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ABSTRACT

Context. Constructing the relevant magnetic field lines from active region modelling data is crucial to understanding the underlying
instability mechanisms that trigger the corresponding eruptions.
Aims. We present a magnetic flux rope (FR) extraction tool for solar coronal magnetic field modelling data that builds upon a recent
methodology. The newly developed method is then compared against its previous iteration. Furthermore, we apply the scheme to
magnetic field simulations of active regions AR12473 (similar to our previous study) and AR11176. We compare the method to its
predecessor and study the 3D movement of the newly extracted FRs up to heights of 200 and 300 Mm, respectively.
Methods.The extraction method is based on the twist parameter Tw and a variety of mathematical morphology (MM) algorithms,
including the opening transform and the morphological gradient. We highlight the differences between the methods by investigating
the circularity of the FRs in the plane we extract from. The simulations for the active regions are carried out with a time-dependent
data-driven magnetofrictional model (TMFM). We investigate the FR trajectories by tracking their apex throughout the full simulation
time span.
Results. Comparing the newly developed method to the previous extraction scheme, we demonstrate that this upgrade provides the
user with more tools and less a priori assumptions about the FR shape, which in turn leads to a more accurate set of field lines.
Despite some differences, both the newly extracted FR of AR12473 and the FR derived with the old iteration of the method show a
similar general appearance, confirming that the two methods indeed extract the same structure. The methods differ the most in their
emergence and formation stages, where the newly extracted FR deviates significantly from a perfectly circular cross-section (which
was the basic assumption of the initial method). The propagation analysis yields that the erupting FR from AR12473 indeed shows
stronger dynamics than the AR11176 FR and a significant deflection during its ascent through the domain. The modelling results are
also verified with observations: AR12473 is dynamic and eruptive, while AR11176 only features an eruption outside of our simulation
time window.
Conclusions. We implemented a FR extraction method, incorporating mathematical morphology algorithms for 3D solar magnetic
field simulations of active region FRs. This scheme was applied to AR12473 and AR11176. We find that the clearly eruptive FR
of AR12473 experiences significant deflection during its rise. The AR11176 FR appears more stable, though there is still a notable
deflection. This confirms that at these low coronal heights, FRs undergo significant changes in the direction of their propagation even
for less dynamic cases.

Key words. methods: data analysis – methods: observational – Sun: activity – Sun: corona – Sun: coronal mass ejections (CMEs) –
Sun: magnetic fields

1. Introduction

Solar eruptions play a central role in many space weather stud-
ies as their space weather effects have direct impact on our tech-
nology and life on Earth. In particular, coronal mass ejections
(CMEs; e.g. Webb & Howard 2012) can cause great disruptions

⋆ Movies are available at https://www.aanda.org

to both our space- and ground-based technology, and related
high-energy particle radiation can pose a risk to astronauts and
high-altitude airplane crew and passengers (see e.g. Zhang et al.
2021; Bain et al. 2023). Thus, there is broad interest in the under-
standing of the triggering mechanisms of solar eruptive phe-
nomena and their evolution from initiation until their arrival at
Earth.
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Flux ropes (FRs) are the key magnetic structures related
to CME eruptions (see e.g. Vourlidas et al. 2013; Green et al.
2018; Chen 2017). Due to the limited capability of observing the
magnetic field in the solar corona, modelling the corona via
numerical simulations is necessary to study the formation, desta-
bilisation, and dynamics of solar FRs. There is a wide range
of numerical simulations that incorporate physics to varying
degrees in many different implementations, such as potential
field methods, non-linear force-free fields, and magnetohydro-
dynamic (MHD) models, to name a few (e.g. Kilpua et al. 2019,
and references therein). Identifying and tracking the magnetic
FRs (i.e. following the field lines that belong to the same mag-
netic structure) that are either injected into these simulations or
directly result from them is not a trivial task.

Often, very approximate methods are used to determine the
magnetic field lines of FRs from the models. Manual extrac-
tions are widely performed (e.g. Kumari et al. 2023) and few
automatic methods exist, for example Lowder & Yeates (2017),
who have constructed a FR identification and tracking procedure
for coronal magnetic field simulations. The authors base their
method on thresholding photospheric maps of field line helicity,
while the tracking is carried out by calculating the overlap of
footpoints between two output frames.

In this paper we present a novel semi-automatic FR extrac-
tion scheme to identify and track the evolution of solar FRs in
coronal simulations. Here, we base the extraction on the twist
parameter Tw (e.g. Berger & Prior 2006; Liu et al. 2016), paired
with a non-linear image processing method called mathematical
morphology (MM). A prominent advantage of the MM method-
ology is that any proxy that captures the relevant FR field lines
can be employed. The incorporation of MM methods was cho-
sen because it allows the user to have more control over the FR
extraction procedure, and to remove the need for assumptions to
simplify the process. This new extraction scheme builds upon
the methodology developed in Wagner et al. (2023, hereafter
Paper I). The previous method was also focused around extract-
ing a FR from the Tw maps. Instead of MM algorithms aiding the
procedure, the assumption of a perfectly circular cross-section in
the plane of extraction was employed. Additionally, two parame-
ters were introduced to control the FR size depending on the gra-
dient in the twist maps (κ) and the amount of overlying, non-FR
twisted field lines (ǫ). The tool we present in this paper removes
both the restricting circularity assumption and the complications
due to the additional parameters. The new tools will be tested
on the output of a time-dependent data-driven magnetofrictional
model (TMFM; Pomoell et al. 2019) applied to active regions
(ARs) AR12473 (which passed the centre of the solar disk on
28 December 2015) and AR11176 (which passed the centre of
the solar disk on 28 March 2011). The first is the same AR that
was analysed in Paper I, which allows us to directly compare the
results and highlight the improvements of the new scheme, while
AR11176 serves as an additional case to test the methodology.

