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ABSTRACT

Context. Coronal mass ejections (CMEs) are a manifestation of the Sun’s eruptive nature. They can have a great impact on Earth,
but also on human activity in space and on the ground. Therefore, modelling their evolution as they propagate through interplanetary
space is essential.

Aims. EUropean Heliospheric FORecasting Information Asset (EUHFORIA) is a data-driven, physics-based model, tracing the evo-
lution of CMEs through background solar wind conditions. It employs a spheromak flux rope, which provides it with the advantage
of reconstructing the internal magnetic field configuration of CMEs. This is something that is not included in the simpler cone CME
model used so far for space weather forecasting. This work aims at assessing the spheromak CME model included in EUHFORIA.
Methods. We employed the spheromak CME model to reconstruct a well observed CME and compare model output to in situ obser-
vations. We focus on an eruption from 6 January 2013 that was encountered by two radially aligned spacecraft, Venus Express and
STEREO-A. We first analysed the observed properties of the source of this CME eruption and we extracted the CME properties as it
lifted off from the Sun. Using this information, we set up EUHFORIA runs to model the event.

Results. The model predicts arrival times from half to a full day ahead of the in situ observed ones, but within errors established
from similar studies. In the modelling domain, the CME appears to be propagating primarily southward, which is in accordance with
white-light images of the CME eruption close to the Sun.

Conclusions. In order to get the observed magnetic field topology, we aimed at selecting a spheromak rotation angle for which the
axis of symmetry of the spheromak is perpendicular to the direction of the polarity inversion line (PIL). The modelled magnetic field
profiles, their amplitude, arrival times, and sheath region length are all affected by the choice of radius of the modelled spheromak.

Key words. Sun: coronal mass ejections (CMEs) — Sun: heliosphere — Sun: magnetic fields — solar-terrestrial relations — solar wind —

magnetohydrodynamics (MHD)

1. Introduction

Coronal mass ejections (CMEs) are enormous plasma clouds
ejected from the solar corona with velocities that can reach up
to 3000 kms~! and a mass that can be up to a few 10'° g (e.g.,
Webb & Howard 2012). During their journey through the helio-
sphere, they can be a potential hazard for human health and
activity in space and on the ground (e.g., Lanzerotti 2001a,b;
Daglis et al. 2004; Hapgood 2011; Cannon 2013; Green & Baker
2015; Schrijver et al. 2015; Eastwood et al. 2017, and references
therein). As an interplanetary CME (ICME) expands in space,
it carries helical magnetic field lines with it, in the form of a
flux rope, which are frozen in the CME plasma (Webb & Howard
2012). At this point, it is worth noting that not all ICMEs show
evidence of an embedded flux rope (Vourlidas et al. 2013), with
this being more common during periods of solar maximum,
according to Cane & Richardson (2003). The structure of the
flux rope, namely the configuration of its magnetic field com-
ponents and the magnitude of the field, are important ele-

ments when assessing the impact of a CME (e.g., Kilpua et al.
2017). Historically, (semi)-empirical and physics-based CME
forecasting models have primarily focussed on predicting the
arrival time of CMEs at Earth, as well as details of the
encounter, for example whether it was a nose or flank encounter
(Mays et al. 2015; Riley et al. 2018). Their accuracy on deter-
mining the arrival time on Earth is of the order of 10 hours
ahead or after the actual CME arrival with some extreme cases
of 3 hours up to even several days (see Zhao & Dryer 2014;
Mays et al. 2015; Paouris & Mavromichalaki 2017; Riley et al.
2018; Verbeke et al. 2019a, and references therein). These mod-
els so far make no prediction for the magnetic field configura-
tions of CMEs arriving at Earth. Recent developments in existing
models include magnetized CME:s, thus presenting a significant
potential to improve space weather forecasts (Manchester et al.
2014; Isavnin 2016; Shiota & Kataoka 2016; Jin et al. 2017a,b;
Kay & Gopalswamy 2018; Verbeke et al. 2019b; Scolini et al.
2019, 2020; Kay et al. 2020).
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An aspect necessary to consider in forecasting models is that
CME:s actively interact with the ambient solar wind and struc-
tures embedded within it, in particular with slow—fast stream
interaction regions and other CMEs (see Manchester et al.
2017). This can significantly impact the CME evolution and
propagation (MacQueen et al. 1986; Isavnin et al. 2014). From
their onset and throughout their journey, CMEs and their
embedded flux ropes can undergo deformation, kink, rota-
tion, deflection, and erosion through reconnection (Kay et al.
2015; Kay & Opher 2015; Heinemann et al. 2019). Regardless
of whether these types of processes take place close to the Sun
or further out in interplanetary space, they affect the spatial and
magnetic field configuration of the CME, complicating forecasts
of its arrival and geoeffectiveness (Mostl et al. 2015). It is, there-
fore, important in determining the global success of forecasting
models to use past CME events that have been observed in situ
at different heliodistances.

