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ABSTRACT

Context. Coronal modelling is crucial for a better understanding of solar and helio-physics. Accurate plasma conditions at the outer
boundary of a solar corona lead to more precise space weather predictions. Due to the strong brightness of the Sun and the lack of
white light observations of the solar atmosphere and low corona (1-1.5Ry), total solar eclipses have become a standard approach for
validating the coronal models. In this study, we validate the COCONUT coronal model by predicting the coronal configuration during
the total solar eclipse on April 8, 2024.

Aims. We aim to predict the accurate configuration of the solar corona during the total solar eclipse on April 8, 2024. Additionally,
we compare the predictive capabilities in the steady and dynamic driving of the boundary conditions in COCONUT. We utilise the
full 3D MHD model to reconstruct the solar corona from the solar surface to 30 R,.

Methods. We started predicting the upcoming total solar eclipse on March 21. The predictions were conducted in three different
regimes: quasi-steady driving of the inner boundary conditions (BCs) with a daily cadence and dynamic driving of the inner BCs with
both daily and hourly cadences. The results from all the simulations are compared to the total solar eclipse images. Additionally, the
synthetic white-light (WL) images are generated from the Solar Terrestrial Relations Observatory Ahead (STEREO-A) field of view
and compared to COR2 observed images. Normalised polarised brightness is compared in the COR2 and synthetic WL images.
Results. The predicted solar corona does not vary significantly in the first half of the prediction window, since the observations of
the magnetic field are not yet accurately updated on the solar surface corresponding to April 8. The magnetic field changes more
significantly as the eclipse date approaches. The dynamic simulations yielded better results than the quasi-steady predictions. Driving
the simulations at a higher cadence did not significantly improve the results, due to the highly processed magnetic field maps. The
west limb was reconstructed better in the simulations than the east limb.

Conclusions. We have predicted the total solar eclipse coronal configuration 18 days before the total solar eclipse. We can conclude
that the dynamic simulations produced more accurate predictions. The availability of comprehensive observations is crucial, as the
emergence of the active region on the east limb made it difficult to accurately predict the east limb coronal configuration due to
incorrect input of magnetic field data. More detailed input BCs are necessary for reconstructing smaller-scale structures in the corona.

©ESO 2025

. Introduction

omplex physical processes take place in the solar corona. These
rocesses are not fully understood since observing them is dif-
cult or even impossible. Hence, there is a significant lack of
vailable data to test different theories and validate models. The
olar corona is faint compared to the luminosity coming from the
olar surface. Therefore, it is impossible to distinguish the details
hat characterise different phenomena in the solar corona. The
tandard approach has become to test various theories about the
rocesses in the solar atmosphere with coronal modelling. Val-
dating the modelled corona is crucial in advancing our knowl-
edge and understanding of solar physics. Since we lack white
light coronagraph observations in the low solar corona 1-1.5Rg,
total solar eclipses have become a standard way of assessing the
performance of coronal models. Total solar eclipses constrain
the validation period of coronal modelling, as they occur infre-
quently. However, currently it is the only way of distinguishing
the features in the low corona close to the solar surface. Total so-
lar eclipses represent a single snapshot of the solar coronal con-
figuration in time, while for time-dependent simulations, contin-
uous white-light observations are necessary. In the near future,
the PROBA-3 mission will provide us with continuous white-
light (WL) images of the corona, starting from near the solar
surface (Zhukov et al. 2025). Still, to this day, pictures taken

during total solar eclipses remain one of the most popular ways
of validating coronal models.

A total solar eclipse occurred on April 8, 2024, during the
maximum of solar cycle 25. Therefore, the eclipse images re-
vealed a very complex structure of the solar corona, with multi-
ple streamers and a prominence visible on the south-west limb
of the Sun. The total solar eclipse of 2024 presents an excellent
opportunity to test the performance of coronal models; however,
it is also very challenging due to the strong magnetic fields and
gradients that occur during solar maximum.

Numerous global coronal models have been developed over
the years. One of the oldest and most mature numerical models is
magnetohydrodynamics (MHD) around a sphere (MAS) by Pre-
dictive Science Inc. (Mikié et al. 1999; Miki¢ & Linker 1996).
The team has advanced the model, starting from the total solar
eclipse in 1996, and has shown increasingly accurate predictions
since the late 1990s. Downs et al. (2025) reports the results of
modelling the same eclipse event performed by the MAS model.
Another advanced global MHD model is the AWSoM model
(van der Holst et al. 2014), which uses the Alfvén wave heat-
ing mechanism for solar wind acceleration. Other models, such
as MULTI-VP (Pinto & Rouillard 2017), SIP-IFVM (Wang et al.
2025c¢), Wind-Predict (Réville et al. 2016, 2020), and a 3D MHD
model developed by Usmanov et al. (2014, 2018), also focus on
global coronal structures using various approaches. Numerical
computations in the coronal domain are relatively expensive and
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complex. The outcome heavily depends on the imposed bound-
ary conditions and the implemented physics and numerical tech-
niques.

