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1. PREDICTIVE MODELING REQUIREMENTS

The arrival of ejecta from solar eruptive events (SEEs), such as coronal mass ejections or filament eruptions, at not

only Earth orbit but the orbits of other planets and spacecraft in the inner heliosphere, has considerable damaging

consequences, which necessitates the need for accurate and timely prediction. Central to this need is the real-time

prediction of the build-up and release of the driving energy of these SEEs, which is stored in magnetic fields in the

Sun’s atmosphere. This document outlines future requirements to develop predictive models of SEE initiation. It

provides suggestions for targeted programs to meet these requirements by 2050.

Drawing an analogy with the modeling of Earth’s atmosphere, we envisage two broad categories of heliophysics

modeling frameworks: heliophysics climate models and space weather prediction models. The former simulate years

to decades of solar activity, from deep solar interior to Earth orbit and beyond, but are used to study the statistical

nature of solar activity and heliospheric consequences. The latter are used to predict real events, and are driven

and constrained by available (in space and time) observations. Vital to this latter framework is the ability to

predict, in real-time, the onset of SEEs and their propagation into the heliosphere.

A road-map to achieving this predictive capability will include investigations that address the outstanding science

questions: How and when does the magnetic energy stored in coronal magnetic field build up and release

to drive SEEs? Based on these questions, one can construct the necessary components of this predictive framework.

At present, and likely in the near future, the best measurement of the magnetic field is at the solar photosphere,

leading to SEE initiation models operating in a model corona that are either 1) loosely inspired by, 2) constrained by,

or 3) directly driven by the observed photospheric field. Examples of each of are given in §2.

A predictive SEE initiation model should start with an accurate, time-dependent, and real-time description of the

background coronal magnetic field and plasma, including thermal properties and flows (magnetohydrodynamics -

MHD), driven by regularly updated magnetic fields at the photosphere. Such modeling requires full 4π observa-

tions of the photospheric/chromospheric magnetic field vector. Remote observations of the coronal plasma,

and inferred magnetic field, should be used to constrain the model, or even be assimilated mathematically into the

numerical model, though it is unreasonable to expect that observational inputs will have the spatial and temporal

coverage to allow a conventional application of data assimilation into these models.

Rather than model all present active regions (ARs) on the solar surface in full detail, the framework should identify

those ARs that are likely to be eruptive, based on studies of eruptivity indicators. AR-focused models, either nested

inside the global model, or coupled via boundary conditions, should be run in high-resolution, updated not only

with magnetic field vectors, but the other MHD state variables required to evolve the extended system (MHD +

thermal conduction + radiation + multi-fluid effects). These AR-focused models should be able to run faster than

real-time to predict the build-up and release of magnetic free energy, and be driven by photospheric magnetic fields

and other observable quantities. However. they also should be constrained by chromospheric and coronal observations

of the magnetic field if possible, using data-assimilation techniques depending on the spatial coverage. This requires

observations of the magnetic field at various heights above the solar surface.

The eventual initiation of a SEE from an AR should be modeled, faster than real-time, in the predicted global coronal

background. As in Earth weather modeling, ensemble modeling should be used to produce statistical predictions. The

predictive capability of such coupled models is a vital input for other space-weather-related prediction

frameworks, such as the arrival time of SEEs at Earth, or solar energetic particle (SEP) events.

2. CURRENT ABILITY AND FUTURE NEEDS

At present global coronal models use synoptic magnetograms and extrapolation techniques to construct the coronal

magnetic field, and heat the plasma that populates the domain with idealized heating mechanisms in order to compare
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with remote observations of the emitting plasma. Advances in recent years include more sophisticated heating models,

e.g., Alfven wave turbulence [2]. Studies [6] using global coronal models driven by the observed photosphere have

shown the importance of far-side solar photosphere measurements for accuracy, though recent work has shown how,

in the absence of far-side magnetic field observations, observed far-side coronal emission can be used to infer the

photospheric fields. 4π real-time coverage is vital to accurate global coronal field modeling and should

replace the use of synoptic magnetograms. In addition, these global coronal models should be constrained not

only with remote observation of the plasma, but with novel measurements of the coronal magnetic field [e.g., 4]

Numerous idealized models exist that simulate SEE initiation and propagation into the heliosphere, via the build-up

and release of magnetic free energy. These models typically operate only in the corona, using the photospheric magnetic

field observations to inspire the initial and/or lower boundary conditions [e.g., 1]. These simulations successfully create

a variety of observed solar transient phenomena, including SEEs with speeds consistent with observations. However,

these models all rely on the process of magnetic reconnection, which fundamentally occurs at scales much smaller

than can be resolved in such large-scale models. Analogous to sub-grid scale modeling of turbulence, AR and global

scale models require information from detailed small-scale kinetic and hybrid simulations to better simulate the onset

of reconnection. Embedded particle codes in MHD simulations are an attractive possibility [9] but the coupling of

scales in magnetic reconnection will continue to remain an open issue in solar physics that should be

tackled and resolved in the next few decades

Despite these advances, understanding of the initiation process itself and the pre-eruptive magnetic structure is

elusive. Self-consistent simulations are required in this future predictive framework, and the idealized initial and

boundary conditions of the SEE initiation MHD models above should be replaced with a time-dependent lower

boundary using real-time photospheric field, often termed ”data-driving” in the literature. The method of driving

a boundary of an MHD simulation with observational data is fraught with computational and mathematical barriers:

An observationally-driven model must be consistent with both the governing MHD equations and the

observations. One solution to this problem involves using the method of characteristics.

