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Editorial on the Research Topic

Data-driven MHD: Novel Applications to the Solar Atmosphere

1 INTRODUCTION

The joint action of the complex magnetic field and ionised hot plasma leads to a range of dynamical
processes, including magnetohydrodynamic (MHD) waves in the Sun’s atmosphere at disparate spatial,
temporal and spectral scales (Andries et al, 2009; Mathioudakis et al, 2013; Li et al, 2020; Van
Doorsselaere et al., 2020; Srivastava et al.,, 2021; Wang et al,, 2021). Different observatories have been
employed since past several decades, both in space and at the ground, which put up a notably revamped
knowledge about the physical processes transporting energy and mass in the Sun’s magnetised
atmosphere at diverse spatio-temporal scales (De Pontieu et al., 2004; Jess et al, 2009; Srivastava
etal, 2017; Grant et al., 2018; Srivastava et al., 2018; Liu et al., 2019; Li et al., 2020; Van Doorsselaere et al.,
2020). Remarkably, at the large spatial-scales, the key progress in understanding the origin of impulsive
transient/eruptive phenomena such as energetic flares and bulky coronal mass ejections [CMEs, (Chen,
2011),], the related plasma processes detected at multi-wavelength radiative emissions varying from
Gamma rays, X-rays to radio wave frequencies, as well as their space weather reverberations have
illustrated a cardinal significance in the context of magnetohydrodynamics (MHD) modelling in recent
era (Guo et al., 2019; Korsds et al; Millas et al.; Samara et al., 2021). Besides the evolution of current age
telescopes and their back-end cutting edge instruments for observing the dynamical plasma processes,
noteworthy progress has been made in the theory of MHD waves, magnetic instabilities, global and local
configurations of the magnetic fields and their energy build-up/release processes in the solar atmosphere.
The novel science is emerged in understanding the wave processes, spontaneous/forced reconnection, and
eruptive phenomena in the context of MHD. The leap forward advancements in the observations,
coupled with theory, have emerged in form of front-line scientific progress in the field of solar
astrophysics. These progresses have put down the basic preliminaries for current (e.g., 4m-DKIST
(Rimmele et al., 2020; Rast et al., 2021); Parker Solar Probe (Bale et al., 2016); Solar Orbiter (Miiller et al.,
2020; GarciaMarirrodriga et al., 2021)) and forthcoming high resolution new generation observatories (e.
g, 4m-EST (Jurcik et al,, 2019); 2.5m-WeHoT (Fang et al., 2019); 2m-NLST (Hasan et al., 2010); Aditya-
L1 (Raghavendra Prasad et al., 2017; Tripathi et al., 2017), CHASE (Li et al.,, 2019), etc.) to explore
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extensively the magnetic coupling of different layers of the Sun’s
atmosphere, their localised energy and mass transport phenomena,
physical processes supporting a variety of eruptive events and space
weather. The large cohort of observational data, once assimilated,
will pave the way to realistic and stringent MHD modelling, whose
novel scientific results may further match with the observations to
solve numerous outstanding problems in solar and heliospheric
physics.

The present special research topic has provided an opportunity
to the solar physicists and space scientists to publish timely review
articles and original novel scientific results on the exclusive theme
of “Data-driven MHD: Novel Applications to the Solar
Atmosphere”. The guest editors solicited the scientific articles
that put forward the way to the front-line observational data
and associated data-driven MHD modelling collectively to answer
the fundamental but earnest topics of the solar atmosphere. The
objective of this topical issue is to put forward a novel insights into
the solar and heliospheric physics community, particularly when
the epoch of fine spatio-temporal resolution observations is on
our horizon (Erdélyi et al., 2019; Erdélyi et al.,; Matthews et al.,
2019; McCrea et al., 2019; Rast et al., 2021). Key scientific themes
include, but are not limited to:

¢ The potential role of MHD waves in the hot and magnetized
solar atmosphere (Pascoe et al.; Shukhobodskaia et al.);

e The dynamical plasma processes in the solar active regions,
and their modelling in the framework of MHD (Jiang et al.);

e Prediction of the space weather candidates (e.g., solar flares
and CMEs) (Korsos et al., 2021);

e Study of the MHD oscillations and solar magneto-
seismology (SMS) utilizing cutting-edge photospheric,
chromospheric,  transition  region and  coronal
observations from both space and ground (Pascoe et al;
Shukhobodskaia et al.);

e Modelling the large-scale solar eruptive and transient
phenomena (e.g., flares, CMEs, solar wind) and their
space weather and heliospheric consequences (Kumar
et al.; Millas et al.).