Recently, a new, optimised 3D global coronal modelling
tool COolfluid COroNa UnsTructured (COCONUT) (Perri et al.
2022), was developed within the framework of the Computa-
tional Object-Oriented Libraries for Fluid Dynamics (Lani et al.
2005; Kimpe et al. 2005; Lani et al. 2006, 2013; Lani et al.
2014, COOLFluiD) platform. The first version of COCONUT
was polytropic and primarily focused on the inner corona struc-
tures near the Sun. Later, Baratashvili et al. (2024) upgraded the
polytropic COCONUT model to a full MHD model, including
source and sink terms in the equations to accelerate and deceler-
ate the solar wind to obtain a bi-modal solar wind velocity dis-
tribution. This upgraded COCONUT model is suitable for space
weather purposes, as the output of the corona model was suc-
cessfully coupled to the heliospheric models Icarus (Baratashvili
et al. 2025) and EUHFORIA (Pomoell & Poedts 2018). This up-
graded version of COCONUT is constrained by static magne-
tograms that are used as inner boundary conditions for the radial
magnetic field component. Moreover, Wang et al. (2025a) and
Wang et al. (2025b) extended COCONUT into a more realistic,
time-evolving coronal model driven by a series of subsequent
magnetograms that are interpolated to generate time-dependent
boundary conditions.

This paper uses the 2024 total solar eclipse to validate the
novel global 3D MHD coronal model, COCONUT. The predic-
tions began on March 21, 2024, in a quasi-steady state regime
and were updated daily with the latest magnetogram data from
the GONG observatory. After the total solar eclipse, we used the
observed photospheric magnetic field closest to the eclipse time
to drive the coronal model. Additionally, we performed the sim-
ulations in the time-dependent regime, with daily and hourly up-
dated magnetic field information at the inner boundary. Section 2
describes the numerical setup in COCONUT, while section 3 fo-
cuses on the input data for various simulations. The predicted
solar corona and multiple validation techniques are described in
section 4 for all the simulation setups. Finally, we present our
conclusions in section 5.

2. Numerical setup in COCONUT

COCONUT is a 3D MHD coronal model with a domain starting
from near the solar surface to 30 Ry. The data-driven model uses
the observed photospheric magnetic field to model its corona.
We solve the 3D MHD equations in their conservative form,
reading:

p v
sl oV pVV +1(p + 1IB’) - BB
= B |+Vv. VB—BV+IL1)
" E (E+p+LBP)V-B(V B
¢ V2B
0
pg
= 0 , (D)
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0

where E denotes the total energy pVTZ + pE + g—;, B is the mag-
netic field, V the velocity field, g the gravitational acceleration, p
the plasma density, and p the thermal pressure. The gravitational
acceleration is given by g(r) = —(GMy/ r?)é, and the identity
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dyadic | = é, ®é, + é, ® &, + &, ® &,. The closure is given by
the ideal equation of state, thus giving for the internal energy
density p& = P/(y — 1), with an adiabatic index y of 5/3. The
solar rotation is considered by prescribing the V,; component at
the inner boundary (Kuzma et al. 2023). S represents the source
and sink terms, including thermal conductivity, radiative losses
and an ad hoc coronal heating function in the right-hand side of
the energy equation, S = -V - q + Q¢ + Qp. The source and
sink terms are described in detail by Baratashvili et al. (2024).
For the approximated heating function, we choose the following

formulation:

r—Rs
Ou=Hy-|B]-e 1, )
where Hy =4-107 ergcm™ s7' G™! and A = 0.7 R,

The last equation is introduced to ensure the divergence-free
constrain V- B = 0 and ¢ is a scalar potential function that
constrains B to the space of divergence free fields. We use the
artificial compressibility analogy (Chorin 1997), which is sim-
ilar to hyperbolic divergence cleaning (Dedner et al. 2002) and
performs well with implicit solvers Yalim et al. (2011). V¢ de-
notes the propagation speed of the numerical divergence error.
This way, the whole equation system remains hyperbolic.

Due to high solar activity during the 2024 solar eclipse, we
use a low-resolution mesh to avoid extreme gradients in the com-
putational domain. We use an unstructured fifth-level subdivided
geodesic polyhedron mesh starting from 1 Ry to 30 Rg. The
computational domain comprises approximately 380,000 finite
volume elements. A detailed description of the used mesh is
given by Brchnelova et al. (2022b). We impose uniform initial
boundary conditions for the plasma variables. Note that in this
study, the computational domain starts above the transition re-
gion, and we use the characteristic parameter values for the base
of the solar corona. We choose the commonly prescribed values
for the density and temperature characteristic for the base of the
solar corona, namely ng = 2 X 10 cm™> and T = 1.8 x 10° K.
We utilise the magnetic field derived from the magnetogram in a
smoothing procedure to determine the inner boundary conditions
for the radial magnetic field component. More details about the
processing of the magnetogram are given in section 3. We use a
Dirichlet boundary condition for the B, magnetic field compo-
nent. The procedure for the magnetic field driving is similar to
the one described in Kuzma et al. (2023) and Baratashvili et al.
(2024). The magnetic field components in the other spatial di-
rections (By and By) are allowed to evolve freely and are defined
as the corresponding values at the centroid of the nearest inner
cell. The velocity is set so the plasma flows along the magnetic
field lines (Brchnelova et al. 2022a).

