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ABSTRACT

Context. The magnetic connectivity between the Sun and the Earth is crucial to our understanding of the solar wind and space weather
events. However, establishing this connectivity is challenging because of the lack of direct observations, which explains the need for
reliable simulations.
Aims. The method most often used to make such measurements over the last few years is the two-step ballistic method, but it
has many free parameters that can affect the final result. Thus, we want to provide a connectivity method based on self-consistent
magnetohydrodynamics (MHD) models.
Methods. To this end, we combined the COCONUT coronal model with the EUHFORIA heliospheric model to compute the magnetic
field lines from the Earth to the Sun. We then developed a way to quantify both the spatial and temporal uncertainty associated with
this computation. To validate our method, we selected four cases already studied in the literature and associated with high-speed-
stream events coming from unambiguous coronal holes visible on the disk.
Results. We always find a partial overlap with the assumed CH of origin. The extent of this overlap is 19% for event 1, 100% for event
2, 45% for event 3, and 100% for event 4. We looked at the polarity at Earth over the full Carrington rotation to better understand
these results. We find that, on average, MHD simulations provide a very good polarity estimation, showing 69% agreement with
real data for event 1, 36% for event 2, 68% for event 3, and 69% for event 4. For events 1 and 3, we can then explain the mixed
results by the spatial and temporal uncertainty. An interesting result is that, for MHD models, minimum-activity cases appear to be
more challenging because of the multiple recurrent crossings of the HCS, while maximum-activity cases appear easier because of the
latitudinal extent of the HCS. A similar result was also found with Parker Solar Probe data in another study.
Conclusions. We demonstrate that it is possible to use MHD models to compute magnetic connectivity and that this approach provides
results of equal quality to those from the two-step ballistic method, with additional possibilities for improvements as the models
integrate more critical physics.
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1. Introduction

Space weather forecasting can be described as the ability to
anticipate the most energetic events from the Sun and their cor-
responding impact on our planet (Schrijver et al. 2015). Such
events include, for example, solar particles accelerated to a rel-
ativistic speed by flares, that is, solar energetic particles (SEPs)
or large clouds of coronal matter ejected in the interplanetary
medium by magnetic reconnection, known as coronal mass ejec-
tions (CMEs) (Temmer 2021). These events can have a strong
impact on the Earth’s environment by disrupting the magneto-
sphere’s magnetic field and enhancing the radiation in the van
Allen belts (Pulkkinen 2007). These consequences are signifi-
cant for our heavily technology-dependent society, as they can
jeopardise astronaut equipment, satellite lifetimes, communi-
cation efficiency, aviation crew safety, and even ground-based
large-scale electrical installations (Lanzerotti 2001). However,
connecting these solar events with their geo-effective counterpart
is far from trivial (Zhang et al. 2021): this is due to the dynamics
of the interplanetary medium, which is shaped by the continuous
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ejection of particles that is the solar wind (Parker 1958). The lat-
ter can slow down or even deflect events (Lavraud & Rouillard
2014), and even cause disturbances by itself through its fastest
component, high-speed streams (HSSs) (Verbanac et al. 2011).
When the solar wind becomes highly dynamic (e.g., close to
maximum activity), it then becomes especially challenging to
produce reliable space-weather forecasts (Riley et al. 2018).

One tool to connect solar observations with those at L1 is to
use the interplanetary magnetic field (Owens & Forsyth 2013).
This field is generated inside the Sun through the dynamo effect,
which is the ability of a magnetised fluid to sustain and amplify
a large-scale magnetic field against Ohmic dissipation (Moffatt
1978; Parker 1993). This dynamo-generated magnetic field is
variable in time, with an 11-year cycle of activity for sunspots
and a 22-year cycle for polarity reversal (Hathaway 2015). This
large-scale magnetic field expands across the solar surface and
bathes the entire Solar System. It then interacts with the solar
wind, creating complex dynamics where the particles follow the
field lines in the lower corona. In contrast, further away from
the Sun, the frozen magnetic field traces the path of the plasma.
Energetic particles emitted during specific events such as SEPs
are also sensitive to the influence of magnetic field and tend
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to gyrate around field lines (Heber & Potgieter 2006). Knowl-
edge of the interplanetary magnetic field can therefore be used to
build a map of the Sun–Earth connectivity. A well-known exam-
ple of this complex connectivity is the Parker spiral. Due to the
Sun’s rotation, magnetic field lines are twisted to an angle that
reaches 45◦ at the Earth (Parker 1958), and hence western-limb
events tend to be more geo-effective on average than events close
to the central meridian (Cid et al. 2012). However, this method
is still challenging to use, as there are no direct observations
of the interplanetary magnetic field (only punctual local in situ
measurements or indirect proxies, such as white-light polarized
brightness images) (Owens & Forsyth 2013). Most methods thus
rely on models, but these usually do not consider the perturba-
tions created by turbulence, waves, shears, shocks, or magnetic
reconnection.

One of the first examples of computation of the magnetic
connectivity was presented by Nolte & Roelof (1973), with the
extrapolated quasi-radial hypervelocity (ERQH) approximation.
This method is based on the Parker spiral with a constant solar
wind speed along the trajectory and was used to trace the ori-
gin of an HSS (Krieger et al. 1973) and SEP events back to
the solar surface (Roelof & Krimigis 1973). This method was
later labeled the ballistic back-mapping method, as mapping
starts from the planet or spacecraft and the solar wind trajec-
tory is computed from there. Neugebauer et al. (1998) presented
a follow-up study, computing the connectivity of the WIND and
Ulysses spacecraft, and exploring new semi-empirical models
such as the potential field source surface extrapolation (PFSS;
see Schatten et al. 1969) and current sheet models (Schatten
1971). These new methods were labeled magnetic mappings,
starting from the solar magnetic field and focusing on the exten-
sion of the field lines. More recent studies using the Parker
Solar Probe (PSP) data have shown that these methods alone
have limitations (Macneil et al. 2022) and that the best way
to compute the magnetic connectivity is to use both methods
one after the other, which is now known as two-step ballistic
mapping (Peleikis et al. 2017). Such methods are used to com-
pute the connectivity for solar missions such as Solar Orbiter
(Rouillard et al. 2020). There is ongoing research on how to
improve both the two-step ballistic method and the compu-
tation of its corresponding uncertainties (Koukras et al. 2022;
da Silva et al. 2023; Dakeyo et al. 2024).