The present special issue and collection of the articles bring a
novel set of new scientific results, which are summarised in the
next subsection.

2 NOVEL SCIENTIFIC OUTCOMES OF THE
TOPICAL ISSUE

1) The complex plasma dynamics and energetics of the solar
atmosphere are governed by the combined interplay of the
plasma and magnetic fields. The current trends of the
understanding of Sun’s magnetic field origin and its data
driven modelling are at the fore-front of the solar research,
and there are extensive attempts made in recent days on this
very important scientific theme (Bobra et al., 2008; Cheung
and DeRosa, 2012; Kliem et al., 2013; Dalmasse et al., 2019;
Zhou et al., 2020; Yardley et al., 2021). The paper titled “MHD
Modelling of Solar Coronal Magnetic Evolution Driven by
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Photospheric Flow” by Jiang et al. depicted a cutting edge
perspective of the data-driven MHD simulations of magnetic
fields generated in the solar active region (AR). To the extent
of our knowledge, this is the first result to develop the
observational data enabled full MHD model that utilises
directly the flow field at the solar photosphere measured
with the DAVE4VM technique. They establish an MHD
equilibrium gleaned on one vector magnetogram by
utilising an MHD-relaxation model with an adeptly less
kinetic viscosity. They further apply the reported MHD
equilibrium as an initial condition for ensuing a data-
driven evolution. Thereafter, they derive the plasma flows
at the solar photosphere from the time series of the observed
magnetograms derived from DAVE4VM method. In the
present study, the surface plasma flows are ultimately
employed as an input in the time sequence to the bottom
boundary of the reported MHD model. It concordantly
upgrade the magnetic field at each time step by directly
solving the magnetic induction equation at the bottom
boundary of the numerical simulation box. They apply this
MHD model to understand the generation of the solar
magnetic field in AR 12158 whose sources are observed by
SDO/HMI vector magnetograms in their paper. Their
numerical model brings out a quasi-static stress of the
magnetic line of forces primarily via the rotational flows of
the leading sunspot of solar active region. This process creates
the core magnetic field lines to constitute a coherent S-shape
resemblance with the sigmoidal structure as often
observationally detected in the solar atmosphere. The total
magnetic energy acquired in the numerical model seen
equalising closely to the stored magnetic energy as
estimated straight away from the original vector
magnetogram using the estimated optical flow fields by
DAVE4VM. Such a new data-driven magnetic field model
possesses potential scientific implications in the field of solar
physics to study that how the Sun’s magnetic fields, as driven
by the slow plasma flow fields at the photosphere, get into an
unstable state and run into the gigantic eruptions.

Kink mode oscillations are ubiquitously evident in a variety of
magnetic structures in the solar atmosphere (Andries et al.,
2009). In the paper titled “Oscillation and Evolution of
Coronal Loops in a Dynamical Solar Corona”, Pascoe
et al. (Pascoe et al.) perform the numerical simulations
in order to understand the oscillation and evolution of solar
coronal loops in the dynamical solar atmosphere. They
have investigated the observational evidences of the
magnetoacoustic kink oscillations and the Kelvin-
Helmholtz (KH) instability both using high-resolution
seismological and spatial data analysis methods. The
exclusive finding elucidates that low amplitude kink
oscillations may play a role in giving rise the significant
changes in the loop profile. This may influence the
measurements of the transverse loop inhomogeneity
based on the seismological and forward modelling
methods. The influence on forward modelling estimates
in the present work may also result for the previous
observational signatures advocating loops having a wider
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3)

4)

inhomogeneous layer. Such diagnostics are very crucial to
understand the diagnostics and in understanding the
dissipative processes of such waves in coronal loops.