3. Simulation setup

The predictions for the total solar eclipse on April 8§, 2024,
started on March 21, 2024. We chose the magnetogram product
from the GONG (Global Oscillation Network Group) observa-
tory. As reported in Perri et al. (2022), Kuzma et al. (2023) and
Baratashvili et al. (2024), a spherical harmonic decomposition
was used to pre-process the maps. Due to a high solar activ-
ity, the spherical harmonics beyond ¢,,,, = 10 were filtered out.
Thus, the obtained maps are heavily smoothed. Initially, the pre-
dictions were done with steady simulations with a 24-hour ca-
dence at 19:00 UT daily. This led to quasi-dynamic predictions
of the total solar eclipse evolving over 18 days leading up to the
eclipse day. We selected four points in time and corresponding
snapshots from the entire prediction window to minimise exces-
sive data and overwhelming information.
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Fig. 1: The original GONG (upper panels) and pre-processed input magnetograms (lower panels) for March 21, March 28, April 3
and April 8. The colour maps are saturated to [-20, 20] G range. All maps are rotated to align with the Earth’s view angle as of April

8, 2024. Squares 1, 2 and 3 represent the areas of interest.

Figure 1 gives the original and processed magnetograms.
The upper left magnetogram corresponds to the start of the pre-
diction window on March 21. For better comparison, both origi-
nal and processed magnetograms are saturated to the [-20, 20] G
range for all shown magnetograms. The upper-right figure cor-
responds to the solar magnetic field configuration after 1 week.
The rectangles indicate the regions where the most prominent
difference between the plotted magnetograms was observed.
These regions were identified both by looking at the structure
of the magnetic field in the input map and the difference be-
tween the maps given in Figure A.1. The rectangle labelled ‘1’
is plotted on both magnetograms to show and emphasise that the
magnetic field within this area changes significantly in this pe-
riod. The difference is especially noticeable to the naked eye in
the lower part of the rectangle. The lower-left figure corresponds
to April 3. Here, a more substantial change can be spotted in
the area enclosed in rectangle 2 compared to the March 28 solar
magnetic field configuration. The lower-right figure corresponds
to the day of the total solar eclipse. We can see that both re-
gions enclosed by boxes 2 and 3 are significantly different from
the magnetic field observed on April 3. These areas significantly
affect the coronal configuration from the Earth’s point of view,
resulting in variable predictions as the eclipse day approaches.

For the dynamic (time-dependent) regime, which is neces-
sary to capture the continuous temporal evolution of the coronal

structures, we set the time step to 5 minutes to balance compu-
tational efficiency with the desired numerical stability and accu-
racy (Wang et al. 2025a,c). We drove the coronal evolution us-
ing both a series of hourly updated magnetograms and daily up-
dated magnetograms. We applied a cubic Hermite interpolation
to derive the inner boundary magnetic field at each physical time
step (Wang et al. 2025a,c). For comparison with the quasi-steady
predictions, the simulations with the time-evolving COCONUT
version were performed with daily updated magnetograms and
later with hourly updated magnetograms. In both cases, magne-
tograms at each physical time step were interpolated from the
temporally nearest observed magnetograms. Thus, simulations
in the quasi-steady and dynamic regimes were driven by the
same magnetograms, with different cadences and driving modes.

4. Total solar eclipse predictions

The total solar eclipse predictions were made in quasi-steady
and dynamic regimes. The effect of updating the inner bound-
ary conditions was also investigated. This study aims to assess
which approach yields more accurate predictions. Since the in-
put magnetic field was smoothened and a low-resolution com-
putational grid was used, we used various techniques to vali-
date the modelled corona and present the most comprehensive
assessment of its strengths and weaknesses. Below, all different
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28.03.2024 - Quasi-Steady

Fig. 2: Total solar eclipse predictions by the COCONUT model in the quasi-steady regime. Each figure corresponds to the corona
prediction for different magnetogram files from Figure 1. The solar surface is coloured with the radial magnetic field values saturated
to [-4,4] G. The magnetic field lines are overplotted on the eclipse image. The blue lines indicate the directions of the selected
streamers based on the eclipse image. Red lines correspond to the direction of the same streamers as modelled by COCONUT
simulations. Eclipse image credits: Eclipse team of Nanjing University - Wu, Sizhe (photographer); Li, Yihua; Huang, Yuhao; Lao,