The aim of the current paper is to assess the spheromak
CME model included in the EUropean Heliospheric FORecast-
ing Information Asset (EUHFORIA; Pomoell & Poedts 2018;
Verbeke et al. 2019b) by comparing the model output to multi-
point in situ observations. We focus on the model’s capability
to predict the arrival time of the CME and the temporal pro-
files of its magnetic field magnitude and components, as well as
on estimating the evolution of the CME in interplanetary space.
For this purpose, a CME that has been well observed by mul-
tiple spacecraft at varying heliospheric distances was chosen
following the selection criteria described in Sect. 3. The CME
eruption is estimated to have occurred at around 03:30 UT on
6 January 2013. Clear flux rope signatures were observed in situ
by Venus Express and Solar TErrestrial RElations Observatory-
A (STEREO-A) spacecraft. The MErcury Surface, Space
ENvironment, GEochemistry, and Ranging (MESSENGER)
spacecraft, located in the vicinity of the other two (26.8° apart
from Venus Express in longitude), also registered some minor
disturbance but without a clear flux rope signature. The remote-
sensing observations of the eruption are discussed in Sect. 4. The
graduated cylindrical shell (GCS) method was applied to obtain
the location, geometry, and kinematic parameters of the CME, as
described in Sect. 5, which were then used as input parameters
for EUHFORIA, as detailed in Sect. 6. In the same section the
output is compared to in situ signatures at the spacecraft and the
results are discussed. From this analysis, it can be concluded that
many aspects of the model output, in particular the propagation
direction, are highly sensitive to the white-light images that will
be selected for the GCS analysis. For the CME studied, the GCS
reconstruction implied that the CME apex propagated clearly
southward, and that only the CME flank would have intersected
the solar equatorial (SE) plane. However, Venus Express and
STEREO-A, which are both located near the SE plane, observed
clear flux rope rotations consistent with an encounter closer to
the apex. Potential causes of this discrepancy are discussed in
detail in Sect. 6.

2. Databases

In this study, we employed remote-sensing observations of the
Sun and in situ observations by the Solar and Heliospheric Obser-
vatory (SOHO; Domingo et al. 1995), the Solar Dynamics Obser-
vatory (SDO; Pesnell et al. 2012), the Solar Terrestrial Relations
Observatory (STEREO; Kaiser 2005; Kaiser et al. 2008), and
the Venus Express (Titov et al. 2006; Svedhem et al. 2007) mis-
sions. More precisely, for investigating the source of the CME,
we considered extreme ultraviolet (EUV) filtergrams obtained by
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the Atmospheric Imaging Assembly (AIA; Lemen et al. 2012)
instrument on board SDO, and the Sun Earth Connection Coro-
nal and Heliospheric Investigation (SECCHI; Howard et al. 2002,
2008) Extreme UltraViolet Imager (EUVI) instrument on board
STEREO-A & B. In addition, we explored the magnetic field
topology using the Helioseismic and Magnetic Imager (HMI;
Scherrer et al. 2012) on board SDO. We analysed the CME sig-
natures in the corona using white-light coronagraph images taken
by the Large Angle and Spectrometric COronagraph (LASCO;
Brueckner et al. 1995) C2 & C3 telescopes on board SOHO and
the SECCHI-COR1 & SECCHI-COR?2 coronagraphs on board
the two STEREO spacecraft. The filament features were also
examined using full-disc Ha images of the Sun taken with the
solar telescope at Kanzelhohe Solar Observatory.

To compare the model output to in situ signatures, we
used plasma and magnetic field measurements in the solar
wind made by STEREO-A and Venus Express, curated by
the Heliospheric Cataloguing, Analysis and Techniques Service
(HELCATS; Harrison et al. 2018) project Work Package (WP)
4 DATACAT products. In search of our test candidates, we sur-
veyed the HELCATS WP4 linked catalogue', as well as the list
of ICME signatures identified at radially aligned spacecraft cre-
ated by Good et al. (2019) and the Earthbound CME list given
in Palmerio et al. (2018).