The mathematical morphology method was introduced by
Matheron (1967) and Serra (1969) who applied it to probe
porous media (Serra 1982; Matheron & Serra 2002). Based on
set theory, topology, and integral geometry, MM has turned
out to be a powerful tool for describing the geometrical shape
of objects of interest in images. According to Carvalho et al.
(2020), MM is particularly suited for analysing structures with
complex and irregular shapes and/or sizes. The quantitative
properties of these structures can be easily found with specific
implementations provided by MM software libraries. Moreover,
MM is applicable to different types of images, from low to higher
resolution, as it can deal with images taken at both ground-based

as well as space-borne observatories. Therefore, it is also a suit-
able methodology for the field of heliophysics. Several studies
have already demonstrated that the MM analysis is able to char-
acterise a vast range of solar features accurately. For example,
Shih & Kowalski (2003), Qu et al. (2005), and more recently
Koch & Rosolowsky (2015) applied MM techniques to detect
solar filaments in H-alpha full-disk and far-infrared solar images,
while Barata et al. (2018) and Carvalho et al. (2020) uncovered
sunspots and solar plages through a MM algorithm pipeline.
Stenning et al. (2013) used MM to classify sunspots.

In this paper we apply MM operations to extract and pro-
cess the early-phase FR structures from the simulation gener-
ated twist maps. In order to obtain the external outlines of these
structures, we implement an operator called the morphological
gradient (see Sect. 2.3).

The paper is organised as follows. In Sect. 2 we discuss the
data and methods needed to perform the simulation and extrac-
tion. Section 3 presents the resulting flux ropes and their trajec-
tories. Finally, Sect. 4 discusses the method’s performance and
the results of the extraction and deflection analysis.

2. Data and methods

2.1. Observational data

The TMFM simulation requires a time series of photospheric
vector magnetograms (see Sect. 2.2). We therefore used mag-
netic field data from the Helioseismic and Magnetic Imager
(HMI; see Couvidat et al. 2016; Schou et al. 2012) from the
Solar Dynamics Observatory (SDO) mission (see Pesnell et al.
2012).

To compare with our modelling efforts, we furthermore used
image material from the Atmospheric Imaging Assembly (AIA;
see Lemen et al. 2012) instrument of SDO. In particular, we
made use of the 171, 193, and 211 Å channels.

2.2. The TMFM model and set-up

Analogously to Paper I, we applied a TMFM (Pomoell et al.
2019) to active region AR12473. In Paper I we paired this sim-
ulation with a relaxation procedure, where the TMFM was cou-
pled to a zero-beta magnetohydrodynamics approach (Daei et al.
2023). In addition, in this work we also applied the tracking
methodology to a second active region, AR11176. From the
HMI vector magnetograms, electric field maps were created,
which were then ultimately used as input to the model; more
details on this procedure can be found in Lumme et al. (2017)
and Pomoell et al. (2019). The dynamics in the model are set
based on the assumption of the velocity u in the coronal domain
being proportional to the Lorentz force

u =
1
ν

µ0 J × B

B2
, (1)

with B the magnetic field, µ0 the vacuum magnetic permeability,
J the current density, and ν the magnetofrictional coefficient.

The TMFM simulation of AR12473 was performed for the
time interval from 22 December 2015, 23:36 UT, to 2 January
2016, 12:36 UT, and thus identically to Paper I, and of AR11176
from 25 March 2011, 4:00 UT, to 1 April 2011, 18:00 UT. These
periods correspond to the times when the active regions were
best observed on-disk and not too close to the limbs of the Sun,
which is necessary for keeping projection effects in the input
data to a minimum. The simulations were both analysed at a
cadence of six hours. The Cartesian domain for AR12473 has an
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approximate size of 386 × 254 × 200 Mm while the domain for
AR11176 has approximate dimensions of 800 × 374 × 300 Mm
(corresponding to x, y, and z, respectively, with the plane of the
magnetogram being the z = 0 plane). In total, the AR12473
simulation domain consists of approximately 10.6 million cells,
while the AR11176 domain contains approximately 48.8 million
cells. For AR11176 the domain height is larger (300 Mm com-
pared to 200 Mm) due to specifics of the FR that are detailed in
Sect. 3.2. One fundamental difference between the two sets of
simulations is the masking of the magnetograms: for AR12473
no masking was applied (analogously to Price et al. 2020 and
Kumari et al. 2023); for AR11176 we set all B-field values below
250 G to zero. This step had to be done for AR11176 as the sim-
ulation with an unmasked magnetogram yielded only a small,
stable, and weakly twisted bundle of magnetic field lines close to
the photosphere. Otherwise, the pre-processing steps were anal-
ogous to Price et al. (2020).