Qinghui; Cheng, Xin; Qu, Zhongquan.

regimes are considered separately, first with the coronal valida-
tion method reported by Wagner et al. (2022) section 3.2.1 in
the cited paper. The model focuses on coronal streamers, which
are shaped by the Sun’s magnetic field structure. Wagner et al.
(2022) utilises the streamer directions in the Schatten Current
Sheet (SCS) (Schatten et al. 1969) model for the comparison
with the coronagraph images from SOHO/LASCO-C2 or Solar
Terrestrial Relations Observatory (STEREO) A - Cor2 images
in the outer corona. In our case, we identify the loops and com-
pare them to the direction of the total solar eclipse, as the image
also includes the lower corona. The same seeds were used for the
magnetic field lines for all simulation results, so the comparison
is as objective as possible.

Article number, page 4 of 12

4.1. Quasi-steady simulations

The predictions reported in this section are made daily from
March 21, 2024, onwards. Each simulation is a steady-state
simulation driven by the generated magnetic map based on the
GONG magnetograms described in Section 3. The modelled
coronas are rotated such that zero longitude corresponds to April
8, the day of the total eclipse, from each input magnetogram.
Each of these simulations takes ~ 20 minutes on four nodes
with 36 cores each, on the Genius cluster of the Flemish Super-
computer centre (VSC)'. Figure 2 shows the total solar eclipse
image taken by the Eclipse team of Nanjing University overlaid
with the modelled magnetic field lines in COCONUT. The pro-

! https://www.vscentrum.be/
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Fig. 3: Total solar eclipse predictions by the COCONUT model in the dynamic regime with daily updated magnetograms. Each
figure corresponds to the corona prediction for different magnetogram files from Figure 1. The solar surface is colored with the radial
magnetic field values saturated to [-4,4] G. The magnetic field lines are overplotted on the eclipse image. The blue lines indicate
the directions of the selected streamers based on the eclipse image. Red lines correspond to the direction of the same streamers as
modelled by COCONUT simulations. Eclipse image credits: Eclipse team of Nanjing University - Wu, Sizhe (photographer); Li,
Yihua; Huang, Yuhao; Lao, Qinghui; Cheng, Xin; Qu, Zhongquan.

cessed radial magnetic field used for the modelling is plotted on
the solar surface. The magnetic field is saturated to [-4, 4] G to
emphasise the sharper features. The upper left figure corresponds
to the simulation driven by the magnetogram observed on March
21, and the upper right figure shows the modelled corona for the
March 28 magnetogram. The bottom left and right figures cor-
respond to total solar eclipse predictions driven by April 3 and
April 8 magnetograms, respectively. The blue and red lines de-
note the streamer directions on each figure, estimated similarly
as demonstrated by Wagner et al. (2022). Since the total eclipse
occurred during the maximum activity phase of the Sun, many
streamers and loop signatures are present close to the solar sur-
face. We chose to consider only four regions for this study, as
including all of them would introduce a high probability of over-
lap and inaccurate estimations. We distinguished the four most

prominent signatures and focused on these to compare them with
this method. Blue lines correspond to the directions determined
in the taken image; therefore, they are identical in each figure.
Red lines correspond to the streamer directions identified from
the COCONUT simulation results.

On the east limb, we chose the regions corresponding to 1
and 4 in the figure, while on the west limb, regions 2 and 3
showed the strongest features. The signatures near the poles were
difficult to distinguish and poorly reconstructed by the magnetic
field lines in the COCONUT simulations. Therefore, we decided
not to focus on these areas, as they would not allow us to as-
sess the performance of the COCONUT model. First, let us con-
sider the steamers on the east limb. We can see that steamer
1 in COCONUT is modelled closely to the observed one, but
the streamer direction is different. For streamer 4, on the other
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Fig. 4: Total solar eclipse predictions by the COCONUT model in the dynamic regime with hourly updated magnetograms. Each
figure corresponds to the corona prediction for different magnetogram files from Figure 1. The solar surface is colored with the radial
magnetic field values saturated to [-4,4] G. The magnetic field lines are overplotted on the eclipse image. The blue lines indicate
the directions of the selected streamers based on the eclipse image. Red lines correspond to the direction of the same streamers as
modelled by COCONUT simulations. Eclipse image credits: Eclipse team of Nanjing University - Wu, Sizhe (photographer); Li,
Yihua; Huang, Yuhao; Lao, Qinghui; Cheng, Xin; Qu, Zhongquan.

hand, the observed and simulated streamer directions are paral-
lel, but the locations are not close to each other. On the west limb,
we can see that the regions corresponding to 2 and 3 are mod-
elled closely to the observations. We do not observe a significant
change in the simulation results on March 28 because the eclipse
date is still 11 days away, and the new information provided by
the updated magnetogram is not yet accurate enough to improve
the prediction for April 8. On April 3, the magnetic field config-
uration differed slightly in the centre of the disk and the eastern
part. The resulting streamers are slightly more aligned with the
observed structures than in the previous case. On the eclipse day,
the magnetic field appears quite different across the entire disk.
This means that the solar surface magnetic field evolved signifi-
cantly over the 5 days between April 3 and April 8. We can see
that the west limb is more accurate regarding the location and
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direction of the streamers. However, on the east limb, there is no
significant improvement.