EUHFORIA employs magnetograms in order to provide the
inner boundary conditions at 0.1 AU and to reconstruct the ambi-
ent solar wind conditions. The magnetogram used is provided by
the Global Oscillation Network Group (GONG). For the purpose
of this study, we employed the recently updated Air Force Data
Assimilative Photospheric Flux Transport (ADAPT; Arge et al.
2010) magnetograms?.

3. CME candidate selection

For the purpose of this study, we aimed to select a well iso-
lated and clear CME event that was observed at two locations
in the inner heliosphere by well separated spacecraft. Therefore,
CMEs that were immediately preceded by, followed by, or inter-
acting with other CMEs had to be excluded. Also, events with
complex or vague sources, and with complicated or ambiguous
in situ signatures were also not considered. In addition, CME
events for which the in situ observations contain data gaps that
impede the identification of the event arrival time and duration,
as well as the determination of its magnetic field configuration
at the spacecraft, were excluded. These limitations resulted in a
very small selection of possible CME events, out of which one
was singled out as the best candidate, satisfying all criteria.

The selected CME eruption took place during the maximum
phase of Solar Cycle 24 on 6 January 2013 around 03:30 UT
as indicated by EUV images from STEREO-B and SDO. More
details on the EUV filtergrams is given in Sect. 4. The eruption
was treated as an isolated event, that is to say no other EUV erup-
tions were detected close by at the centre of the STEREO-A field
of view, even though another CME signature was present in the
remote sensing observations. Preconditioning of the interplan-
etary space and possible interaction cannot be fully excluded,
however, as discussed in Appendix A, in the modelling domain
the two ICMEs did not appear to interact. This encourages us
to focus on modelling a single CME. Based on the spacecraft
positions (Fig. 1), the ICME was expected to be encountered by
STEREO-A and Venus Express. In situ measurements confirm

' https://www.helcats-fp7.eu/catalogues/wp4_cat.html
2 ftp://gong2.nso.edu/adapt/maps/gong/
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Fig. 1. Spacecraft locations during the CME passage from Venus
Express to STEREO-A. MESSENGER was also nearby and recorded
some disturbance without registering a clear flux rope.

that similar flux rope signatures were observed by both space-
craft (see Good et al. 2019; Vrs$nak et al. 2019, for a detailed
analysis). At MESSENGER, only a shock-like discontinuity
without any significant magnetic field strength, |B|, enhancement
was registered. Based on the spacecraft position and the tilt of
the erupted filament, a near flank encounter of the ICME with
MESSENGER was anticipated. At the time of the cloud passage,
Venus Express and STEREO-A were radially aligned (Fig. 1),
making this event ideal for the study. The longitudinal and lat-
itudinal separations between Venus Express and STEREO-A
were 3.8° and 2.4°, respectively, and between Venus Express and
MESSENGER the separations were 26.8° and 3°, respectively.

The in situ signatures indicate the presence of a sheath region
that precedes a long-lasting flux rope featuring a clear magnetic
field rotation (see Fig. 2). In Table 1 we provide the shock arrival
time f,, the leading edge time #; .y, and trailing edge time 77¢nq
of the magnetic cloud as defined by Good et al. (2019), who
also over—plotted the signatures at the two spacecraft and con-
clude that they match rather well. This suggests that the general
magnetic cloud structure did not significantly evolve during its
propagation from one spacecraft to the other. This is also qualita-
tively depicted in Fig. 2: For both spacecraft, the magnetic field
rotation has overall similar patterns; the B, and B, components
rotate from negative to positive, while the B, component main-
tains primarily a northward orientation throughout the flux rope.
The magnetic cloud duration At, also given in Table 1, increased
by slightly over 2 hours between the two spacecraft, which is
likely due to expansion.