2.3. Mathematical morphology algorithms

We used MM algorithms (introduced in Sect. 1) to aid our extrac-
tion method in multiple ways. MM is built upon a reference
object called the structuring element (SE). This object has a size,
shape, and orientation which are defined a priori by the user,
and it is used as a kernel to probe images. Most MM transforms
operate by comparing the structures of interest in images to this
carefully user-selected SE. In other words, we extract, reject,
or modify image structures that the SE fits or misses, respec-
tively, hence the importance of accurately choosing an appropri-
ate shape and size for the SE (Soille 1999).

Erosion and dilation are the two fundamental MM operations
that provide a basis for all other image transforms. On the one
hand, the erosion transform is a useful tool in morphological
image processing to enhance the darkest regions of an image,
called valleys, and to numb the intensity of the brightest ones,
called peaks (Barata et al. 2018). From the point of view of set
theory, the erosion of a set X, ǫA(X) = X ⊖ A, is determined by
all the centre points x of the SE A, such that A is included in
X. Thus, for binary images this has the effect that pixels around
the object boundaries may be removed. On the other hand, the
dilation transform of a set X, δA(X) = X ⊕ A, is defined as the
union of all the centre points x of the SE A, where A and X
have non-zero overlap. Contrary to erosion, the dilation operator
adds pixels around the original object boundaries and widens the
bright areas while reducing the valleys (Barata et al. 2018).

The morphological gradient subtracts the erosion from the
dilation for a grey-scale image f : ∇( f ) = δA( f ) − ǫA( f ), also
written as ∇( f ) = ( f⊕A)−( f⊖A),where f is the image and A the
SE. The morphological gradient helps to accentuate variations in
the twist number maps, as will be shown in Sects. 2.4 and 4.

2.4. Extraction method based on mathematical morphology
algorithms

Following the procedure employed in Paper I, the extraction
starts from a 2D slice, chosen to cut the domain close to the
polarity inversion line (PIL) of the simulated active region. In
theory, any plane where the FR is expected to pass through is
suitable. In this slice we calculate the twist map using the twist
number Tw, according to the approach in Liu et al. (2016). Tw

counts the number of turns that two infinitesimally close field
lines make about each other (Berger & Prior 2006). More dis-
cussion on the choice of Tw as the FR proxy can be found in
Sect. 4.3. Figure 1 shows an example of Tw maps, reconstructed

for a few selected frames from the TMFM simulation output for
AR12473 (the plane is placed at x ≈ 0.7 Mm). These maps have
a resolution of approximately 0.36 Mm per pixel for both active
regions.

In the next step, we apply the morphological gradient to
sharpen the twist maps. This has the effect that the subsequent
application of a threshold is more stable with regard to the result-
ing outlines. This allows us to use a constant threshold through-
out the whole time series to identify high-twist regions (and ulti-
mately reduce the twist maps to binary masks) without removing
relevant parts or creating unwanted artefacts. Given our twist-
map resolution, we used circular SEs, with sizes between 4 and
10 for this procedure. In the resulting binary masks, we then
sought to improve our extraction on a case-by-case basis. It
was sometimes necessary to smooth out the extracted structures
and/or to remove any spur or twisted feature that would not be
part of the actual FR. To do so, we applied a morphological open-
ing. The opening transform of an image f , γA( f ), is defined as
the dilation of the erosion of the image f (i.e. γA( f ) = δA(ǫA( f )),
also written as γ = f ◦ A = ( f ⊖ A) ⊕ A). Generally, the ini-
tial structure is not entirely recovered since erosion and dilation
are not reversible. Thus, the opening was effective in our case
for filtering noise out of the initial FR extraction, depending on
the choice for the structuring element. One must be very care-
ful when applying an opening with a large SE as it may irre-
versibly suppress details that are yet relevant for an accurate
extraction. To prevent this, we only performed opening opera-
tions on the frames that required them and, in particular, only
to the sub-regions of these frames where noise and unwanted
structures were visible. After trial and error, we found the opti-
mal SE for each time frame by incrementally increasing the SE
size and checking the resulting extraction by visual inspection.
This approach ensured that we did not use unnecessarily large
SE sizes. We furthermore exclusively used circles for the shape
of our SE. The SE sizes range from 10 to 50 for early to mid
stages of the AR12473 simulation, while we had to use substan-
tially larger SE sizes (>100) for the late stages as there was a
significant connection with a non-FR feature in the maps. For
the AR11176 simulation, on the other hand, SE sizes of approx-
imately 10 were sufficient. Once the outlines appeared satisfac-
tory, we proceeded with the tracking, which was implemented
similarly to Paper I, that is, the region of interest was identified
as the same structure in subsequent frames if they overlapped
sufficiently.