However, these empirical models tend to have many
free parameters that strongly impact the connectivity forecast
(Badman et al. 2020). Magnetohydrodynamics (MHD) models
are more self-consistent but until recently have not been used
for space-weather applications as they tend to be too slow for
operational use. However, the situation has now changed, with
new models such as EUHFORIA (Pomoell & Poedts 2018),
COCONUT (Perri et al. 2022), and ICARUS (Verbeke et al.
2022), which are specifically designed and optimised for oper-
ational forecasts. This forecasting time can even be improved
through the architecture of forecasting facilities, which allows
the coupling of coronal and heliospheric models (Poedts et al.
2020). Through this chain of models, we can also derive the
magnetic connectivity and then test the advantages and limi-
tations of this new method compared to existing ones. Such a
comparison was made by Neugebauer et al. (1998), who tested
these coupled models against the “magnetohydrodynamic algo-
rithm outside a sphere” (MAS) from Linker & Mikić (1997).
This work was completed by Riley et al. (2006), who found that
the topology of PFSS and MHD models is usually similar. More
recently, Badman et al. (2023) studied the connectivity between
the Sun and PSP using many different models, including MHD

models such as MAS but also MS-FLUKSS (Singh et al. 2022).
Badman et al. (2023) also found similar results for Encounters 4
and 10 of the PSP mission in terms of connectivity estimations
made with PFSS or MHD models. However, such a systematic
comparison has not been conducted recently for the connectivity
to Earth.

The structure of this paper is as follows. In Sect. 2, we
provide more information about the 3D MHD models used
(COCONUT for the corona and EUHFORIA for the helio-
sphere), how we connect the two to compute the magnetic
connectivity, and the alternative way of computing the connec-
tivity using PFSS and ballistic back-mapping, which we used for
comparison. In Sect. 3, we present the different validation cases
selected. In Sect. 4, we compute the magnetic connectivity for
the chosen cases and compare the results with those using tra-
ditional connectivity methods. In Sect. 5, we discuss the quality
of these results and explain their differences using in situ data.
Finally, in Sect. 6 we summarise all of our results and offer future
perspectives.

2. Computation of the magnetic connectivity

As explained above, this study is unique in that it uses only MHD
models to compute the magnetic connectivity.

2.1. MHD models

2.1.1. MHD coronal model: COCONUT

COCONUT (COolfluid COroNa UnsTructured) is a 3D MHD
data-driven coronal model that uses implicit numerical meth-
ods. A full description of the model can be found in Perri et al.
(2022); here we only describe its main characteristics. The
model is based on the COOLFluid framework for fluid mechan-
ics (Lani et al. 2013). It solves the ideal MHD equations written
in their conservative form in Cartesian coordinates and dimen-
sionless form. It uses a time-implicit backward Euler scheme
for finite volume methods to reach operational running times
(Perri et al. 2022) and runs on an unstructured grid to avoid polar
singularities (Brchnelova et al. 2022a). The default mesh uses a
sixth-level subdivision of the geodesic polyhedron with 20 480
surface elements, resulting in a grid with 3.9M elements. To
ensure the divergence constraint ∇ · B = 0, we use the artifi-
cial compressibility analogy (Chorin 1997), which is very sim-
ilar to the hyperbolic divergence cleaning (HDC) method ini-
tially developed by Dedner et al. (2002). COCONUT neglects
some elements to speed up the calculations, such as the Hall
term in the induction equation. Also, the Coriolis force or cen-
trifugal forces are neglected in the momentum equation. Hence,
the solar rotation is not considered, as it does not influence the
result below 20 solar radii (Perri et al. 2022). COCONUT takes
as input a synoptic magnetic map of the Sun as the inner bound-
ary condition for the radial magnetic field. The map is projected
onto spherical harmonics and is reconstructed using the first
30 modes. It has been validated both at minimum (Perri et al.
2023) and maximum activity (Kuźma et al. 2023) by comparison
with various solar datasets. More specifically, the validation was
done during total solar eclipse events using white-light polarized
brightness images. That way, the coronal magnetic field structure
could be inferred and compared with the numerically obtained
magnetic field.

This version of the COCONUT model uses a polytropic
relation between the density and the pressure as an approxima-
tion of coronal heating. Indeed, by stating that the corona is
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Fig. 1. Example of magnetic connectivity computed between the Earth and the Sun using COCONUT and EUHFORIA models. The Earth is
depicted as a gray sphere to show the initial seed of the magnetic field line. Then, we have a first field line computed in EUHFORIA in the
heliospheric part (shown as a white flux tube). The interface between the coronal and heliospheric parts (COCONUT and EUHFORIA) is shown
via a transparent sphere at 0.1 AU. Finally, inside the coronal part, we show the second magnetic field line computed using COCONUT results
(white flux tube inside the transparent sphere).

almost isothermal (with a polytropic index of 1.05), we simu-
late a constant input of energy to accelerate the wind. However,
with this assumption, only a slow or fast solar wind is consid-
ered, and not both simultaneously. The model was run with the
same parameters as those described in Perri et al. (2023), which
means ρ� = 1.67 × 10−16 g/cm3 and T� = 1.9 × 106 K for fixed-
value Dirichlet conditions of density and pressure. The pressure
at the inner boundary follows from the solar surface temperature
by application of the ideal gas law: P� = 4.15 × 10−2 dyn/cm2.
All other quantities of the magnetic field have zero-gradient con-
ditions. This means that ∂Bθ/∂r = ∂Bϕ/∂r = 0. Regarding
the velocity, it is aligned with the magnetic field in order to
limit surface currents, as explained in Brchnelova et al. (2022b).
The frame used in COCONUT is the same as the input map.
As we explain below, we used SDO/HMI synoptic maps in the
Carrington frame for this study. We demonstrated in Perri et al.
(2023) that these maps yield the most realistic results for the base
parameters of COCONUT.