4.2. Dynamic simulations
4.2.1. Daily update cadence

The total solar eclipse predictions presented in this section are
performed using the time-evolving COCONUT regime. In this
regime, the input magnetograms are updated to yield time-
dependent inner boundary conditions. First, we update the mag-
netograms daily to obtain inner boundary information similar to
that in the quasi-steady regime. In this case, we obtain a contin-
uously updated corona within the prediction window; however,
we only plot the snapshots corresponding to the same days as in



Baratashvili et al.: Eclipse 2024 modelling with COCONUT

the quasi-steady case for comparison purposes. Figure 3 shows
the modelled corona. The figure is arranged similarly to figure 2.
The eclipse image is overlaid by magnetic field lines from time-
evolving COCONUT simulations. The first image, correspond-
ing to the predictions driven by the magnetogram observed on
March 21, is similar to the image from the quasi-steady regime.
On March 28 and April 3, the steamer region denoted by num-
ber 2 is less aligned with the one in the eclipse image than that
on March 21. All other streamers remain oriented in a manner
similar to the previous date. The direction of this streamer also
differs from that of the other dates in the quasi-steady regime.
On April 8, we can see that both simulated streamers on the west
limb are well aligned with the observed streamers. However, the
two streamers on the east limb seem to come closer to each
other. Streamer 4 is parallel to the direction of the correspond-
ing streamer in the eclipse image. In contrast, the direction of
streamer 1 appears to be less in agreement with the one observed
on April 3. On the west limb, the quasi-steady and dynamic mod-
elling regimes differ, while on the east limb, both regimes per-
form poorly. The two simulated streamers are in the right places,
but their direction seems different. Note that, due to the maxi-
mum solar activity, distinguishing between different loops and
streamers is extremely difficult, which could lead to errors when
estimating the directions of the streamers in the eclipse images.

4.2.2. Hourly update cadence

This section presents results from the time-evolving COCONUT
simulations, which were obtained by updating the inner bound-
ary conditions at an hourly cadence. Hence, 601 magnetograms
were retrieved and pre-processed for this simulation. This simu-
lation was performed using 270 CPUs on the big-memory nodes
of the WICE cluster at VSC, with each CPU allocated 2000 MB
of memory storage. It ran approximately 60 times faster than the
real-time coronal evolution, completing a 600-hour physical pe-
riod by just about 10 hours of computational wall-clock time.

Like the previous two cases, Figure 4 shows the results
for the modelled total solar eclipse coronal configuration cor-
responding to March 21, March 28, April 3 and April 8. When
we compare the results in this case to those in the dynamic sim-
ulations with updated inner boundary conditions at a daily ca-
dence, we can see that the results are similar, with only minimal
differences. This is somewhat surprising because, considering
the maximum solar activity, one would expect different coro-
nal configurations with a higher updating frequency of the in-
ner boundary magnetic field. When the photospheric magnetic
field is updated hourly, all the available observational informa-
tion is used to drive the dynamic solar corona. The magnetic
field evolves rapidly on the solar surface near solar maximum.
However, because of the applied pre-processing of the magnetic
field and the obtained smoothed magnetic maps, the changes in
the modelled total solar corona are not so significant when us-
ing the magnetograms with 24-hour cadence or 1-hour cadence.
As a result, hourly dynamic simulations yield results that are not
significantly different from those of daily simulations.

4.2.3. Post eclipse analysis

We can see from the magnetograms that the photospheric mag-
netic field configuration changes significantly on April 8 com-
pared to April 3. Moreover, in the synoptic magnetograms, the
region behind the east limb has not been updated for 14 days.
Therefore, after the total solar eclipse, we used a magnetic field

configuration on April 10 to model the solar corona and show
Earth’s field of view as it would appear on April 8. This way, we
could see if the additional observations on the east limb would
influence the modelled profile. The results are given in Figure 5.
The figures are arranged similarly to the previous figures that il-
lustrate the simulation results. The left figure shows the results
for the quasi-steady simulation. The middle and right figures
show the results for the dynamic simulations, with the bound-
aries driven by a daily or hourly cadence for updating mag-
netic field information. Notice that the streamer directions in all
three types of simulations are similar. The west limb is mod-
elled well, similar to previous cases. However, significant differ-
ences occur between the modelled magnetic field configuration
on the east limb using magnetograms observed before April 8
and those observed on April 10. Notice the tendency of the two
clear streamers to converge towards each other in the simulations
corresponding to April 8. On April 10, we do not distinguish be-
tween the two separate streamers. There is one clear streamer
between the previously modelled two streamers, close to region
four in our original notation.

