space environment to touch planetary, ex-
oplanetary, and astrophysical domains. It is an uncommon domain within which to explore
complexity science. After first outlining the dimensions of complexity science, the review
proceeds in three epochal parts: 1) A pivotal year in the Complexity Heliophysics paradigm:
1996; 2) The transitional years that established foundations of the paradigm (1996-20107;
and 3) The emergent literature largely beyond 20010, This review arficle excavates the lived
and living history of complexity science in Heliophysics. It identifies five dimensions of
complexity science, some enjoving much scholarship in Heliophysics, others that represent
relative gaps in the existing research. The history reveals a grand challenge that confronts
Heliophysics, as with most physical sciences, to understand the research intersection be-
tween fundamental science (e.g., complexity science) and applied science (e.g., anificial
intelligence and machine learning (ALVML)). A risk science framework is suggesied as a
way of formulating the grand scientific and societal challenges in a way that AIFML and
complexity science converge. The intention is to provide inspiration, help researchers think
more coherently about ideas of complexity science in Heliophysics, and guide future re-
search. It will be instructive to Heliophysics researchers, but also to any reader interested in
or hoping to advance the frontier of systems and complexity science.

Keywords Complexity science - Systems science - Data science - Machine learning -
Dynamical systems - Transdisciplinary - Networks - Heliophysics - Resilience -
Convergence - Philosophy of science - Emergence - Epistemology
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Recent example: scientific discovery in

RB dynamics through causality analysis
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P. Manshour and C. Papadimitriou
contributed equally to this work.

Key Points:

e Evidence of direct causality from
relativistic into ultra-relativistic elec-
trons, compatible with local accelera-
tion in the outer belt

o Detection of information transfer
unveils the mechanisms of energy
transfer in radiation belts, important for
space weather forecasting

e [Information flow formulation of
causality has a great potential for space
physics discoveries

Supporting Information:

Supporting Information may be found in
the online version of this article.

Causal Inference in the Outer Radiation Belt: Evidence for
Local Acceleration
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Abstract Currently, there is no clear understanding of the comprehensive set of variables that controls
fluxes of relativistic electrons within the outer radiation belt. Herein, the methodology based on causal inference
is applied for identification of factors that control fluxes of relativistic electrons in the outer belt. The patterns of
interactions between the solar wind, geomagnetic activity and belt electrons have been investigated. We found a
significant information transfer from solar wind, geomagnetic activity and fluxes of very low energy electrons
(54 keV), into fluxes of relativistic (470 keV) and ultra-relativistic (2.23 MeV) electrons. We present evidence
of a direct causal relationship from relativistic into ultra-relativistic electrons, which points to a local
acceleration mechanism for electrons energization. It is demonstrated that the observed information transfer
from low energy electrons at 54 keV into energetic electrons at 470 keV is due to the presence of common
external drivers such as substorm activity.



Information Theory and Machine Learning
for Geospace Research,
(Wing & Balasis, ASR 2024)

= Information theory can be integrated with machine learning to
achieve greater insights and performance.

= Information theory can help untangle, prune, and select the input
parameters for machine learning based modeling by identifying and
ranking the relevant parameters that actually transfer information to

the model output parameters.

= As a result, it can help reduce the dimensionality of the networks,
shorten the training time, and improve the model accuracies.
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Key Points:

* Anempirical model to predict state of
radiation belt relativistic electrons is

developed
¢ The model prediction efficiency

increases with increasing L* with a
PE>06atl* >3

e The model can potentially
complement a class of empirical Abstract Anempirical model of radiation belt relativistic electrons (4 = 560-875 MeV G~' and

lrgid:z:l:“:r;':tp‘“ observations from I=0.088-0.14 R, G") with average energy ~1.3 MeV is developed. The model inputs solar wind parameters
(velocity, density, interplanetary magnetic field (IMF) IBI, Bz, and By), magnetospheric state parameters
(SYM-H and AL), and L*. The model outputs the radiation belt electron phase space density (PSD). The model
is operational from L* = 3 to 6.5. The model is constructed with neural networks assisted by information
theory. Information theory is used to select the most effective and relevant solar wind and magnetospheric input
parameters plus their lag times based on their information transfer to the PSD. Based on the test set, the model
prediction efficiency (PE) increases with increasing L*, ranging from —0.043 at L* = 3 t0 0.76 at L* = 6.5. The

Simon Wing' ', Drew L. Turner! ), Aleksandr Y. Ukhorskiy' '/, Jay R. Johnson? -/,
Thomas Sotirelis!, Romina Nikoukar! ("', and Giuseppe Romeo!

'The Johns Hopkins University, Applied Physics Laboratory, Laurel, MD, USA, ?Andrews University, Berrien Spring, MI,
USA

Correspondence fo:
S. Wing,
simon.wing @jhuapl.edu

Citation:

Wing, S., Turner, D. L., Ukhorskiy, A. model PE is near 0 at L* = 3-4 because at this L* range, the solar wind and magnetospheric parameters transfer
Y.. Johnson, . R.. Sotirelis, T.. Nikoukar, little information to the PSD. Using solar wind observations at L1 and magnetospheric index (AL and SYM-H)
R., & Romeo, G. (2022). Modeling models solely driven by solar wind, the radiation belt model can be used to forecast PSD 30-60 min ahead. This

radiation belt electrons with information baseline model can potentially complement a class of empirical models that input data from low earth orbit
theory informed neural networks. Space

Weather, 20, e2022SW003090. https:// (LEO).

d oi.DrE 10.1029/20225W003090




	Slide 1: Complexity Heliophysics
	Slide 2
	Slide 3: ISSI International Team (2019–2022) 
	Slide 4
	Slide 5
	Slide 6: Recent example: scientific discovery in  RB dynamics through causality analysis
	Slide 7: Information Theory and Machine Learning for Geospace Research,  (Wing & Balasis, ASR 2024)
	Slide 8: RB Neural Network Model Assisted with Information Theory