4. Remote-sensing observations

The source of the CME was an eruption of a large filament that
took place from the southern hemisphere on the far side of the
Sun from the Earth’s viewpoint. STEREO-A being ~130° from
Earth (see Fig. 1 for the spacecraft position) had, however, an
approximately head-on view of the source region. The filament
extended from the equator to the south-eastern limb and was
tilted anticlockwise from the equatorial direction. The filament is
indicated by a thin white line in the STEREO — A EUVI 304 A
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Fig. 2. Magnetic field measurements (absolute upper panels; By, B,
and B, lower panels) by Venus Express (top 2 panels) and STERO-A
(bottom 2 panels) around the time of the CME arrival at those space-
craft. The in situ shock arrival is marked with a vertical black line and
the flux rope signatures at Venus Express and STEREO-A are shown in
grey-shaded regions. Data gaps in the Venus Express time—series reflect
magnetospheric crossings that have been removed. The spike half way
during the flux rope passage from Venus Express is associated with the
Venus magnetosheath crossing that was not fully filtered out in the pro-
vided data.

filtergram shown in the top image of Fig. 3. The same image
indicates the part of the filament that is possibly extended beyond
the south-east limb.

The erupting material was well observed by the EUV
and white-light coronagraph instruments on board STEREO-
A, STEREO-B, and SDO. Running-difference images created
using the 304 A filtergrams from STEREO-A EUVI and SDO
AIA, as well as base-difference images of the 304 A filtergrams
from STEREO-B EUVI, are given in Fig. 4. For STEREO-B,
base-difference images are shown due to a better contrast. In
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Table 1. ICME shock arrival time f, as well as flux rope start #; . and end #.,q times, and duration of the flux rope passage At for Venus Express

and STEREO-A spacecraft (SC).

SC t

tfslart

Ifend At

Venus Express

STEREO-A 9 January 2013 02:25

8 January 2013 09:22 8 January 2013 15:24
9 January 2013 10:39

9 January 2013 19:48  28h14min
10 January 2013 17:17  30h38min

Notes. These timestamps are taken from Good et al. (2019).

the STEREO-A field of view, one can clearly see the filament
splitting about the polarity inversion line (PIL), the flare rib-
bons, and the footpoints of the flux rope (top row images in
Fig. 4). Analysing the AIA difference images provided in the
middle row of the same figure, we can deduce that the erup-
tion occurred approximately between 03:31 UT and 03:38 UT
on 6 January 2013 when the first lift-off material appeared off
the south-west limb (signatures indicated by red arrows in the
first panel of the middle row in Fig. 4). In STEREO-B EUVI
base-difference images, given in the bottom row of Fig. 4, the
eruption can only be seen after it rose above 1 Ry, but both legs
of the rising flux rope are well identifiable.

White-light images taken by LASCO C2 show an increase in
intensity at around 05:00 UT, and by 06:00 UT a bright front sur-
rounding a cavity appeared in the field of view of the instrument
(Fig. 5, middle row images). The first signatures of the CME in
the LASCO C2 field of view suggest that the CME was propa-
gating mostly southward. From the STEREO-A perspective (top
row images in Fig. 5), the CME first appears off the south-east
limb and only about an hour later (at approximately 07:05 UT)
it appears off the north-west limb. This could be explained by
a structure exhibiting a similar extent and tilt as the filament
source. The signatures off the south-east are faint yet visible
in the top row of Fig. 5 indicated by blue arrows. Out of all
three vantage points investigated, STEREO-B had the clearest
view of the part of the CME that propagated radially and close
to the equator. This corresponds to the faint structure that later
appeared in the north-west in the STEREO-A field of view.

One day prior to the eruption of the extended filament dis-
cussed above, a neighbouring filament with a fairly similar incli-
nation and only a few degrees away towards the west limb in the
STEREO-A EUVI field of view also erupted. The two filaments
are indicated in the middle image in Fig. 3 where the main fila-
ment under study is indicated by a blue arrow and the filament
that erupted the previous day is shown with a white arrow. This
eruption took place between 04:00-06:00 UT on 5 January 2013
and it appeared as a narrow CME in coronagraph images. From
assessing the EUV and coronagraph images as well as the in situ
signatures and applying a GCS analysis to both eruptions, it was
deduced that the two filament eruptions did not interact. As it
is discussed in Appendix A, we also performed a cone model
EUHFORIA run to confirm this.