4.3. White-light images and polarised brightness

In addition to the corona validation technique suggested by Wag-
ner et al. (2022), which was introduced previously in this section,
we generate synthetic WL images to qualitatively compare the
modelled data with the observed image. Next, we also compare
the modelled polarised brightness to the observed one quanti-
tatively to introduce the most comprehensive assessment of the
predictive capabilities of the COCONUT coronal model.

4.3.1. Synthetic White-Light images

The synthetic WL images were generated from COCONUT sim-
ulations with the software FoMo. The FoMo code (Van Doorsse-
laere et al. 2016) WL extension (Sorokina et al. 2025) allows for
computing WL synthetic data from arbitrary numerical models.
The FoMo WL tool operates with data cubes or simulation snap-
shots in popular data formats. The forward modelling procedure
involves interpolating plasma density from the original simula-
tion grid to a Cartesian grid in the observation reference frame.
Two rotation angles set the observer’s field of view (FOV). The
resolution is user-defined. Thus, the synthetic image resolution
and the orientation of its FOV can be tuned to the real instrument
specifications or set for user analysis. Using the Thomson scat-
tering theory, the interpolated data are converted to radiant inten-
sity, which is integrated along the line of sight (LOS) to produce
synthetic observations. FoMo uses open-source software (writ-
ten in C++ and Python) to process data and can run in parallel
on multiple processors on high-performance computing systems.
Details on installing and using the FoMo WL tool are available
at GitHub: FoMo?.

Figure 6 shows the observed image on the left and the syn-
thetic WL images created from COCONUT simulations. The
middle panel corresponds to the simulation snapshot driven by
the magnetograms up to the total solar eclipse time, and the right
panel represents the simulation snapshot corresponding to the
eclipse view from Earth, driven by the magnetogram observed
up to 10.04.2024. Both simulations are driven in the dynamic
regime, with daily updated magnetograms. The synthetic WL
images were also generated for the other simulations presented
in the previous section. However, here we present only the daily

2 https://github.com/TomVeeDee/FoMo
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Fig. 5: Total solar eclipse predictions by the COCONUT model with the magnetogram observed on April 10 in the quasi-steady,
dynamic daily cadence and dynamic hourly regimes. The solar surface is colored with the radial magnetic field values saturated to [-
4,4] G. The magnetic field lines are overplotted on the eclipse image. The blue lines indicate the directions of the selected streamers
based on the eclipse image. Red lines correspond to the direction of the same streamers as modelled by COCONUT simulations.
Eclipse image credits: Eclipse team of Nanjing University - Wu, Sizhe (photographer); Li, Yihua; Huang, Yuhao; Lao, Qinghui,
Cheng, Xin; Qu, Zhongquan.

08.04.2024 - Dynamic - Daily

Fig. 6: The eclipse and synthetic WL images generated from the COCONUT simulations performed with the magnetogram ob-
served on 08.04.2024 and 10.04.2025. Both COCONUT simulations are performed in the dynamic regime with daily updated
magnetograms. Eclipse image credits: Eclipse team of Nanjing University - Wu, Sizhe (photographer); Li, Yihua; Huang, Yuhao;
Lao, Qinghui; Cheng, Xin; Qu, Zhongquan.

STEREO Ahead COR2 Position of STEREO A for 2024-0:fh8T12;g:E31
a N

Heliographic (HEEQ) longitude 0.000 10.129
Heliographic (HEEQ) latitude -6.053 -5.266
Earth Ecliptic (HEE) longitude 0.000 10.110
Earth Ecliptic (HEE) latitude -0.000 -0.009

2024-0%4-08 19:03:45

Fig. 7: The synthetic WL image generated from COCONUT with daily updated magnetograms up to the total solar eclipse for the
STEREO A FOV and areal STEREO A/COR?2 image are given in the first and second panels, respectively. The location of STEREO
A with respect to Earth is plotted in the third panel.
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updated regime results, as they yielded slightly better results than
steady driving and similar results to the hourly updated simula-
tions.

We can see two streamers in the west region and a promi-
nent streamer in the south-west region, which are replicated in
the synthetic images. Therefore, the west limb is modelled well
compared to the real image. We can also identify an enhanced
brightness region closer to the South Pole, where significant fea-
tures were observed in the eclipse image. The streamer is less
pronounced in the synthetic images than in the observed eclipse
image. We can also see a significant difference between the mid-
dle and right panels on the east limb. In the synthetic WL image
in the middle panel, we can see two narrow streamers near the
equator. In the right panel, we observe these streamers merging
and blending into a larger streamer. This is due to new informa-
tion about the emerging magnetic activity observed in the mag-
netograms after the eclipse date. The east limb is better modelled
by the configuration in the right panel; thus, including the mag-
netic field information from the back of the Sun improved the
modelled image.