2.1.2. MHD heliospheric model: EUHFORIA

EUHFORIA (EUropean Heliospheric FORecasting Informa-
tion Asset) is a model for forecasting the solar wind in the
inner heliosphere and the potential CME evolution within
(Pomoell & Poedts 2018). The complete model contains a coro-
nal part (up to 21.5 solar radii) and a heliospheric part (up
to Mars’ orbit). However, we replaced the coronal part with
COCONUT to provide the solar wind radial speed, temperature,
density, and radial magnetic field at the interface. The helio-
spheric part is a 3D magneto-hydrodynamics model in which
the ideal MHD equations are solved with gravity included.
These equations are solved in the heliocentric Earth equato-
rial HEEQ coordinate system. We use a finite volume method
combined with a constrained transport approach to solve the
MHD equations. We use an approximate Riemann solver with
standard piece-wise linear reconstruction (Kissmann & Pomoell
2012; Pomoell & Vainio 2012) to obtain a robust and second-
order accurate scheme. At the outer radial boundary, we use open
boundary conditions implemented via a simple extrapolation,

whereas at the latitudinal boundaries, we use symmetric reflec-
tion boundary conditions. Although the chosen frame is not iner-
tial, we choose to omit the Coriolis and centrifugal terms, which
should be the result of Earth’s orbital motion, as their contri-
bution is negligible compared to the other plasma forces and
timescales due to the slow rotation of the Sun. A value of 1.5
is selected for the polytropic index, as in Odstrcil et al. (2004).
The default setup has a 2◦ angular resolution. We did not include
any CMEs in this project.

2.2. Magnetic connectivity using MHD models

This section now explains how we compute the magnetic con-
nectivity from the Sun to the Earth with the outputs of the two
previously described MHD models. As explained previously, the
two models have different frames (Carrington for COCONUT,
HEEQ for EUHFORIA), which we must adjust to make the
physical quantities continuous. The equivalent of the HEEQ
frame for the coronal part is the Stonyhurst heliographic coordi-
nate frame (Thompson 2006; Beck 2010). We thus compute the
longitude of the Carrington longitude in this frame and proceed
to rotate the COCONUT data accordingly.

We can start tracing the magnetic field lines once the two
models are in the same reference frame. We use the PyVista
Python package (Sullivan & Kaszynski 2019), which reads in
the COCONUT and EUHFORIA 3D datasets and traces stream-
lines using a Runge-Kutta 2 integrator. The streamlines of a mag-
netic vector field are what we call magnetic field lines. We start
from the position of the Earth, which is always located in the
heliospheric part, and so the data from EUHFORIA are used
first. From the magnetic field computed by EUHFORIA, we
trace the field lines down to ∼0.1 AU. The endpoint of the field
line in the heliospheric part for EUHFORIA gives the starting
seed for the field line in the coronal part for COCONUT. We
finally trace the second magnetic field line from this interface
point until the inner boundary of COCONUT, which corresponds
to the inner corona close to the solar surface. This second stream-
line’s endpoint is then Earth’s connectivity point on the solar sur-
face. The resulting magnetic connectivity can be seen in Fig. 1.
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The Earth is depicted as a gray sphere to show the initial seed
of the magnetic field line. Then, we have a first field line com-
puted in EUHFORIA in the heliospheric part (shown as a white
flux tube). The interface between the coronal and heliospheric
parts (COCONUT and EUHFORIA) is shown via a transparent
sphere at 0.1 AU. Finally, inside the coronal part, we show the
second magnetic field line computed using COCONUT results
(white flux tube inside the transparent sphere). In summary, for
each date, we can provide the magnetic connectivity point at the
surface of the Sun that is magnetically connected to the Earth.
This procedure is used here only for the connectivity between
the Earth and the Sun, but the same principle could be applied to
other satellites.

A complementary approach is to use the velocity stream-
lines as another indicator of connectivity in addition to the mag-
netic field lines: because of the frozen-in theorem, magnetic and
velocity streamlines should coincide most of the time. However,
we cannot be certain that this is always the case: in the case
of magnetic reconnection in particular, magnetic field lines may
become discontinuous, but velocity streamlines may not, which
simplifies the complexity of certain events. The use of veloc-
ity streamlines will be examined more thoroughly in a future
study.

Because we work with realistic field lines, they are not
always continuous. This can be caused by numerical reconnec-
tion in the current sheet due to the resolution, or by shocks and
discontinuities that form naturally in the numerical domain. We
developed specific procedures to exclude these exceptions and
only compute the field lines that extend between the two mod-
els. This means that we exclude field lines in EUHFORIA that
do not reach the interface at ∼0.1 AU, and we also exclude field
lines in COCONUT that do not reach the inner boundary condi-
tion at one solar radius.