As stated in (Mathioudakis et al., 2013), the kink oscillations
of the solar magnetic loops have been extensively explored,
both in the observational data and in the theoretical models,
since the last couple of decades. Recently, this is demonstrated
that most of the observationally detected driven kink
oscillations of the coronal loops are subjected to the
damping with either exponential or Gaussian profiles. A
variety of physical mechanisms/processes are now well
studied to understand the damping phenomenon of the
kink oscillations (Shukhobodskaia et al.). However, some of
the driven kink oscillations are noted to be evolved in such a
way that they may not be modelled by using a Gaussian or
exponential damping profiles. This is due to the fact that the
amplification of kink oscillations are even observed at several
instances in the coronal loops. A variety of recent scientific
results in this context have delineated that including the joint
effects of coronal loop expansion, cooling, and resonant
absorption may result in the significant departure from the
Gaussian and exponential damping profiles of the fast
magnetoacoustic kink oscillations. It significantly describes
the increase in oscillation amplitude w.r.t. time in many
observed cases. In the paper titled “Significance of Cooling
Effect on Comprehension of Kink Oscillations of Coronal
Loops” (Shukhobodskaia et al.), authors examined ten driven
kink oscillations in the coronal loops to further probe on the
ability of expansion and cooling to expound the complicated
damping profiles of these oscillations. Their results do not
reckon on fitting a periodicity to these transverse oscillations
by considering the complexities in both the temporal
(i.e, change in the period) and spatial (i.e., change in the
amplitude) variations. This can be considered for in a
sophisticated and easy course of action. Additionally, this
approach may also permit authors to theorise some important
diagnostic information (e.g., the density ratio at the loop
footpoints where kink oscillations were evolved) from the
oscillation profile alone. This diagnostics does not require any
comprehensive measurements of the loop as well as complex
numerical modelling. The derived scientific results suggest the
correlations between the density ratio at the loop footpoints
and the amplitudes and periods of the kink oscillations.
Ultimately, the authors compare their obtained results to
the previous models, specifically the purely Gaussian and
exponential damping profiles of the kink oscillations,
through the estimations of £* values. Therefore, they find
that the inclusion of cooling can produce better fits to the
damped kink oscillations in some cases. The present scientific
findings suggest that the temperature evolution must be
incorporated in the kink-mode oscillation models to best
understand these oscillations which are not purely
Gaussian or exponential in nature.

It is extensively studied in the literature that the most dynamic
solar active-regions (ARs) are well-known to give rise the
gigantic flares rapidly, where this frequency varies with the
solar cycle. The prediction of these flares is a difficult task, and
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a wide range of methodologies is applied to proceed. Machine
learning approaches seem to have strong potentials (Bobra
and Couvidat, 2015; Kusano et al., 2020). In this topical issue
the paper titled “Testing and Validating Two Morphological
Flare Predictors by Logistic Regression Machine Learning”
(Korsos et al.) addresses a stringent method that is developed
to investigate and assess numerical measures of the mixed
states of ARs with opposite magnetic field polarities. By
evaluating two morphological parameters, ie., the
separation parameter, as well as the sum of the horizontal
magnetic field gradient, the present study delivers engrossing
evidences for the hypothesised relation between the level of
mixed states of the studied active region (AR) and the level of
the solar eruption probability within it. The efficiency of these
two parameters as flare predictors, or flare-pre-cursors, is
tested on a archetypal sample of randomly selected ARs, based
on the SOHO/MDI-Debrecen Data (SDD) and the SDO/HMI
- Debrecen Data (HMIDD) sunspot catalogues. The selected
data satisfy well-defined selection criteria. Over 1,000 ARs
were analysed to confirm the combined forecasting abilities of
these two morphological parameters. The logistic regression
machine learning method was employed to carry out the
study. It is shown that the two pre-cursors with their
threshold values act as excellent interrelated predictors. The
conditional forecasting probability of the investigated pre-
cursors is found to be at least 70% a day ahead of flare onset.
This is certainly an improvement when compared to the
currently available similar studies.