Our method also offers some post-processing routines, for
example the erosion algorithm. Drawing the analogy to Paper I:
the size of the SE of the erosion here is analogous to the
ǫ-prescription, that is, a parameter determining to what degree
the extracted shape will be eroded. The difference is that the
morphological erosion works for any arbitrary shape, while our
previous ǫ-method per definition was only applicable for cir-
cular shapes. A dilation operation can also be used as a post-
processing step to fill holes in the extracted area. Finally, we
computed the source points from the resulting outlines as uni-
formly distributed points within the derived binary FR mask. We
note that, in practice, if no frame-specific pre- or post-processing
is needed, the extraction is practically automatic once the rele-
vant parameters have been set.

To qualitatively show the result of the MM-based method
in contrast to the result of the method presented in Paper I, we
calculated, for both AR11176 and AR12473, the circularity of
the FR cross-section. It is the ratio of the standard deviation of
the FR radius (defined as the distance between the centroid of
the extracted shape to its edge pixels) over its mean radius.
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In other words, we estimated the variations in the FR radius
throughout the whole structure, with a circularity of zero indicat-
ing that the FR shape is a perfect circle. For the original imple-
mentation to work best, a circularity close to zero is required,
which we probed with our new extraction results. We further-
more calculated the circularity for an additional FR extraction,
where we did not apply any post-processing (except for one
problematic frame in each simulation to ensure the successful
tracking of the FR), to show the effect of these algorithms on the
circularity analysis.

2.5. Flux rope propagation and deflection

Having full access to the FR field lines enables, for exam-
ple, detailed studies of the FR trajectory through the simulation
domain. We investigate here the FR trajectory in terms of the
angle of propagation (and with that the deflection) within the
simulation domain as a function of time, as well as the evolution
of all spatial coordinates. To achieve this, we calculate the FR
apex as follows. First, we compute the maximum height that any
FR field line reaches for a given frame. Then, we define the FR
apex as the average over all field lines that reach within 15 Mm
of the maximum height. This procedure mitigates abrupt jumps
in the horizontal components the FR apex may exhibit if many
high-reaching field lines are present. The results are given here
as a function of the simulation frame number with the time dif-
ference between each frame being six hours (determined by the
time cadence of the output).

We track the apex from the moment the FR forms (i.e. when
there is a coherent bundle of field lines with sufficient twist
(Tw ' 0.8 for AR12473 and Tw ' 0.4 for AR11176) present),
until it reaches the top of the simulation domain or before it
starts interacting with it. To measure how much the FR trajectory
varies during its propagation we define the propagation angle as
the angle between the z-axis and the vector that extends from the
first apex point to the apex point at the time step in question. The
larger the propagation angle, the more the FR propagation direc-
tion differs from a trajectory parallel to the z-axis (which, in the
spherical case, would correspond to the radial direction).

3. Results

3.1. Analysis of the AR12473 simulation

A selection of snapshots from the time series of Tw maps are
shown in Fig. 1 (the plane is located at x ≈ 0.7 Mm). The movie
showing the full evolution of the twist map is available online.
The twist maps show that the FR forms within the first frames,
corresponding to ≈1.5 days close to the bottom of the domain,
and then starts to rise. The early formation phase, when there
is only a weakly twisted (faintly reddish) structure at y = 0,
is shown in the top panel of Fig. 1. When the simulation pro-
gresses, this structure evolves into a coherent twisted FR that
moves upward.

The FR field lines for AR12473 are extracted following the
scheme described in Sect. 2.4, and are shown in Fig. 2 on the
right, compared against the extraction from Paper I with an ǫ
value of 0.03, using the same simulation data and frames (left
panels). Comparing the results of the two methods, one can see
that throughout all stages of the evolution of the structure, the
FR appears significantly thicker when extracted with the new
method. The FRs show clear differences also in their overall
coherence and appearance for the earlier frames 7 and 17. For
the mid-frame, there is key difference between the two extraction

Fig. 1. Twist map evolution for AR12473. The colour intensity indi-
cates the magnitude of twist, where blue indicates negative twist and
red indicates positive twist. The snapshots shown correspond to simu-
lation frame numbers 7, 17, and 27 (from top to bottom). The shape
identified as belonging to the FR is marked with a black contour. A
movie is available online.

scheme outputs (in addition to thickness): for the FR extracted
using the MM-based method, there is a set of field lines included
that connects to the adjacent positive polarity region located at
approximately (x, y, z) = (100, 0, 0) and visible in the middle
panel on the right and indicated by a plus in the first panel (top
left). In the last frame shown, the field lines both from the old and
updated method extend to this region, indicating that this region
is indeed tied to the FR. Additionally, the FRs are more similar
in this frame than at earlier times. A closer look at the footpoint
regions also reveals that the positive polarity footpoint exhibits
significant movement throughout the simulation, while the neg-
ative polarity footpoints stay rooted at approximately the same
location in the photosphere. This also confirms our findings from
Paper I where this was investigated in great detail.