We performed an event-based study to test the accuracy of
our connectivity estimates. The events and how they were cho-
sen can be seen in Sect. 3. To assess the robustness of our
results, we computed uncertainties associated with each event.
First, we took into account a temporal uncertainty: this comes
from the fact that the solar wind takes four days to travel
from the Sun to the Earth on average, but this is a statistical
approximation obtained for HSSs produced by coronal holes
(CHs) (Vršnak et al. 2007). In practice, the solar wind speed
can vary along the trajectory and thus impact the propagation
time (Koukras et al. 2022). To take this into account, when we
are trying to derive the magnetic connectivity at an event seen
at Earth for a specific date, we average the connectivity points
we find over the past few days before the event to get an idea
of the temporal evolution of the magnetic connectivity over the
propagation phase of the solar wind. However, we specify that
this temporal variation is made solely by rotation of the sim-
ulation by assuming that the magnetic field configuration does
not vary over the studied period (which is not always the case
at maximum activity). Second, we also take into account spa-
tial uncertainty: as explained above, the magnetic field lines can
be discontinuous, or they can also be very divergent locally,
which means that we cannot rely upon a single field line for
the magnetic connectivity estimate. This spatial uncertainty also
includes the possible deviation of a few degrees induced by the
neglect of the effect of rotation. To improve our estimation of
the uncertainty, we thus compute several field lines for the Earth
connectivity, each starting from a seed point separated from
Earth by an angle of between 5 and 10◦ in latitude and/or longi-
tude. Ultimately, we use nine points around the Earth’s position
and thus compute between one and nine field lines, depending

on their continuity. Thus, we can ultimately get several dozen
points for the magnetic connectivity estimate. We take the mean
value of the points’ positions and compute the standard deviation
to provide a magnetic connectivity zone instead of a magnetic
connectivity point. As a general rule, if the difference in latitude
exceeds 20◦, the zone is split into two different subzones.

2.3. Alternative way of computing connectivity for validation

To validate our magnetic connectivity estimation, we compare it
with other studies such as Reiss et al. (2021) and Koukras et al.
(2022). The first study is purely observational, focusing on an
HSS case where the connected coronal hole could be easily iden-
tified (as described in more detail in the following section). The
second study uses a modified back-mapping method, replacing
the ballistic part with a two-part Parker solution approximation.
In contrast, the PFSS part is based on GONG magnetograms.
We also compare our MHD connectivity estimate with a more
traditional one based on the usual back-mapping method. We
describe this method as implemented here, using the two steps
of ballistic mapping and magnetic mapping.

Ballistic mapping is where the solar wind is traced from a
point in the inner heliosphere to the source surface using the
Parker spiral corresponding to the solar wind speed vr measured
in situ and assuming it is constant with distance (Krieger et al.
1973; Peleikis et al. 2017). For a spiral of heliographic colati-
tude θ, the heliographic longitude ϕ(r) of the spiral as a function
of heliocentric distance (r) relative to its starting longitude is
given by:

ϕ(r) = −
Ω�r sin(θ)

vr
, (1)

where Ω� is the angular velocity of the Sun. Strictly speak-
ing, the radial dependency should be (r − rss), where rss is the
source surface height in order to be self-consistent with the PFSS
condition that field lines are radial at the outer boundary, but
we assume this correction to be small enough so that we can
neglect it.

The second concept used together with the Parker spiral
for validation is the PFSS extrapolation (Altschuler & Newkirk
1969; Schatten et al. 1969; Schrijver & De Rosa 2003). This
model focuses on the structure of the coronal magnetic field in
its minimum-energy state. This simplistic model assumes that
the coronal magnetic field is potential, that is, that the rota-
tion of B is zero, so that it cannot capture twisted structures.
The PFSS extrapolation uses a photospheric magnetogram as the
inner boundary condition for the magnetic field potential, which
satisfies the Laplace equation. The magnetic field is assumed to
be purely radial starting from the source surface (usually around
2.5 solar radii; see Hoeksema et al. 1983). This method is very
efficient for estimating the magnetic field geometry in the solar
atmosphere and is therefore commonly used in space-weather
forecasting (Lee et al. 2011; Pomoell & Poedts 2018). To imple-
ment this technique, the Python package pfsspy was used, which
is an open-source code fully integrated into the sunkit-magex
package1 within sunpy (Stansby et al. 2020). For the latter cal-
culations, a 3D spherical grid is used, with 50, 360 and 720 grid
points. For each case, a source surface radius of 2 was chosen by
comparing the HCS from PFSS with the one simulated with the
MHD model, and then by selecting the best match. A summary

1 More information can be found here: https://github.com/
sunpy/sunkit-magex
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Fig. 2. Illustration of the two different chains of models used to compute
the magnetic connectivity in this paper. The first chain is our combina-
tion of MHD models, COCONUT and EUHFORIA. The second one is
the traditional back-mapping chain with the PFSS extrapolation coupled
with the ballistic mapping.

of the two different methods used for the magnetic connectivity
estimations of this paper can be found in Fig. 2.

3. Description of the validation cases

To measure the quality of our magnetic connectivity estima-
tion, we need reference cases so that we can validate our results
against observations. However, establishing the magnetic con-
nectivity between the Sun and the Earth is challenging due to
the lack of direct measurements of the interplanetary magnetic
field. The only available information related to the magnetic
connectivity pertains to the ion charge and elemental measure-
ments (Landi et al. 2012). Indeed, composition abundances tend
to be frozen in the solar wind, and therefore, in theory, we
can connect spectroscopic and in situ measurements with the
same ion charge states (oxygen or carbon ratio). Baker et al.
(2023) and Yardley et al. (2024) provide two examples where
remote sensing and in situ data were combined to obtain the
magnetic connections. However, this technique has not yet been
applied systematically, which means that very few validation
cases have been identified unambiguously. Therefore, we used
another method as a proxy to determine the magnetic connectiv-
ity between the Sun and the Earth, which is to track high-speed
stream (HSS) events. HSSs are fast solar wind streams detected
at Earth (Snyder et al. 1963; Grandin et al. 2019). Studying these
events is relatively straightforward because their identification
can often be unambiguous, since they are characterized by a
shock and jump from 400 km/s to 700 km/s) and can easily be
connected to the solar surface. Indeed, the sources of the fast
solar wind are currently better understood than those of the slow
solar wind (Cranmer et al. 2017) and have been determined to be
the central regions of CHs (Krieger et al. 1973; McComas et al.
2000; Kohl et al. 2006). CHs are low-density patches in the solar
corona due to open magnetic field lines, resulting in a darker
region in extreme ultraviolet (EUV), which can also be easily
identified (Zirker 1977). By assuming that the magnetic field
lines are frozen in the solar wind, we can use these events to
validate the magnetic connectivity.