Advances have been made by relaxing the requirements of using an MHD physical model. The magnetofrictional

(MF) technique [e.g., 3] is used to study the build up of free magnetic energy, driven at the lower boundary by vector

magnetic field and derived plasma velocities observed at the solar photosphere. These models can show good agreement

with the timing of eruptive events when applied to past AR events. The MF technique is unable to evolve the system

beyond the start of an eruption, however, so is typically coupled to an MHD model. A study [7] tested various data-

driven models using the same synthetic ground-truth. They found that the accuracy of the coronal field varied amongst

the models, all of which had some simplifying assumptions designed to avoid a full data-driven solution. A physically

and mathematically correct treatment of time-dependent boundary conditions that is simultaneously

compatible with the observations and the extended MHD system is required.

A data-driven MHD model requires the complete MHD state vector, including velocities and plasma quantities.

Future observations may include such observations, but it is likely that methods for the inference of such properties

from the magnetic field will still be required. Such inference techniques based on the MHD equations exist for the

plasma velocity. For the thermal properties, the use of radiative modeling of the observed emission, combined with

machine learning approaches, could prove useful.

Due to simplifying assumptions, current data-driven MHD models apply the photospheric data as a lower boundary

condition in the model corona, where the density is orders of magnitude smaller than the photosphere, and hence the

plasma is magnetically dominated and the field is more likely to be force-free. This inconsistency is a barrier to accuracy

and the effects of the region between the photosphere and corona, namely the solar chromosphere and

transition region, must be included in these data-driven models. Recent improvements in idealized modeling

of the lower atmosphere currently includes not only the stratification of the chromosphere, but also the additional

physical mechanisms operating there [e.g., 5]. The solar chromosphere acts to process the observed magnetic field as

it extends into the corona. The physics of optically thick radiation near the surface, complex radiative transfer in the

chromosphere, thermal conduction in the transition region, as well as multi-fluid effects, act to process the magnetic

field and alter it as it evolves from the photosphere to corona. Data-driven MHD models of ARs should include these

effects, either via first-principle approaches, or parameterized to allow real-time simulation. These physical additions

not only increase accuracy, but they allow a more comprehensive comparison of simulations with observations.

While the individual development of the components of the framework are key, significant effort should be placed

in how to couple these various components to produce a predictive framework. One key issue is the coupling of
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AR and global description of the magnetic field. An example of a solution can be found in [8]. Typically synoptic

magnetograms centered around a known historic event are used to construct a snapshot in time of a global coronal

MHD model, with a high-resolution region focused on the AR that produced the SEE. The SEE is initiated by inserting

an energized coronal magnetic field structure, a coronal flux rope, which has footprints consistent with the observed

photospheric magnetogram. Idealized flows are driven at the model boundary to cause the eruption, which is then

evolved into the global coronal background into the corona, and then coupled to a propagation model to 1 A.U.

Due to computational constraints, these simulations must operate in simplified physical models, typically zero-β, and

do not use time-dependent boundary conditions. The combination of a coupled model framework with the

additional components of observationally driven boundary conditions and lower atmosphere physics

represents a challenging but attainable route to SEE predictive capability. Other issues to address include

coupling to particle acceleration models to predict SEP events, and to kinetic models to accurately capture magnetic

reconnection. In addition, the ability to couple with Earth and other planet-focused space weather models, such as

those housed at NASA’s Community Coordinated Modeling Center, should be implemented.

Other components of a predictive framework include the development of reliable indicators that predict which ARs

are likely to erupt. The use of improved idealized models and machine learning to identify indicators are promising

approaches. Also, analogous with Earth’s weather prediction, the predictive model framework needs to run ensemble

forecasts to provide statistical predictions and temporally useful predictions of SEE propagation and arrival at Earth.

3. INDIVIDUAL PROGRAMS REQUIRED FOR A SEE PREDICTIVE FRAMEWORK

• Development of AR data-driven MHD models using photospheric measurements, and including physics of the

photosphere/chromosphere/TR and corona. 10 years

• Development of the coupling of different MHD models that span different heliospheric regions. 10 years

• Studies of eruptivity indicators, e.g., empirical forecasting guided by simulations 10 years

• Studies of scale-coupling in magnetic reconnection. 10 years

• Direct observations of the coronal magnetic field. 20 years

• Development of ensemble future modeling techniques suitable for Heliophysics models. 20 years

• New satellite observations with 4π magnetograms of the photosphere and chromosphere. 20 years

• Development of data-assimilation framework relevant for solar models where data are sparse and sometimes

located on model boundaries. 30 years
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