The above findings highlight the fact that the updated method
captures more relevant field lines, while still avoiding surround-
ing non-FR field lines. A top-view comparison of the FR field
lines using the MM extraction to AIA observations can be seen in
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Fig. 2. FR snapshots for the TMFM AR12473 simulation using the method from Paper I (left) vs. the presented extraction method (right). As in
Fig. 1, the frames are (from top to bottom): 7, 17, 27. The magnetic polarity of the different footpoint regions is labelled in the top left panel in the
corresponding colour (black = negative, white = positive). A movie is available online.

Fig. 3, which shows that the overall morphology of the observed
structure is well captured.

3.2. Analysis of the AR11176 simulation

Next we apply the new extraction method to AR11176. The
observations show that AR11176 has a bipolar-like overall struc-
ture, featuring a predominantly north–south polarity inversion
line (PIL; see Figs. 4a and b). Over the course of the simulation
window, there is ongoing activity close to the north–south part of
the PIL, which may be tied to flux cancellation seen in the photo-
spheric magnetic field. During the simulation window, no signif-
icant eruptions were observed, apart from localised jets forming
away from the PIL as a result of flux emergence (Solanki et al.
2020). However, there was an eruption that took place about two
days after the end of the simulation, on 3 April 2011, that pro-
duced clear flare ribbons along the PIL (see Fig. 4c). Modelling
this eruption is beyond of the scope of the present study, due
to the AR reaching too close to the limb, thereby preventing
the use of the direct data-driven approach employed here. The
observations suggest the presence of a filament along the PIL

(see Figs. 4d and e). Curiously, significant parts of the filament
appear to stay intact after the eruption on 3 April, and can be seen
as a prominence once it rotates to the solar limb on 5 April 2011
(see Fig. 4f). The prominence appears to reach relatively high
above the photosphere, a few tens of megametres, suggesting a
large-scale structure.

The evolution of the twist maps (computed in the y ≈ −25.5
Mm plane) using the AR11176 TMFM simulation is provided in
Fig. 5. In the first panel (and associated online movie) one can
see the early FR formation, featuring a significantly twisted core
with weakly twisted surrounding fields. As the simulation pro-
gresses, the distinction between the FR core and the surrounding
field lines gradually vanishes as the high twist dissipates into
the surrounding field of the same twist polarity. It is worth not-
ing that the FR in AR11176 features a significantly larger cross-
section upon formation than the AR12473 FR (cf. first panel of
Figs. 5 and 1). This also has the consequence that the apex of
this FR is already at a greater height upon formation, compared
to the AR12473 FR. Once the whole structure has accumulated
sufficient twist for our method to find a coherent contour (using
a low threshold of Tw ≈ 0.4 due to its less twisted nature), we
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x [Mm]

y [Mm]

Fig. 3. Comparison of FR appearance as observed in the EUV (left panel) and the simulation (right panel) for AR12473. The EUV image is the
composite image constructed from the AIA 171 Å (red), 211 Å (green), and 193 Å (blue) passbands. The blue and red arrows indicate similar
structures between the AIA images and the simulation results.
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Fig. 4. HMI line-of-sight magnetic field for AR11176 plotted in greyscale within saturation values ±500 gauss (a). Panel d shows the appearance
of AR11176 in the AIA 304 Å image within the same field of view as panel a. The region bounded by the blue box in panels a and d are shown in
panel b and e, respectively. The red dashed line in panels a and b is the approximate polarity inversion line drawn on top of the HMI magnetogram.
The green dashed lines in panels b and e indicate the location of the filament channel as observed in AIA 304 Å. Panel c depicts the flare ribbons
indicated by the blue arrow, as observed in the AIA 304 Å channel during the eruption on 3 April 2011. Panel f shows the prominence (indicated
by the white arrow) on 5 April 2011 seen in the AIA 304 Å channel.
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Fig. 5. Same as Fig. 1, but for the AR11176 FR, showing simulation
frames 8, 18, and 28 (from top to bottom). A movie is available online.

identify it as FR (which happens at frame 10; cf. black contours
in the top and middle panels in Fig. 5). During its evolution we
observe that the structure retains its original shape rather well
(middle and bottom panels), which is very different from the
evolution in the simulation of AR12473. Furthermore, the FR
is expanding, rather than rising, and consequently, the apex of
the FR rises in its early phase significantly slower than the apex
of the FR in AR12473. We note that we chose a higher domain
height for the simulation of AR11176, 300 Mm instead of 200
Mm. This was done to ensure that the evolution of the FR is not
influenced by interactions with the boundaries in the later stages
of its evolution due to its excessive expansion.

The FR field lines of AR11176, extracted with the new
method, are shown in Fig. 6. This figure also illustrates the slow
build up of twist and its expansion, as discussed above. Figure 6
confirms that the FR (in the early to mid stages) consists of
two parts: (1) a highly twisted core that stays at approximately
the same height, and (2) a less twisted envelope that strongly
expands. The height of the highly twisted FR core reaches only
a few tens of megameters above the photosphere during the sim-
ulation. This elevation agrees approximately with the height of
the north–south oriented prominence (Fig. 4). The apex of the
envelope however rises to about 200 megameters, mainly due to
its strong expansion. The results thus suggest that while the sim-
ulation appears to be non-eruptive, the TMFM captures the mag-
netic field related to the observed prominence (highly twisted
core of the FR) located above the north–south running PIL.