In particular, we use four cases previously identified and
studied in the literature (see Fig. 3). The CHs that are possible
sources can be found in Fig. 4. The first one is from Reiss et al.
(2021) and corresponds to an HSS reaching Earth on the 1
June 2018 (event 1; top left panel). The other three cases are
from Koukras et al. (2022) and correspond to various HSSs on
22 December 2020 (event 2; top right panel), 4 August 2018

(event 3; bottom left panel), and 13 April 2012 (event 4; bot-
tom right panel). In the selected cases, only pure fast solar wind
events were chosen in order to avoid the perturbations induced
by compression regions. We display the in situ measurements
of the mean solar wind velocity and the radial magnetic field.
These data come from the satellite ACE (Advanced Composi-
tion Explorer) at Lagrange point L1. Three cases are during a
solar minimum (events 1, 2 and 3) and one is during a solar max-
imum (event 4). The solar maximum case is expected to be more
challenging because solar activity can affect the accuracy of the
magnetic connectivity.

The radial-magnetic-field component indicates the polarity
of the interplanetary magnetic field. A positive value corre-
sponds to a positive polarity (field line going away from the Sun),
while a negative value indicates a negative polarity (field line
going towards the Sun). Please note that ACE does not directly
provide Br, but instead provides the GSE frame coordinates2,
and we assume that Br ∼ −BGSE,x. The implications of the polar-
ity are discussed in more detail in Sect. 5.

The in situ data for our events can be seen in Fig. 3. For the
first event in 2018 (top left panel), we show the data between
31 May 2018 and 5 June 2018. The polarity for that event is
clearly negative (marked by a blue rectangle). For the second
event in 2020 (top right panel), we see that the polarity changes
a lot between 22 and 23 December 2020, but is primarily positive
(marked by a red rectangle). For the third event in 2017 (bottom
left panel), we can see that the polarity goes from negative to
positive and remains positive during the HSS. For the last event
in 2012 during a solar maximum (bottom right panel), the overall
magnetic polarity is negative.

As we also have access to the CHs polarity at the surface
of the Sun, this gives us a tool with which to more precisely
pinpoint the CH that is responsible for the observed HSS of the
same polarity. With this approach, we can complement the in situ
data from Fig. 3 with remote-sensing data in Fig. 4. This figure
displays the Sun in EUV (193 Å from SDO/AIA), which allows
us to see the CHs responsible for the fast solar wind as darker
regions. We have marked the largest CHs with rectangles, the
color of which denotes their polarity (red for positive, blue for
negative). Returning to the in situ data, we can then assume that
for event 1 (top left panel), the HSS observed at Earth originates
from the central CH (which is what was found in Reiss et al.
2021) or the southern CH. Similarly, event 2 originates from the
northern CH, event 3 also originates from the northern CH, and
finally event 4 originates from the equatorial CH.

With the HSS events well identified at Earth, we performed
the corresponding coronal and heliospheric numerical simula-
tions to reproduce them. To do so, we used a magnetic map
as input that covers the period before the event. Indeed, as
solar wind can take 2 to 5 days, on average, to reach the Earth,
we cannot select a single magnetic map at a specific date to
reproduce the exact solar configuration that triggered the HSS.
Instead, we use HMI Carrington maps that accumulate obser-
vations over the full Carrington rotation for both the MHD
model and the back-mapping method. These maps have also
been shown to give the best results for the COCONUT model
(Perri et al. 2023). The most realistic way to model the magnetic
connectivity would of course be to have a time-dependent model
(Lionello et al. 2023). Still, this feature is not available yet for

2 More information about the various ACE coordinate systems can be
found here: https://izw1.caltech.edu/ACE/ASC/coordinate_
systems.html
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Fig. 3. In situ data for events 1 to 4 (left to right, then top to bottom). For each event, we show the mean velocity of the solar wind in km/s (top
subpanel) and the radial magnetic field in nanoTesla (bottom subpanel). The ACE data, measured in situ, help us to identify the HSS corresponding
to the CH event and indicate the polarity at Earth. The red and blue squares indicate the specific period of the event where a positive and negative
polarity is expected, respectfully.

Fig. 4. AIA (193 Å) images from SDO for events 1 to 4 (left to right,
then top to bottom). The CHs are the darker regions visible and marked
in the EUV wavelengths. The red and blue squares indicate the specific
CH where a positive and negative polarity is expected, respectfully. The
figures are made with Helioviewer (Helioviewer Project 2023). More
information about the events can be found in Table 1.

the COCONUT and EUHFORIA models and is thus outside the
scope of this paper. The relevant information about the valida-
tion events, including the corresponding arrival of the solar wind

at Earth and the period covered by the magnetic map of the Sun
for the four cases studied, can be found in Table 1.

4. Validation of the magnetic connectivity

We now compare our magnetic connectivity MHD estimations
with results from previous studies and the traditional two-step
ballistic mapping. The results for all four events are plotted
together in Fig. 5: event 1 (2018) is on the top left, event 2 (2020)
is on the top right, event 3 (2017) is on the bottom left, and event
4 (2012) on the bottom right. We show the location at the surface
of the Sun that is the most likely to be connected to Earth during
the corresponding HSS event.

For the first event (top left panel), the simulation shows three
potential MHD connectivity points. One magnetic connection is
in the northern CH, with a positive polarity; another is connected
to a negative-polarity southern CH, and the last is in an equato-
rial CH, which also has a negative polarity. The two-step ballis-
tic mapping method yields a mean magnetic connectivity point
located around the equatorial CH, which has a negative polarity.

In the simulation, the Earth is mainly located beneath the
HCS, and so it is more likely that the magnetic connection is
with the equatorial or the southern CH, which have the same
polarity as that seen in the in situ data and the two-step ballis-
tic mapping. For this event, it was previously determined that
the correct magnetic connection is with the equatorial CH (see
Reiss et al. 2021 for more details). The results of EUHFORIA
and COCONUT also support this outcome but with more uncer-
tainty than the back-mapping method. This could be attributed
to the simulation parameters (the equatorial CH is smaller in the
simulation compared to the observations, which can lead to a less
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Table 1. Arrival times of solar wind on Earth and period covered by the magnetogram at the Sun.