A third eruption was captured in coronagraph images by
STEREO-A, which first appeared in the field of view of CORI
on 6 January 2013 at 06:45 UT (indicated by yellow arrows in
the top row of Fig. 5). This third CME originated from a weak
eruption at the west limb in the field of view of SDO (within
the magenta square in the bottom image of Fig. 3), and it is a
back-sided event from the perspectives of Venus Express and
STEREO-A. The EUV signature in SDO imagery also indi-
cates a weak event. Based on the position of the spacecraft
(Fig. 1), it is expected that this eruption was headed approxi-
mately towards Earth and was therefore not captured by Venus
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Express or STEREO-A. No traces of this CME were visible from
the coronagraphs on board STEREO-B or SOHO.

5. CME properties
5.1. Magnetic flux and helicity sign

Since the eruption was a back-side event from Earth’s perspective,
there are no on-disc magnetic field observations from the time of
the eruption. It is thus not possible to extract information for the
magnetic flux of the CME using co-temporal magnetogram-based
approaches (e.g., see Dissauer et al. 2018a,b, 2019; Pal et al.
2018; Sarkar et al. 2020). In this case, a base value of 80.0 X
10'2 Wb was used for the EUHFORIA runs, which represents the
toroidal flux and is related to the magnetic field strength via Eq. (7)
given in Verbeke et al. (2019b). Similarly, base values were used
for the uniform density and the temperature of the CME. These
are 1 x 10" kgm3 and 0.8 x 10° K, respectively (Verbeke et al.
2019b).

To determine the helicity sign of the magnetic field structure
of the CME, we investigated observational proxies for deter-
mining the helicity sign using remote-sensing imaging obser-
vations (Chen et al. 2014; Palmerio et al. 2017; Ouyang et al.
2017). The filament was visible for several days before the erup-
tion. On 27 December 2012, it was within the field of view of
Earth and, therefore, we used SDO/HMI magnetograms to anal-
yse its magnetic field topology. The photospheric magnetic field
is positive to negative from the solar east to the solar west, with
the filament lying above the PIL (top left panel in Fig. 6). We
note that Ha images (Fig. 6, top right corner) show that the ori-
entation of the filament barbs (marked with arrows) relative to
the filament axis along the PIL indicate a sinistral, positive helic-
ity, flux rope. STEREO-A EUYV images (bottom panels) of the
post eruption arcade (PEA) show the flaring arcades being right-
skewed in comparison to the underlying magnetic PIL. This
supports the positive helicity sign indicated by the pre-eruption
signatures of the filament.

5.2. Morphology and kinematics

We used a forward modelling approach employing the GCS geo-
metric model to determine the size, kinematics, and propagation
direction of the CME (Thernisien et al. 2006, 2009). We per-
formed the analysis using white-light images taken at ten time
steps 30 minutes apart, thus providing an estimate of the evo-
lution of the CME in the corona. An example of one of the
GCS fittings is given in Fig. 7. At all times, an attempt to trace
the same features was made, for example, focusing on always
enclosing the cavity with the fitting mesh and avoiding the out-
ermost brightening that most likely corresponds to the shock.
The resulting evolution of the geometric parameters from all the
fittings is shown in the scatter plots in Fig. 8. As it can be seen,
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STEREO-A EUVI 304A

2013-01-06T02:16:15

STEREO-A EUVI 304A

2013-01-05T00:16:15

SDO AIA 131A

2013-01-06T06:33:08

Fig. 3. Top image: filament, indicated by a thin white (hand-drawn) line,
approximately one hour before it erupted, as seen in STEREO-A EUVI
filtergrams at 304 A. The white line is placed immediately below the
actual structure so that it does not cover it. As it appears the filament
was a rather large structure, spanning from north equatorial latitudes to
south polar latitudes, with a anticlockwise tilt with respect to the solar
equatorial plane. A part of the filament possibly wrapped beyond the
instrument’s field of view near the south pole. Middle image: STEREO-
A EUVI filtergram at 304 A showing both filaments that later on erupted
one day apart, producing two distinct CMEs, the primary one indicated
by a blue arrow and the earlier erupting one by a white arrow. Bottom
image: SDO-AIA filtergrams at 131 A witha magenta rectangle enclos-
ing the location of the third eruption, a solar flare, that produced a CME
which was visible in the STEREO-A COR2 white-light images indi-
cated in Fig. 5 (yellow arrow).

there is only little variability of the fitted parameters. The CME
speed and the time when its apex reached 21.5 Ry (i.e. corre-
sponding to the inner boundary of EUHFORIA’s heliospheric
model) were determined by using the least square fitting applied
to the CME heights obtained with GCS reconstructions from the
ten time stamps (see panel c of Fig. 8). The estimated speed is
571kms~! and the date—time of the CME passage at 21.5 Ry is 6
January 2013 12:49:33 UT. These values are also listed in rows 6
and 7 of Table 2.

