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Goals
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• How can we better utilise remote-sensing observations for space-weather 
forecasting?

31 Aug 2012

• This work: study flux ropes predicted by a global coronal evolution model.

• Where/when on the Sun will CME eruptions occur?
• Can we predict the properties of individual (I)CMEs?
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Modelling approach
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• Magneto-friction: Build up coronal currents over time by footpoint shearing.
• Only require Br + v on solar surface.

• Large-scale footpoint motions + flux 
cancellation leads to formation and eruption of 
flux ropes.
van Ballegooijen & Martens, ApJ (1989)
Mackay & van Ballegooijen, ApJL (2005)
Mackay & van Ballegooijen, ApJ (2006)
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Full solar cycle simulation 
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• Individual bipolar magnetic regions 
determined from NSO synoptic 
magnetograms.

• Inserted with idealised 3D form.

Yeates & Mackay, ApJL (2012)
Yeates, Solar Phys. (2014)

June 1996 — Feb 2014

1.875° resolution 
at equator

core, or axis. Our new methodology allows us to define the full
extent of each flux rope, enabling us to more accurately
measure the magnetic flux and helicity content of each flux
rope over its lifetime. In addition, the new methodology is less
prescriptive of the precise geometrical shape of the magnetic
field within the flux rope, providing a more robust definition
alongside a computationally efficient method. We also feel it to
be more practical than the squashing-factor approach, where it
can be difficult to identify which of the many topological
regions in a complex magnetic field correspond to flux ropes.

This paper focuses on describing the methodology itself and
on illustrating the results for the same global simulation as
Yeates (2014). The simulation is briefly described in Section 2,
before the methodologies for detecting flux ropes and their
eruption are described in Section 3. The simulation is slightly
extended compared to that presented in Yeates (2014),
spanning the years 1996 through 2014. Magnetic field data
are output at a cadence of 24 hours and used to generate a flux
rope database sufficient for meaningful statistics, which are
summarized in Section 4. In the future, it is hoped that this
method can be extended to compare different coronal models in
order to better understand the origin of CMEs. To this end, our
flux rope detection code is freely available to the community.

2. Coronal Magnetic Field Model

With the goal in mind of simulating solar filament channels,
van Ballegooijen et al. (2000) developed a mean field model to
simulate large-scale regions of the Sun. Using this model
framework, Mackay & van Ballegooijen (2006) worked to
develop a simulation of a portion of the coronal field, allowing
two magnetic bipoles to evolve and interact. A consequence of
this interaction, in the presence of photospheric footpoint
motions, is the formation and eruption of several flux ropes
throughout the course of the simulation. Yeates et al. (2008)
subsequently extended this work to develop a global non-
potential model, driven by photospheric observations of bipolar
magnetic regions and capable of continuously evolving the
coronal magnetic field over months and years. Further
advances to this code, including the addition of hyperdiffusion
and a variable grid, are outlined in Yeates (2014).

The particular simulation used for this study is an extended
run of that described by Yeates (2014), in which the coronal
magnetic field evolves quasi-statically through magnetofric-
tion, being driven by a surface flux transport model on the
lower boundary. The surface field evolves forward through
diffusion and prescribed large-scale flows, along with the
emergence of new bipolar magnetic regions.

The resulting coronal field evolves through a continuous
sequence of near force-free equilibria, allowing the build up of
large-scale electric currents and free magnetic energy over
time. These currents tend to become concentrated in magnetic
flux ropes which form over photospheric polarity inversion
lines due to flux cancellation (van Ballegooijen & Mar-
tens 1989). When flux ropes become too strong in the model,
they lose equilibrium and are ejected through the outer
boundary.

The quasi-static model is not capable of following the full
dynamics of these ejections, although the topological evolution
of the magnetic field during eruption is found to be similar to
that in full magnetohydrodynamic simulations (Pagano et al.
2015). In addition, the analyses of Yeates et al. (2010a) and
Yeates (2014) suggest the number of flux rope ejections in the

quasi-static model to be significantly lower than the number of
observed CMEs in any given time interval. This arises because
the global model does not follow the detailed dynamics within
active regions, so that, for example, multiple eruptions from
within the same active region cannot be reproduced in the
simulation. When higher resolution magnetograms are used as
input to drive the model, it has been shown to reproduce well
the formation and eruption of flux ropes within individual
active regions (Gibb et al. 2014; Rodkin et al. 2017). At
present, however, it is not possible to include such fine detail
within global-scale simulations, not least because magnetogram
data are not available simultaneously over the full solar surface.
For the particular model run here, the grid spacing at the