3.3. Circularity of twisted structures

Next we investigate the shape of the cross-section of the FR,
determined from the twist maps using the circularity parameter
(see Sect. 2.4). The obtained circularity values are displayed in
Fig. 7. The figure shows that while in the early stages the FRs

Fig. 6. FR snapshots for the TMFM AR11176 simulation, using the
presented extraction method. The corresponding simulation frames are
8, 18, and 28 (from top to bottom). A movie is available online.

clearly have a non-circular shape, they gradually become in both
cases more circular as they rise or expand through the simula-
tion domain. We note that we exclude the very late stage evo-
lution from the subsequent deflection analysis to mitigate track-
ing unphysical behaviour when the FR starts to interact with the
domain boundary. Similarly, we exclude the very early stages
until the FR is formed and properly detected by our method.
The relevant frames are located between the correspondingly
coloured dashed lines for the two simulations.

For the case of AR11176 the FR cross-section stabilises to a
nearly circular shape, while for AR12473 the FR deforms as it
approaches the top of the simulation domain. We note that the
sharp increase observed in Fig. 7, at the end of the TMFM sim-
ulation for AR12473, could result from the FR deformation as
it reaches the upper boundary of the simulation box and starts
to exit the domain. Additional extractions, avoiding the use of
morphological openings (except in one frame for each simu-
lation, which was necessary to for a successful tracking), are
shown in Fig. 7 as well. Typically, the differences in circularity
are below 0.1, with the exception when a particular sub-feature
of substantial size is purposefully removed. This becomes most
apparent for the AR12473 simulation after frame 10 and in the
very last frames. The features that were responsible for this
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Fig. 7. Circularity of the extracted cross-sectional shapes, obtained for
the TMFM FRs for AR11176 (in blue) and AR12473 (in orange). The
dashed vertical lines indicate the relevant (i.e. physical) time windows,
which are used in Fig. 8. The dotted lines show the circularity of an
additional FR extraction for each simulation, where no morphological
openings were applied.

behaviour were elongated substructures in the twist maps, which
can also be seen in the middle (connection with the contour at
around y = 75 Mm) and bottom (connection at approximately
z = 75 Mm, y = −10 Mm) panels of Fig. 1. Cutting off these sub-
features will unavoidably change the circularity of the extracted
shapes, but this is necessary for correctly identifying the FR. We
thus conclude that the circularity is only weakly affected by the
applied morphological openings.

3.4. Deflection analysis

The results of the derived FR apex trajectories for both AR12473
and AR11176 are displayed in Fig. 8; the frame numbers are nor-
malised to start from 0 once the FRs have been formed (dashed
lines in Fig. 7). From the twist maps and field line extractions
shown in Figs. 1 and 2, respectively, it is already clear that
the FR in AR12473 rises throughout the simulation, and by the
end of the simulation a part of it has already left the simula-
tion domain. However, the deflection angle analysis shows that
the trajectory of the FR features a high initial angle of prop-
agation. The FR experiences a strong shift in the propagation
direction, after which it stabilises for most of its further ascent.
This can be seen in Fig. 8, both from the strong early variation in
horizontal coordinates for AR12473 and from the initially high
angle of propagation, defined as in Sect. 2.5. This early deflec-
tion and subsequent stabilisation of the trajectory is marked by a
linear evolution of the propagation angle and x, y coordinates in
this phase. In the later stages the structure experiences another
deflection, in approximately the opposite direction to the first
one. The AR12473 (orange) graph in the bottom right panel of
Fig. 8 shows that after the early formation stage the angle of
propagation is high (approximately 60◦), while the subsequent
deflections counter the initial phase. In other words, the FR first
propagates clearly non-radially outward, but then the propaga-

tion direction changes such that the horizontal coordinates are
close to its original starting position. This results in the FR front
ultimately having a very low effective deflection (ending up with
an effective angle of propagation below 10◦). In the bottom left
panel of Fig. 8 one can see the AR12473 FR trajectory in 3D,
and how the starting and ending phases practically cancel each
other out.

For the FR in AR11176, on the other hand, the horizontal
coordinates of the apex stay notably constant over time (in par-
ticular the x component), although the results give significant
deflection angles (see blue graphs and points in Fig. 8). Simi-
larly to AR12473, the most dramatic dynamics can be seen in
the early phase. We note that we performed a linear interpola-
tion in the spatial coordinates of the apex location at frame 17 as
it was an outlier. The reason for this abrupt change of location
may be the removal of some overlying newly formed poloidal
FR field lines (i.e. either an effect of twisting untwisted field
lines and immediate reconnection thereafter or a smaller over-
lying twisted structure moving in and out of the 2D plane). The
evolution of the FR also features a stable path of propagation in
the latter phase of its evolution, which strongly departs from a
purely radial direction (or in our case which departs clearly from
a parallel direction to the z-axis). This then leads to an effective
angle of propagation of about 20◦. The full 3D trajectory can be
seen in blue in the bottom left panel of Fig. 8. When comparing
the two simulations, one can see that while AR12473 FR rises
about 150 Mm in the relevant time window, the FR in the case
of AR11176 rises only 100 Mm in the same time span.