The small fluctuations in the time series of longitude, lat-
itude, tilt, aspect ratio, and half angle visible in Fig. 8§ reflect
uncertainties in the fitting process, rather than indicating actual
changes in the CME features (position and shape). These uncer-
tainties can arise from the following: (1) a lack of unam-
biguously clear similar structures in the images, which is a
consequence of the nature of the CME as well as the Thomson
scattering and the separation of the spacecraft; (2) shoehorning
of the GCS shape; (3) difficulty in precisely fitting the GCS mesh
to the white-light image structures and in subjectivity in the fit-
ting; and (4) sensitivities to image quality and vantage points.
Thus, the output parameters of a GCS fitting are only rough esti-
mates of the actual location and geometry of the CME. We note
that the small fluctuations would incur only minor changes to the
heliopsheric model results as they are, for example, smaller than
the variation in the CME input parameter range employed by
Mays et al. (2015) in their sensitivity analysis of the WSA-Enlil
Cone model. Thus, we consider, in the following, only the aver-
age value for each parameter. These values are given in Table 2.

5.3. Constraining the Spheromak radius

When performing the heliospheric magnetohydrodynamic
(MHD) simulations (Sect. 6), we used a spheromak CME model
that is characterized by a magnetic field configuration filling a
spherical volume. The temperature and the density inside the
spheromak-CME are constant. As these are difficult to determine
from remote-sensing observations, in EUHFORIA for simplicity
we have set a default value for both, which are given in Table 3.
The same values are used for the cone and the spheromak
CME representations, which are currently implemented in EUH-
FORIA, and they were first introduced by Pomoell & Poedts
(2018) for the cone model and maintained as the default val-
ues in Verbeke et al. (2019b) for the spheromak model imple-
mentation. With respect to the ambient solar wind, the fast solar
wind plasma thermal pressure was set to be 3.3nPa, which is
equivalent to a plasma temperature for the fast solar wind of
0.8 MK. The spheromak temperature is equal to that value of
the fast solar wind temperature. Regarding the plasma density,
the spheromak is indeed significantly less dense than the ambi-
ent slow solar wind and the shock and sheath formed ahead of
the spheromak. This is consistent with the observational analy-
sis in Temmer et al. (2021), where from observations at 1 AU,
a rather nice linear relation was derived with a factor of about
2-3 between ambient solar wind density 24 hours ahead of the
CME and sheath density, independent of the CME speed. Thus,
the spherical volume of the spheromak is a low-density, high-
temperature cavity. It is important at this stage to define the
radius of the spheromak based on the GCS fittings of a crescent
shaped structure, two shapes that are essentially different but not
totally incompatible.

The GCS provides two dimensions of the CME, namely the
edge-on angular width, wgg, and the face-on angular width, wgo,
given by:
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Fig. 4. Running-difference images based on EUV filtergrams at 304 A from the EUVI instrument on board STEREO-A (top row) and the AIA
instrument on board SDO (middle row), and base-difference images using the filtergrams from the EUVI instrument on board STEREO-B (bottom
row). The date format in these images is yyyy-mm-ddThh:mm:ss. The images capture the erupting filament as it evolves in the low corona from
three vantage points. For STEREO-A, the filament eruption was located in the field of view of EUVI, and so the erupting filament, the footpoints,
and the flare ribbons are clearly visible (top row). For SDO and STEREO-B, the eruption appeared at the limb. In the higher-cadence images of the
SDO AIA instrument (middle row), the early signatures of the eruption appeared at the limb at around 03:37:43 UT on 2013-01-06 (traces marked
with red arrows). These SDO images provide a better estimate of the eruption time. In the STEREO-B field of view, the rising filament material
indicative of a flux rope and its legs in the low corona are well captured (bottom row).

wWEgo = 20 = arcsink, H

wro = 2(a + 0), 2
where k is the GCS ratio and « is the GCS half angle (Thernisien

2011). In this study, the wgp and wg values are used to define
three different radii for the spheromak, given by:

Rupo = 21.5sin (wgo/2), (©))
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Ry = 21.5 sin (wro/2), “

(R = 21.5 sin (wgo + wro)/4). (5)