equator was set at 1°.875 and the source surface was set to
R2.5 :. On the photospheric boundary, supergranular diffusion

was set to 450km2 s−1, with a peak meridional flow of
11ms−1. In addition, a radial outflow velocity was defined as
100ms−1 near the outer boundary to simulate the effects of the
solar wind and to keep the magnetic field radial at that height.
Further details of the grid setup and other model parameters are
given in Yeates (2014).
A set of observed magnetic bipole data drives the

magnetofrictional model as the source term. The emergence
time, latitude, and Carrington longitude are noted as well as the
separation between magnetic peaks, magnetic flux for each
polarity, tilt angle, and twist parameter. For the work detailed
here, a database of observed bipoles covers the span 1996 June
15–2014 February 10 (Yeates 2016). Figure 1 shows the
observed bipoles as a function of emergence latitude and time,
magnetic flux, and angular half-separation. Each bipolar region
is represented as a single circle, with color mapping indicating
the leading polarity magnetic flux. Each marker is scaled to
represent the angular half-separation between magnetic peaks,
and background shaded contours describe the surface radial
magnetic field strength. When inserted into the three-dimen-
sional magnetofrictional model, the bipoles take the idealized
form detailed in Yeates et al. (2008), with twist values
distributed as outlined in Yeates (2014).

Figure 1. Observed bipoles driving the magnetofrictional model, with each
bipolar pair represented as a single circle colored by the magnetic flux of the
leading magnetic pole. The radius of each marker is scaled to represent the
angular half-separation between magnetic peaks, with the largest marker
indicating 8.69 heliographic degrees. The mean radial magnetic field strength at

R1 : is plotted below this data, at levels of ±{1, 3, 5}G, in white and black,
respectively.
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The Astrophysical Journal, 846:106 (13pp), 2017 September 10 Lowder & Yeates
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Global evolution
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Field line helicity
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• We compute field line helicity to reveal the distribution of magnetic helicity.
• Helicity is stored in the flux rope and suddenly released through eruption.

Yeates & Hornig, A&A (2016)
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Global simulation
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• Field line helicity builds up in a non-uniform way, indicating that “tangling” is stored 
at particular locations.
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Flux rope detection/definition
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• Identify core field lines with |A| > A core.
• Grow to an extent threshold |A| > A extent.
• Minimum footprint size 10 pixels.

Lowder & Yeates (ApJ, 2017)
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Flux ropes
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• Built database over full 18-year model run (daily cadence).
• Tracked flux ropes over time ( > 50% area overlap).
• Removed structures spending more than half of lifetime above 1.25 Rsun.

• Movie shows flux rope cores for part of run (coloured by A):

Lowder & Yeates (ApJ, 2017)
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Eruption detection
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• Detect eruptions with thresholds on both |B x er| and |A| at upper boundary.
• Trace down to photosphere and link to pre-eruption database.

Lowder & Yeates (ApJ, 2017)
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Results

11

• 1561 erupting and 2099 non-erupting ropes.

Lowder & Yeates (ApJ, 2017)

Erupting

Non-
erupting

Eruptions 
per day
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Erupting vs. non-erupting
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• Erupting ropes are longer lasting, with greater flux and helicity than non-erupting.
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Lowder & Yeates (ApJ, 2017)
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Estimated ejection rates
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• At peak strength of pre-erupting rope.

Lowder & Yeates (ApJ, 2017)

• Totals ejected over Solar Cycle 23:
• 3.5 x 1024 Mx magnetic flux
• 2.4 x 1046 Mx2 magnetic helicity

• But our ejection rate of 0.24 per day is lower 
than LASCO CME rate.

• Similar to magnetic cloud estimates by 
Démoulin et al., Solar Phys. (2016)
~ 3 x 1024 Mx,  ~ 2.5 x 1046 Mx2.

ejected 
helicity 
per day

ejected flux 
per day



http://www.maths.dur.ac.uk/~bmjg46/

Conclusions

• Time-dependent modelling of non-potential magnetic field in the solar corona.

• Definition/identification of magnetic flux ropes using field line helicity.

• Active regions + large-scale motions lead to ejected flux and helicity comparable to
observational estimates, but too few CME eruptions.

• FRoDO Python code for flux rope tracking — https://doi.org/10.5281/zenodo.825186

• Future plans: study model dependence.

References
• Yeates & Mackay, ApJL 753, L34 (2012).
• Yeates, Solar Phys. 289, 631 (2014).
• Yeates & Hornig, A&A 594, A98 (2016).
• Lowder & Yeates, ApJ 846, 106 (2017).