Event Observed at the Earth Period of magnetogram Solar minimum Corresponding study
or maximum

Start date End date Start date End date

1 31/05/2018 10:08 05/06/2018 10:21 16/05/2018 10:57 12/06/2018 05:55 Minimum Reiss et al. (2021)
2 22/12/2020 17:59 23/12/2020 15:10 28/11/2020 14:46 25/12/2020 22:31 Minimum Koukras et al. (2022)
3 04/08/2017 13:19 05/08/2017 10:11 20/07/2017 06:08 16/08/2017 11:27 Minimum Koukras et al. (2022)
4 13/04/2012 04:07 13/04/2012 23:13 31/03/2012 21:25 28/04/2012 03:48 Maximum Koukras et al. (2022)

Notes. These events are used to calculate the magnetic connectivity between the Earth and the surface of the Sun for a given period. The telescope
used for all the events is SDO/HMI. The events are taken from two different studies, Koukras et al. (2022) and Reiss et al. (2021).

Fig. 5. Validation of the MHD connectivity estimation for the four cases selected. We show the location at the surface of the Sun that is most
likely to be connected to Earth during the corresponding HSS event. The MHD connectivity estimate is shown in bright blue, the two-step ballistic
estimate is shown in pink, and the magnetic connectivity estimate from other studies (Reiss et al. 2021 for event 1 and Koukras et al. 2022 for other
events) is shown with a purple rectangle. The area covered by the magnetic connectivity estimate represents the spatial and temporal uncertainties.
We also show the HCS (red line) and CHs to explain these results better. The red and dark blue patches indicate respectively the positive and
negative polarity regions of open magnetic field lines in the COCONUT simulation, while the gray areas indicate the CHs extracted from the SDO
Carrington EUV maps using the EZSEG algorithm for events 1−3 (Caplan et al. 2016).

spatially and temporally extended HSS) or the complexity of the
field line configurations (which could explain the incursion of a
positive-polarity patch in this region). A summary of the polarity
for all cases can be found in Table 2.

If we then look at event 2 (top right panel), we see that the
MHD simulation gives a result around the northern CH with a
positive polarity, similar to the result obtained in the study of
Koukras et al. (2022). However, the two-step ballistic method
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Table 2. Magnetic polarity from COCONUT and EUHFORIA, and the two-step ballistic mapping method.

COCONUT + EUHFORIA Back-mapping method Ground source
Event Magnetic polarity Magnetic polarity Magnetic polarity

1 Positive Negative Negative
Negative
Negative

2 Positive Negative Positive
3 Positive Positive Positive

Negative
Negative

4 Negative Negative Negative

Notes. These results can also be found in Table 3 with the corresponding coordinates and uncertainties. The right column gives the average
magnetic connectivity of the in situ data for the same event.

Table 3. Mean values of the magnetic connectivity locations for the four studied events.

COCONUT + EUHFORIA Back mapping method Overlap [%]

Event Mean longitude [◦] Mean latitude [◦] Mean longitude [◦] Mean latitude [◦]

1 239.36± 15.25 50.18± 1.65 197.21± 34.74 −10.80± 14.42 19.45
189.02± 2.28 −13.45± 5.88
222.20± 21.66 −57.79± 3.18

2 83.98± 10.4 36.01± 5.79 115.40± 14.71 −17.33± 1.42 100
3 233.38± 19.89 60.90± 2.37 213.01± 13.03 22.93± 1.15 45.03

252.65± 0.21 −19.45± 0.20
249.21± 4.09 −54.80± 1.81

4 307.1± 20.12 9.26± 1.05 258.87± 17.40 7.12± 5.73 100

Notes. We display the latitudes and longitudes in degrees in the Carrington frame. The first column shows the estimates obtained from COCONUT
and EUHFORIA, while the second column shows the magnetic connectivity obtained from the two-step ballistic mapping method. The final
column indicates the percentage of agreement between data and simulations.

gives a mean value around the equator with a negative polarity.
In this case, the result obtained with COCONUT can be assumed
to be correct because it has the same magnetic polarity as seen in
the in situ data. This shows that MHD simulations can provide
an accurate estimate of the magnetic connectivity even in com-
plex cases, as here, the event corresponds to a very patchy CH
located close to active regions (i.e., closed field lines very close
to open field lines).

For event 3 (bottom left panel), the MHD simulations pro-
duced three different results: a magnetic connection point at a
southern CH with a negative polarity, a magnetic connection
point at a northern CH with a positive polarity, and a magnetic
connection point at an equatorial CH also with a negative polar-
ity. This last point is difficult to see because of the minor uncer-
tainties. The back-mapping method also gave a result around the
CH in the north with a positive polarity, which is consistent with
the result obtained by Koukras et al. (2022). Therefore, it is more
likely that the actual magnetic connection is at the northern CH,
where both the simulation and the in situ data have a positive
polarity.

Finally, for event 4 (bottom right panel), we can see that all
the results of the different approaches are located around the
equator, and all with a negative polarity. The HCS from the simu-
lation (red line) is far more complex and less flat than in the pre-
vious cases, which seems to provide more precise results. The
results obtained with COCONUT and EUHFORIA are located
in a CH close to the CH found by Koukras et al. (2022). We do
not have the observations needed to confirm which CH is correct
(Koukras et al. 2022 assumed it was the largest one).

The coordinates of the connectivity estimates derived using
the MHD models and the two-step ballistic mapping are sum-
marized in Table 3. Latitudes are in degrees, and longitudes are
in degrees in the Carrington frame. The table’s last column indi-
cates the overlap between the results obtained from COCONUT
and EUHFORIA and those obtained by Reiss et al. (2021) and
Koukras et al. (2022). The percentage of overlap was calculated
by dividing the total number of magnetic connections to the right
CH throughout the entire period by the total number of connec-
tions obtained during that period.