The total solar eclipse was also modelled by the MAS model
(Downs et al. 2025). They began making predictions on March
16, 2025, and also performed post-eclipse simulations on April
15, 2025. The methods and techniques used by the MAS model
were significantly different from those used by COCONUT.
Namely, they used the data assimilation method for integrat-
ing the Polarimetric and Helioseismic Imager (PHI) (Solanki
et al. 2020) data on the Solar Orbiter (SolO) into HMI magne-
tograms, and performed the Surface Flux Transport (SFT) (Ca-
plan et al. 2025) (model for creating the inner boundary mag-
netic field, while COCONUT used GONG input magnetograms
filtered with spherical harmonics. Since the total solar eclipse
occurred during the earlier development stage of COCONUT,
we investigated its modelling capabilities with a simplified ap-
proach. We used a low-resolution domain with roughly 380,000
elements, as mentioned before, while the MAS model used ~ 52
million elements. Additionally, our input magnetic field was
heavily smoothed out, with a strength in the range ~ +20G, com-
pared to ~ £100G used in MAS input magnetic field maps. The
synthetic WL images generated from MAS simulation results
resolve structures in more detail, compared to the COCONUT
synthetic WL images, given in Fig. 6. This is largely due to
the resolution used in the simulations and WL generation tools.
However, we could see that the strong streamers were modelled
reasonably well and fast, each simulation taking ~ 20 minutes
on 144 CPUs.

4.3.2. Polarized brightness

The modelled corona result is quantitatively compared to the
observations by examining the normalised polarised brightness
along the radial slit. Figure 7 compares the syntetic WL image
produced from COCONUT simulation, driven by daily-updated
magnetograms, and the observation by the STEREO A/COR2
(Kaiser et al. 2008) around the time of the eclipse on 2024 Apr
8 at 19:03:45. The FOV of the synthetic image matches the one
of COR2-A, when the separation angle between the Earth and
the coronagraph is 10 degrees (see the right panel in Figure 7).
The dashed white circle is drawn at 3 Ry and the radial slit is
plotted on the figures in cyan along 315°. Here and below, the
angle of zero degrees corresponds to the westernmost point on
the circle and increases counterclockwise. The vertical axis in
both images is aligned to the solar rotation axis, and the top of
the image corresponds to the Sun’s North Pole. In the synthetic

Normalised polarisied brightness latitudinal profiles at 3 R.
T T T T T T

01H— 08/04/24 - Dynamic - Daily
: COR2-A secchi_prep
Slit S position
t T 1 . . 1 I
0 50 100 150 200 250 300 350
Angles® (W-N-E-S

Fig. 8: Normalised polarised brightness from COR2-A (data ex-
tracted with standard secchi_prep routine) and COCONUT dy-
namic simulation with daily updated magnetograms. The po-
larised brightness is given for the entire latitudinal range at a
distance of 3 Ry. The slit position denoted by S in Figure 7 is
indicated with a cyan vertical line.

image, we hide the area below 2.3 Ry with a semi-transparent
mask. The coronal configuration differs slightly from the ob-
served eclipse image from Earth due to the different viewing lo-
cations (see the right panel in Figure 7). The North Pole is over-
saturated in the COCONUT simulation result, while it appears
somewhat dimmed in the observation. The prominent streamer
is present on the east limb in the observation and the COCONUT
synthetic image. The enhanced region at the south pole is wider
in the COCONUT simulation compared to the observation. We
observe that the western limb is also well reproduced.

For a more detailed comparison, we consider the shape of
the normalised polarised brightness profiles obtained during the
observations and after forward modelling. The calibrated obser-
vational data for comparison were extracted using the standard
IDL/secchi_prep routine. Figure 8 compares the latitudinal pro-
files at 3 Ry, shown as a white dashed circle in Figure 7. The nor-
malised polarised brightness profiles also suggest that the North
Pole is completely oversaturated compared to the COR2 obser-
vations. The streamer between 150° and 200° is present both
in the COCONUT simulation and the COR2 image; however,
the COCONUT image is undersaturated. The streamer near the
South Pole is spread out in the COCONUT simulation, and the
profile observed is well recovered after the 315° region. The en-
hanced profiles near the poles in the simulations could be due
to a heavily processed input magnetic map affecting the heating
profile. The comparison in Figure 8 confirms the conclusion of
the qualitative comparison from Figure 7.

Figure 9 compares the radial profiles along the line S at 315°,
shown as a cyan line in Figure 7. Here, we can see that the radial
profiles of the polarised brightness in the observed image and the
COCONUT simulation agree well.