4. Discussion

4.1. Flux rope evolution

The updated FR tracking method based on the MM algorithm
and the previous version from Paper I both extract the AR12473
FR eruption with largely similar evolutionary characteristics.
The FRs start as a smaller bundle of twisted loops that con-
tinuously thicken and rise as the simulation progresses. In the
later stages, two distinct structures are identified, as seen in the
bottom panels of Fig. 2, where the blue field lines wrap around
the beige and red ones in both cases. Although both tracking
methods produced coherent FRs, one of the biggest differences
is that the MM-based extraction method captures more FR field
lines, and thus appears notably thicker. In addition, in terms of
field line connectivity, there are some differences in the early and
mid phases of the simulation, particularly at the positive polarity
footpoint (see middle panels in Fig. 2).

The height evolution is similar for the two extraction meth-
ods (cf. orange curve in the top left panel of Fig. 8 and Fig. 3 in
Paper I), where quantitative differences appear mostly because
the new method captures more FR field lines, and thus increases
the apex height. In both cases the FR rises more or less steadily
through the simulation domain until it reaches a point where the
upward velocity increases. This phase is best visualised for the
new algorithm in the propagation angle plots (orange curves in
the right panels of Fig. 8). Due to deflection away from the intrin-
sic propagation direction and then back, the FR apex ends up
very close to the starting direction.

The application of the new algorithm to another AR
(AR11176) showed that it can capture the dynamical behaviour
of coronal fields in two very different types of events. In con-
trast to the AR12473 FR, the AR11176 FR evolves significantly
more slowly and shows more stable behaviour, in accordance
with observations. It forms from a twisted core that steadily
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Fig. 8. Trajectory of the AR12473 (orange) and AR11176 (blue) TMFM FRs. The top left panel shows the height evolution, while the top right
panel shows the evolution of the horizontal components during the ascend of the FRs. The bottom left panel shows the 3D trajectory in grey, with
each computed apex point marked as an orange or blue dot; the start and end points are in black for better visibility. The bottom right panel depicts
the angle of propagation for each time step. The frame numbers are normalised to start from 0 once the FR has formed.

dissipates the twist to its surroundings, forming a relatively large
FR in the process. This twisted core forms at a height of about
50 Mm, while the AR12473 FR forms significantly lower in
the corona, at about 10 Mm (cf. Figs. 1 for AR12473 and 5
for AR11176, and Fig. 8). The AR11176 FR also evolves mor-
phologically more steadily as both field lines and twist maps
show. Figure 7 also supports this finding, demonstrating that
after the initial phase, the FR’s cross-section is nearly circular
(i.e. circularity values are close to zero) throughout the whole
middle to late stage of the simulation. The FR consists of a set
of toroidal field lines (directed along the axis of the FR), that
are partially covered by overlying field lines that connect to the
same footpoint regions (implying that these overlying field lines
indeed belong to the same structure), but appear to be almost
poloidal.

We also found that the AR11176 FR rose more steadily (most
notably in the later stages) than AR12473 FR (cf. Fig. 8), as can
be seen from the lower variation of all 3 spatial coordinates and
lower variability of the propagation angle. This also implies, that
the FR rises significantly slower. These findings imply that the

FR in the simulation of AR11176 is non-eruptive, but for a more
decisive conclusion, a more detailed analysis would be needed
(e.g. as in Daei et al. 2023). This is especially relevant because
of the characteristically unrealistic slow evolution of TMFM FRs
(see e.g. Pomoell et al. 2019 or Paper I, where a temporal nor-
malisation was introduced to deal with this problem). We note,
however, that the slower evolution of the AR11176 FR, com-
pared to the AR12473 FR, closely matches the observations
in the corresponding time windows, namely the presence of a
large and non-eruptive filament or prominence that formed at the
north–south directed part of an extended PIL in the AR11176.

4.2. Flux rope extraction method

The new extraction scheme shows clear improvements, as dis-
cussed above and in Sect. 2.4. Firstly, one of the key improve-
ments is that the updated method allows non-circular cross-
sections. For the investigated events we found the flux ropes to
be most circular during the mid to late rising phase, but other-
wise clearly non-circular cross-sections were found.
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Secondly, although our current MM-based implementation
is semi-automated (automated main extraction, but case-by-case
refinement of the parameters), it was found to be more accurate
(i.e. we capture more of the relevant magnetic field lines), and
also computationally more effective than the previous method.
One could further speed up the MM algorithms by implement-
ing entire sequences of erosion and dilation or opening and
closing operations with small SEs instead of performing a sin-
gle operation with one large SE (Shih & Kowalski 2003). We
note though that even without this possible optimisation, all
computations run within seconds, using an ordinary laptop, as
long as reasonable SE sizes are used.