What is very surprising here is that the most difficult cases
(event 2 because of patchy CH and event 4 because of maximum
activity) are the ones where the connectivity is better estimated.
Events 1 and 3 yield some overlap (respectively 19 and 45%),
and so the MHD connectivity is only partly correct. This can be
explained for event 1 by the small opening of the equatorial CH,
but is more difficult to explain for event 3. To understand these
results further, we look more precisely at the polarity variations
in the following section.

5. Discussion: Polarity estimation

To understand why certain events provide good magnetic con-
nectivity while others do not, we can explore the magnetic
configuration on a larger scale and compute the polarity seen
at Earth over the full Carrington rotation in our simulations.
Indeed, if the in situ polarity is not correct at the date of the event,
we cannot recover the proper CH connectivity. This would indi-
cate that the cause of the error is more complex and linked to a
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Fig. 6. Validation of the global Earth magnetic connectivity using in situ polarity. Each line corresponds to one of the studied events (event 1 for
line 1, and so forth). For the left column, we plot the Earth’s latitude for each date over the simulated period and indicate the corresponding in
situ polarity measured by ACE with a colored box (blue for negative, and red for positive). We put this in perspective with the simulated HCS
at Earth’s orbit (black line). The middle column is essentially the same plot, except that this time, the polarity at Earth positions comes from the
MHD simulations. Finally, the right column quantifies the agreement between in situ and simulated polarity for each date (in green when there is
agreement, and in red otherwise). These plots were inspired by the work of Badman et al. (2022).

mistake in the HCS position. The work of Badman et al. (2022)
inspired this analysis; these authors performed a similar study on
solar wind simulations for comparison with PSP data.

The corresponding analysis can be found in Fig. 6. Each line
corresponds to one of the studied events (event 1 for line 1,
and so forth). For the left column, we plot the Earth’s latitude
for each date over the simulated time and indicate the corre-
sponding in situ polarity measured by ACE (blue for negative,
red for positive). The latitude of the Earth is determined using
the SpiceyPy Python package (Annex et al. 2020). Each date is
obtained by rotating the steady-state simulation to the corre-
sponding Carrington longitude. The in situ data are the same
as shown in Fig. 3. We put this in perspective with the sim-
ulated HCS at Earth’s orbit (black line). We use EUHFORIA

data to compute the HCS location at 1 AU by separating positive
and negative polarities. We unfortunately do not have a way to
measure the HCS position around Earth (it is possible to deter-
mine its shape at around 4 solar radii using SOHO/LASCO data
– see Poirier et al. 2021 –, but not further without using theo-
retical assumptions). However, we can check whether the cross-
ings between Earth’s orbit and the HCS correspond to polarity
switches. Our HCS positioning is erroneous during this period if
it does not correspond to a switch between polarities in the obser-
vations. To better illustrate this potential mismatch, the middle
column is almost the same plot, except that this time, the polarity
at Earth positions comes from the MHD simulations. It can then
be directly compared to the measured in situ polarity showcased
by the colored box to see whether they match (which means that
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they have the same color). Finally, the right column quantifies
the agreement between in situ and simulated polarity for each
date (in green when there is agreement, and in red otherwise).
From this final plot, we can compute a percentage of agree-
ment between data and simulations, quantifying the quality of
our global polarity estimate and thus our chances of obtaining
an accurate determination of the magnetic connectivity for an
event during this period.

Using the latter, we can determine that we have a 69% agree-
ment for event 1, a 36% agreement for event 2, a 68% agreement
for event 3, and a 69% agreement for event 4. This shows that
our MHD simulations are consistent, and that for most of these
cases we are recovering the right connectivity for 70% of the
dates. Interestingly, even though event 2 has the lowest score for
the HCS agreement, we still recover the correct magnetic con-
nectivity with positive polarity. In contrast, events 1 and 3 have
good scores for the polarity match despite lower scores for CH
connectivity. We can then look at the left column of Fig. 6 to
understand these results further.

For event 1 (top line), the explanation is relatively straight-
forward: we can see on the left panel that the negative polarity
(in blue) was measured at Earth sooner than in our simulations.
This slight delay of 24 hours explains why we have residual con-
nectivity to the northern CH. Then, it is impossible to distin-
guish between the contributions of the equatorial and southern
CH, which have the same polarity. The fact that the equatorial
CH is smaller than observed is likely the main explanation for
this confusion.

For event 2 (second line), we can see that the polarity around
the event in the simulations is positive (in red), as it should be,
which explains why the connectivity estimation is correct. How-
ever, immediately after the event, we switch early to a negative
polarity (in blue) due to the crossing of the HCS. This switch
is close to what is observed in the data, where this patchy CH
leads to rapid switches between positive and negative polarities.
In this case, the uncertainty of the simulation is accentuated by
the fact that we are close to the end of the Carrington rotation,
which can cause discrepancies in the simulation results. Hence,
this confirms that it was a very difficult case but that we could
still recover the global trends.

For event 3 (third line), we can see that the HCS positioning
for the blue negative polarity between 31 July and 4 August in
our simulation does not match the observations, with the blue
positive polarity starting too early on 1 August. This should help
us recover the right CH polarity which is positive. However, we
still get some magnetic field lines from the negative southern
CH. This means that because of the large extended northern CH,
field lines are more twisted and thus some isolated positive field
lines may be close to the Earth’s location in our simulation. This
means that, in this case, we do recover an accurate determination
of the magnetic connectivity at the exact location of the Earth.
Still, the surrounding uncertainty is high.

For event 4 (bottom line), the HSS event happens during a
long period of negative polarity, which is well reproduced in
our simulation. Because of the larger latitudinal amplitude of the
HCS (between −30 and 60◦ here, compared to −10 and 15◦ in
previous cases), it may be easier to recover the right polarity for
MHD simulations. This could mean that the maximum number
of activity cases may be more reliable than the minimum num-
ber of activity cases, because the crossing of the HCS is better
defined and happens less often for the Earth’s location. This con-
clusion is consistent with the findings by Badman et al. (2023)
for PSP data. This explains why we recover the right polarity.
We cannot then distinguish between the various negative CHs.