The space weather refers to the physical conditions in the
interplanetary medium and in the solar terrestrial
environment. It is basically generated by the solar activity,
inclusive of the variable ambient solar wind, energetic flares,
and huge and massive coronal mass ejections (CMEs) (Guo
et al.,, 2019; Korsds et al., 2020; Millas et al; Samara et al.,
2021). Mitigation of the adverse space weather effects with
economic and social benefits needs an improved knowledge of
the Sun-Earth relation. Data and models are the basis for
effective space weather forecasting. The paper entitled
“Domain of Influence Analysis: Implications for Data
Assimilation in Space Weather Forecasting” (Millas et al.),
contains a description of the famous and frequently utilised
space weather forecast models as well as the most suitable
locations for space weather data gathering. The authors used
three models that simulate different stages of the connection
of the Sun to the Earth and applied Representer Analysis (RA)
on them. They also performed a Domain of Influence (DOI)
analysis to the same models. The models considered are
OpenGGCM and Tsyganenko, which focus on the interplay
of the supersonic solar wind with the planetary
magnetosphere, and PLUTO which is applied to
numerically model the propagation of the coronal mass
ejections (CMEs) in the interplanetary space. Their model
based analysis is favourable for the studies of space weather
dynamics for the multitude of reasons. On the first instance,
they get quantitative understanding of the most utilitarian
locations of the observation points, e.g., solar wind monitors.
For the illustration, they describe that the absolute values of
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the Domain of Influence (DOI) are exceptionally lower in the
magnetospheric plasma sheet at the Earth’s outer atmosphere.
Given the fact that the understanding of this specific sub-
system is pivotal for the space weather, an effective and
augmented monitoring of the region will be highly
advantageous. On the other hand, they are accomplished to
better characterise the numerical models. Even if the present
analysis aims on spatial correlations compared to the temporal
correlations, they infer that the time-independent numerical
models are less useful for the Data Assimilation pursuit
compared to the time-dependent numerical models. Finally,
they get hold of the first exclusive stride toward enterprising
objectives of pin pointing the most pertinent heliospheric
parameters for modelling the CME propagation in the
heliosphere, their arrival time, and exclusively their
geoeffectiveness at the Earth’s magnetosphere. The present
work clearly improves the data acquisition and modelling
capabilities of the interplanetary responses of the space-
weather candidates.

6) CMEs and sporadic solar jets set out as perturbations to the
ambient supersonic solar wind, and their joint effects exhibit a
vital inference in the space weather associated dynamical
plasma processes. Consequently, a vigorous foundation for
precise forecast of the background solar wind properties is a
most essential pathway towards the progress of any space
weather prediction. In the paper titled “A Comparison Study
of Extrapolation Models and Empirical Relations in
Forecasting Solar Wind” (Kumar et al), the authors
studied on the application and comparison of different
numerical models which are crucial to the prediction of a
steady state high-speed solar wind. Notably, the authors carry
out the case studies on Carrington rotations 2053, 2082, and
2104. Thereafter, they have evaluated the performance of
magnetic field extrapolation models in concurrence with
the velocity empirical formulations. This further helps in
predicting the physical properties of the solar wind at the
Lagrangian point “L1”. The two completely distinct models to
extrapolate the solar wind from the Sun’s corona to the inner-
heliospheric space are described by the authors. The first
model is related with the kinematics based Heliospheric
Upwind eXtrapolation (HUX) model. The second model is
a physics based model. With the PLUTO open-source code,
the physics-based model solves a set of hydrodynamic
equations in the conservative form, and the numerical
results can also estimate and forecast the thermal
parameters of the solar wind. The predictions of the solar
wind parameters by different models are quantitatively
assessed by comparing with statistical observations.
Moreover, they extend such a developed modelling
framework to forecast the polarities of interplanetary
magnetic fields near the Earth. Their model performs
pretty well, for example, the comparison between their
predictions and the observations leads to a remarkable
correlation coefficient up to ~0.73-0.81, with a root mean
square error of ~75-90 km s™'. In addition, they compare the
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physics-based model and the hourly time-scale OMNI solar
wind data. It is found that the standard deviation is similar to
each other and the solar wind proton temperatures match very
well between predictions and in-situ measurements.

3 CONCLUSION

The present topical collection brings some state-of-art scientific
articles on the study of physical understanding of the MHD wave
modes and their behaviour in the non-adiabatic solar
atmosphere; their numerical simulations in magnetic loops.
Moreover, the stringent active region modelling and the flare
prediction models provide novel scientific understanding on
the dynamics of eruptive phenomena and their predictions in
the framework of space weather research. A comparative study
of the extrapolation models and empirical relations in
predicting the solar wind also put forward a comprehensive
study on magnetic extrapolation models and their role in
understanding and forecasting the physical properties of the
solar wind over the Carrington rotations. The role of the MHD
modelling and data assimilation in space weather forecasting is
also emphasised in this collection. Given the fact that new as
well as forthcoming observatories from ground and space in
the modern era of solar and heliospheric physics are focusing
on understanding energy and mass transport processes at
diverse spatio-temporal scales as well as space weather
studies, the present topical issue serves significantly with
some selective front-line research papers and their thematic
contents in demonstrating the cutting-edge progress in these
research fields.
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