4.3. Utility of mathematical morphology algorithms for pre-
and post-processing

Figure 9 provides some motivation for the choice of proxy as well
as insights into the extraction procedure as a whole. It is note-
worthy that we do not incorporate the squashing-factor (short Q-
factor; see e.g. Titov et al. 2002; Démoulin et al. 1996) into our
extraction scheme here. Because the extraction is based on thresh-
olding, we require the whole FR in the extraction plane to exceed
some critical value. Furthermore, it is favourable if the FR exhibits
sharp boundaries to allow for some flexibility in the choice of the
threshold. This is one particular strength of Tw combined with the
morphological gradient. The MM gradient with different structur-
ing elements (panels c and e on the left side of Fig. 9) serves as an
adjustable sharpening routine to the twist maps (cf. original map
in panel b and the sharpened maps in panels d and f). The Q-factor
map in panel a appears structurally similar to Tw, but the outlines
of highlighted features often do not fully close (see e.g. the top
right of the FR cross-section at (y, z) = (0, 75) Mm). While it may
still be possible to use it in combination with the twist maps in
a similar manner as the morphological gradient, it lacks the abil-
ity to be tuned and forces the introduction of a scaling parameter
since the log(Q) maps cover different and wider ranges of values.
The tunability with choice of different structuring elements is dis-
tinctly different from a scaling parameter as this also structurally
affects the maps. Hence, we chose to use Tw and the MM gradient
in this work. We avoid calculating the winding number about a
defined FR axis field line as this formulation of the twist number
elevates the complexity significantly and hinders a feasibly fast
implementation, but we note that tools for the computation of this
version do exist (see e.g. Price et al. 2022) and could potentially
be very effective when used in combination with our extraction
method.

The opening algorithm is used to smooth the extracted out-
lines and most importantly to remove unwanted features. An
example of this is the high-twist channel that connects to the
main FR body at a height of about 50 Mm and y-location
between 50 and 100 Mm (see Fig. 9). This channel represents
a set of twisted field lines that clearly do not belong to the FR.
Such connections may not only lead to an incorrect extraction
at this particular frame, but can also cause the tracking to fail
(as in subsequent frames the algorithm may continue to track
this channel-feature instead and not the main FR in case it dis-
connects from it). The opening algorithm helps to disconnect
this feature entirely in the affected frame. Most importantly, this
processing can be applied only in the affected sub-region of the
image, and thus one can keep unproblematic regions unaffected.
This is illustrated in the bottom panels of Fig. 9, where one can
see the original (after the extraction) on the left and the post-
processed version on the right. Here, an opening with a small SE
was applied to the whole image to remove small artefacts (e.g.

Fig. 9. Comparison of different parameters and processing for frame
16 of the AR12473 TMFM simulation in the plane of x ≈ 0.7 Mm:
Panel a shows the log(Q) map, and panel b the twist map. The mor-
phological gradient using big structuring elements is shown in panel
c, and its combination with the twist map from (b) is shown in panel d.
Panel e is the same as panel c, but with smaller structuring elements, and
panel f is the combination of Tw from panel b with the morphological
gradient in panel e. Finally, panel g shows the mask of high-twist areas
as extracted from the twist+gradient map in panel d (using a thresh-
old of 0.8); panel h shows the same mask, but after post-processing,
mostly removing the twisted channel that connects to the main struc-
ture at about y = 75 Mm.

near z = 0 Mm); an opening with a larger SE was applied to a
sub-region of the image to remove the twisted arm of the struc-
ture. For the shown case of the AR12473 TMFM FR, the opening
algorithm had to be applied for this exact reason in about half of
the frames, and thus it significantly contributed to improving the
extraction procedure. Apart from the frames, where connections
like these were significant, the circularity of the extracted con-
tours in the twist maps were only weakly affected by the applied
openings (see Fig. 7). This is in strong contrast to the AR11176
FR, where significantly less post-processing was required.

5. Conclusion and outlook

In this work we have developed and tested a new flux rope
extraction and tracking method for 3D solar magnetic field
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simulations. The extraction is based on the twist parameter Tw

combined with mathematical morphology algorithms.
We applied the new algorithm to the data-driven mag-

netofrictional model simulation output of the AR12473 eruption
of 28 December 2015, which is the same event that was used to
test the previous method presented in Wagner et al. (2023). To
further test the new algorithm we also applied it to AR11176.
We investigated the AR AR12473 and AR11176 flux ropes in
terms of their appearance, motion through the modelling domain
and deflection. These events presented quite different dynamics.
The AR AR12473 FR resulted in strong dynamics and a clear
flux rope eruption; the AR11176 FR was more stable in terms of
its movement, and we theorise that it may be a confined eruption
without further driving the model through the ARs main eruptive
phase.

The results for the two active regions are in agreement
with extreme ultraviolet (EUV) observations. Our modelling and
extraction attempts thus capture both the formation phase and the
early rise in the flux ropes, as well as the eruptive phase in the
case of AR12473.

While the results in Sect. 3 illustrate that the method robustly
extracts the flux ropes, fine-tuning of the parameters (probably
on case-by-case basis) may still be necessary for the best extrac-
tions. Full automation as well as exploring a broader space of
flux rope proxies such as the Q-factor, winding number, and
magnetic flux density, and possible combinations of these quan-
tities with each other and with mathematical morphology algo-
rithms are avenues for further improvement.
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