In conclusion, with this additional analysis we can quan-
tify that, on average, our MHD simulations provide an accurate
description of the magnetic polarity with an almost 70% accu-
racy rate for the studied periods. We can explain uncertainties in
our results because of errors in the HCS positioning (event 1).
We can also proceed to a more in-depth analysis and show that
the polarity estimate does not guarantee perfect magnetic con-
nectivity: event 2 is a very difficult case and still provides a good
result, while event 3 should have been easy and generated mixed
results. This analysis shows that the cases where there is max-
imum activity may be easier to compute for MHD simulations
due to the more extended shape of the HCS. Cases at minimum
activity indeed show more polarity switches, requiring higher
resolution and perhaps the perfect capture of a greater number
of physical (non-ideal MHD for the reconnection) and numeri-
cal (time-dependent simulations) features.

6. Conclusions

This study follows recent developments surrounding the deter-
mination of the Sun–Earth magnetic connectivity, which is
crucial for understanding solar wind events and anticipating
space-weather events. Traditionally, the solar magnetic connec-
tivity is determined using a two-step ballistic mapping, combin-
ing a PFSS extrapolation close to the Sun with a Parker spiral
approximation close to Earth. However, this method uses many
free parameters that can significantly influence the final result.
Here, we aim to use another approach based on MHD simula-
tions, which are more self-consistent, have a more solid basis in
physics, and can now run on an operational scale. To do so, we
combined the coronal model COCONUT with the heliospheric
model EUHFORIA and traced the magnetic field lines from the
Earth to the Sun. We can define spatial uncertainty by probing
locations close to Earth and temporal uncertainty by comput-
ing the magnetic connectivity averaged over a few days before
the event. Using the model’s default parameters, we checked
whether we can recover the correct magnetic connectivity for
various standard events. Four cases were chosen: three during a
solar minimum and one during a solar maximum, already inves-
tigated in Reiss et al. (2021) and Koukras et al. (2022). These
cases correspond to HSS events, for which we can obtain the
most reliable magnetic connectivity validation possible, as there
are no direct observations of the magnetic connectivity.

For all four selected events, we always find at least partial
overlap with the assumed CH of origin (19% for event 1, 100%
for event 2, 45% for event 3, and 100% for event 4). This is better
than the two-step ballistic method, where event 2 leads to an
entirely incorrect connection. The fact that we also include other
CHs is related to the spatial and temporal uncertainty. We looked
at the global polarity of the simulation for Earth over the full
Carrington rotation to understand these results better. We find
that, on average, MHD simulations provide a very good polarity
estimation (69% agreement with real data for event 1, 36% for
event 2, 68% for event 3, and 69% for event 4). For event 1, it is
the temporal uncertainty that yields mixed results due to a delay
of 24 hours for the HCS crossing, while for event 3 it is the
spatial uncertainty that yields mixed results due to a complex
open magnetic structure. Challenging cases still provide good
results: event 2, despite being a complex case with a patchy CH
and challenging magnetic connectivity; event 4, despite being a
maximum activity case. This helps us find the benefits and limits
of this method of computation for the connectivity: minimum
activity cases appear to be more challenging because of multiple
recurrent crossings of the HCS, which are difficult to reproduce
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accurately for ideal MHD simulations; maximum activity cases
appear easier for MHD models because of the latitudinal extent
of the HCS. Of course, more statistics are required to confirm the
trends we find in our analysis, and so we need more confirmed
connectivity events for validation.

In conclusion, we demonstrate that we can use MHD mod-
els to compute the magnetic connectivity between the Sun and
the Earth. The accuracy of the connectivity estimation relies
on the good match between the simulation and observations
(which calls for more automated validation techniques for both
coronal and heliospheric simulations). Still, even with default
parameters for four different dates between 2012 and 2020,
we find at least a partial overlap with the correct CH for all
cases. The method we present here performs similarly well to
the thoroughly fine-tuned two-step ballistic method, yet it yields
more information about the global magnetic field polarity con-
figuration (which can help provide feedback on improving the
simulation), does not require any adjustment, and offers sig-
nificant room for improvement by developing better models. A
more self-consistent inclusion of the solar rotation for example
could be added to reduce the spatial and temporal uncertainty
of our estimations. The COCONUT model has already been
enhanced with the inclusion of multiple fluids (Brchnelova et al.
2023), while the EUHFORIA model has been upgraded to AMR
features with its new version ICARUS (Verbeke et al. 2022;
Baratashvili & Poedts 2024). In particular, MHD models would
need to have a better spatial resolution to get more small-scale
changes in the HCS and include non-ideal MHD effects to be
able to more accurately describe the reconnection in the HCS
in terms of the underlying physics. Ideally, models should even
be time-dependent to remove the need for temporal uncertainty
(Lionello et al. 2023). Studies with other MHD models could be
carried out to confirm these trends. The next step of this study
will focus on sources of uncertainty for connectivity other than
the models themselves; in particular, we will look at the impact
of the input magnetic map on the quality of our final estimates.
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Perri, B., Kuźma, B., Brchnelova, M., et al. 2023, ApJ, 943, 124
Poedts, S., Kochanov, A., Lani, A., et al. 2020, J. Space Weather Space Clim.,

10, 14
Poirier, N., Rouillard, A. P., Kouloumvakos, A., et al. 2021, Front. Astron. Space

Sci., 8, 84
Pomoell, J., & Poedts, S. 2018, J. Space Weather Space Clim., 8, A35
Pomoell, J., & Vainio, R. 2012, ApJ, 745, 151
Pulkkinen, T. 2007, Liv. Rev. Sol. Phys., 4, 1
Reiss, M. A., Muglach, K., Möstl, C., et al. 2021, ApJ, 913, 28
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