The radii obtained are thus R,,, = 8.4Ro, Ry, = 17.5Ro,
and (R) = 13.3Ry,. All the CME input parameters used
for the heliospheric MHD simulation runs are summarised
in Table 3.
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2013-01-06T04:17:14 2013-01-06T06:05:59 2013-01-06T07:05:59

Fig. 5. White-light images showing the early evolution of the CME from three different vantage points, namely the two STEREO spacecraft
and SOHO (top row: STEREO-A, middle row: SOHO, bottom row: STEREO-B). The date format in these images is yyyy-mm-ddThh:mm:ss.
All spacecraft remote observations indicate that the CME propagation was mainly directed towards the south. For STEREO-A COR?2, the first
signatures of the CME appear to the southeast, as marked with the blue arrow. Only about an hour later did the northern signature appear in the
COR?2 field of view (also marked in blue). A second eruption appeared in the instrument field of view (marked with yellow arrows), whose source
has been identified to be an eruptive flare that happened on the west limb in the field of view of SDO (see Fig. 3).

6. EUHFORIA model 2 AU, propagating in realistic ambient solar wind conditions. It
is a data-driven model consisting of two building blocks, the
‘coronal domain’ and the ‘inner heliosphere domain’. The coro-
EUHFORIA (Pomoell & Poedts 2018) is a recently developed nal domain stretches from the photosphere up to 0.1 AU, and
MHD model that aims to reproduce the spatial and tempo- the inner heliosphere domain starts at 0.1 AU and has an outer
ral evolution of CMEs throughout the inner heliosphere up to boundary set at 2 AU. For the coronal domain, EUHFORIA

6.1. Architecture
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HMI Kanzelh6he Ha
2012-12-28109:50:04

N
L%

EUVI - 195A EUVI - 284A
| 2013-01-06T07:2580 \

2013-01-06T08:18:30

Fig. 6. Filament and post-eruption characteristics used in identifying the flux rope helicity sign. The date format in these images is yyyy-mm-
ddThh:mm:ss. The magenta squares show the area of the Sun that is being magnified. The images in the top left corner show the magnetic field
topology captured by the HMI magnetogram a few days prior to the eruption. The black line marks the PIL. In the top right corner there are Ha
images of the Sun taken with the solar telescope at Kanzelhohe Solar Observatory and compensated for limb-darkening following the method by
Chatzistergos et al. (2018). Barb structures are indicated with yellow arrows. The STEREO-A EUVI filtergrams at 195 Aand 284 A correspond to
the left and right images in the bottom row, respectively, and they show the post-eruption arcade and flare ribbons. The latter is indicated by blue
arrows in the bottom row zoomed images, while the black dashed line indicates the PIL.

Fig. 7. Example of the GCS fitting applied to the CME structure seen in white-light images by both STEREO spacecraft (left column for B and
right column for A) and SOHO (middle). The fitting was focused on enclosing the cavity and the flux rope of the CME, but not the shock structure.
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Fig. 8. Scatter plots of the CME morphological parameters extracted
using the GCS. The methodology was applied at different time steps to
investigate whether the CME underwent deflection low in the corona,
or other kinematic and/or morphological changes.

employs a two-part magnetic field model, the potential field
source surface (PFSS; Altschuler & Newkirk 1969) for the lower
corona, and the Schatten current sheet (SCS; Schatten et al.
1969) model for the upper corona, as well as an empirical solar
wind model based on the Wang-Sheeley-Arge (WSA; Arge et al.
2003) model. These models produce magnetic field and plasma
conditions at 0.1 AU, which act as boundary conditions for
the inner heliospheric model, and aim to realistically describe
the large-scale solar wind streams at the 0.1 AU boundary. An
important input parameter for the coronal model are synoptic
magnetograms provided by GONG. In this study, we employed
the recently updated ADAPT magnetograms (Arge et al. 2010).
For the inner heliosphere domain, the CME interaction with the
ambient solar wind and, subsequently, its evolution and propaga-
tion are modelled in a self-similar manner by solving the time-
dependent MHD equations in three-dimensional space.

CMEs were inserted in the simulation at the inner boundary
of the inner heliosphere domain at 0.1 AU. Two principal CME
models were implemented in EUHFORIA, the cone CME model

Table 2. CME morphological and kinematic parameters as extracted
using the GCS geometric reconstruction method.