5. Conclusions

The total solar eclipse on April 8, 2024, is used to validate the
COCONUT coronal model. Previously, only the simple, poly-
tropic version of the COCONUT model was used to assess the
low corona configuration of the Sun. This study utilises the full
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10° Kz
——— 08/04/24 -Dynamic -Daily
-------- COR2-A secchi_prep
107 F N\ E
DQ: '».'1: ~
= "
Q“l S
R
1021 R E
B2
ey
1073 I I . I I I .
2 3 4 5 6 7 8 9 10

Distance along the line, R.

Fig. 9: Normalized polarized brightness along the slit denoted by
S in Figure 7, corresponding to 315°. The from COR2-A (data
extracted with standard secchi_prep routine) and COCONUT
synthetic polarised brightness is plotted up to 10 Re.

MHD version of COCONUT, which includes the source and sink
terms, providing a more detailed description of the heating, ther-
mal conduction, and radiative loss processes near the Sun. Due
to the high solar activity during the eclipse, highly processed
maps were utilised with a low-resolution grid for the computa-
tions. The total solar corona predictions started on March 21,
2024, and were run in different regimes. First, the predictions
were performed in the quasi-steady mode. Steady simulations
were run daily before the total solar eclipse, and their evolution
was monitored over 19 days.

Each of these simulations took ~ 20 minutes on 4 nodes with
36 cores each on the Genius cluster of the Flemish supercom-
puter centre. Then, after the eclipse, time-dependent simulations
were performed using the same daily updated magnetograms as
those used for the quasi-steady predictions. The magnetograms
were interpolated and fed into the COCONUT simulation as
time-evolving inner boundary conditions. The last regime we in-
vestigated considered the time-dependent, dynamic simulations
with hourly updated magnetograms. This way, we investigated
the effect of dynamic driving of the boundary and the cadence of
the inner boundary.

We utilised various techniques available in the literature to
validate the obtained results. Since the input magnetic maps were
highly processed and the domain resolution was low, using mul-
tiple validation techniques would be beneficial. First, we exam-
ined the configuration of the magnetic streamers in the modelled
solar corona and overlaid the magnetic field lines onto the total
solar eclipse image. This was done for both quasi-steady and dy-
namic simulations with low and high cadence. We observed that
the most similar configuration was achieved in the dynamic sim-
ulations. However, increasing the cadence of the inner boundary
conditions did not notably improve the results, likely due to the
strong preprocessing of the maps.

We also performed simulations that included the magne-
tograms observed after the total solar eclipse. We could see
that the east limb was modelled differently due to the updated
magnetic field information from the back of the Sun. Based on
the comparison of the magnetic field configuration of the solar
corona, we used only dynamic simulations driven by a daily ca-
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dence for the following validation techniques. This implied the
synthetic WL images and normalised polarised brightness pro-
files. From this analysis, we could see that the prominent stream-
ers were reconstructed well on the west limb, and the streamer’s
location on the east limb was affected by including the informa-
tion from the back of the Sun. The normalised polarised bright-
ness image at 3 R confirmed the comparison of the latitudinal
distribution of the enhanced regions in the observed and mod-
elled images. The normalised polarised brightness along 315°
radial slit showed that the profiles of the observed and modelled
corona are in good agreement.

Predicting the total solar eclipse of 2024 was challenging
due to high solar activity and the presence of strong magnetic
field regions on the solar surface. Using multiple validating tech-
niques was essential to assess the model’s performance and de-
termine the role of processing the input data in the obtained re-
sults. Even though the pronounced streamers were reconstructed
in the model, the main limitation of the model remains the lack
of a detailed magnetic field configuration at the inner bound-
ary. Improving the robustness of the COCONUT model is the
next step in its development. For future work, we intend to in-
vestigate the relationship between the processed magnetic field
and the generated synthetic images while light in the simula-
tions. Additionally, we intend to perform coronal modelling with
a less processed magnetogram on a higher resolution computa-
tional domain to reconstruct the observed features in more detail
and avoid smoothing them over vast regions.
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Appendix A: Areas of interest in the input maps

Figure A.l shows the calculated difference between the pro-
cessed radial magnetic field values of the consecutive input mag-
netic field data given in Figure 1. The same boxes as in Figure 1
are plotted on top of the difference plots. Box 1 shows the dif-
ference between the input magnetogram observed on March 28
and March 21. Figure A.1 shows that the strongest differences
are present near the right edge of the box, where the magnetic
field is also the strongest in the input magnetogram shown in
Figure 1. However, when considering the structure of the mag-
netic field configuration, we notice that near the left edge of the
box, the slightly enhanced differences indicated lead to a change
in the magnetic field structure in the input magnetogram. Thus,
we also included this region in this box, rather than limiting it
only to the strongest part. As a result, we considered both the
magnetic field configuration in the input maps and the calculated
differences between consecutive maps to identify the three areas
of interest where the most change occurs over time.
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Fig. A.1: The difference between the smoothed input magnetic
field data between the consecutive dates shown in Figure 1 of the
paper. The title indicates the dates between which the difference
was calculated.
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