HEEQ longitude (¢) 120.7°

HEEQ latitude (6) -7.8°

Tilt (y) 50.0°

Half angle (@) 31.6°

Aspect ratio (k) 0.39

21.5 R arrival 6 January 2013 12:49:33 UT
Speed (u) 571kms™!

Edge-on radius (R,,,) 8.4R,

Face-on radius (R, ) 17.5R,

Averaged radius ((R)) 13.3R,

Notes. The longitude and latitude are given in the HEliospheric EQua-
torial (HEEQ) coordinate system. The tilt is determined relative to the
solar equator.

(similar to Odstr¢il & Pizzo 1999) and the spheromak CME
model, similar to the one described in Verbeke et al. (2019b),
for example. The cone CME model considers the CME only
as a hydrodynamic structure with a constant speed and angular
width propagating in a constant direction. It thus does not trace
the evolution of its magnetic structure. The spheromak CME
model considers the CME as a closed spherical bubble enclos-
ing an axisymmetric twisted magnetic field. It assumes a linear
force-free configuration with a constant internal density and tem-
perature. The spheromak was introduced into the domain via a
time-dependent boundary condition at 0.1 AU. During the time
the spheromak emerges into the domain (related to the speed at
which the structure propagates), the structure is connected to the
boundary. However, after it has been fully emerged, the flux rope
does not connect to the inner boundary. It is then fully detached.
Since the spheromak is contained within a spherical volume, the
magnetic field structure does not have legs that would attach it to
the lower coronal domain. We refer the reader to Verbeke et al.
(2019b) for further details regarding the implementation. The
spheromak expansion is due to multiple effects, including the
reaction to the change of the thermal pressure in the ambient
solar wind, as the spheromak moves away from the Sun. The
spheromak expands to reach plasma and magnetic pressure bal-
ance with the ambient solar wind. However, this never happens
as the CME continues to propagate outwards, so the external
pressure keeps decreasing. We note that when the spheromak is
inserted, the structure is in general not in (total) pressure balance
with its surroundings. For more details, see Scolini et al. (2019).

For the heliospheric domain, we used a uniform grid in
all directions. The spatial resolution of the MHD heliospheric
domain is 4 degrees in longitude and latitude, and a total of
256 cells in the radial direction. This is the default EUHFORIA
set up for the heliospheric domain.

6.2. Output
6.2.1. Choice of spheromak rotation angle

When modelling CMEs using the spheromak in EUHFORIA,
an additional parameter beyond those described in previous
sections needs to be specified, namely the angle that the axis
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Table 3. Varying CME input parameters for the three spheromak runs.

Passage HEEQ HEEQ Mass

at 21.5Re Speed longitude latitude density Temperature Radius Tilt Helicity Flux
[UT] [kms™']  [deg]  [deg] [kgm™] (K] [Ro] [deg] sign  [Wb]
6 January 2013 12:49:33  571.0 120.7 -7.8 le—18 0.8e6 84 400 +1 80.0e12
6 January 2013 12:49:33  571.0 120.7 -7.8 le—18 0.8e6 175 -40.0 +1 80.0e12
6 January 2013 12:49:33  571.0 120.7 -7.8 le—18 0.8e6 133 -40.0 +1 80.0e12

Pseudocolor
Var: Br
= 1.526e-06

= 7.626e-07
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= -7.648e-07
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Min: -1.528e-06
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= 1.526e-06

= 7.626e-07
= -1.123e-09
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Min: -1.528e-06

b

Fig. 9. Magnetic field topology of the modelled spheromak CME based on the selected tilt. Left: magnetic structure for the case when injecting
a spheromak with a tilt value obtained from the GCS fitting. Right: spheromak with rotation angle equal to the tilt increased by 90 degrees
anticlockwise. The magenta dashed line marks the orientation of the observed filament and thus the GCS tilt.

of symmetry of the magnetic field configuration subtends with
respect to the equatorial plane. In the GCS model or other sim-
ilar loop-like flux rope models, the direction of the axis of the
structure with respect to the equatorial plane is given by the tilt
angle. However, this tilt angle is related to, but not equivalent to,
the spheromak rotation angle. The major difference is that the
tilt angle describes both a morphological feature (aspect ratio)
and a property of the magnetic field; whereas for the spheromak,
it relates only to the structure of the magnetic field. Since the
white-light observations do not directly convey information on
the magnetic field structure, the internal rotation of the sphero-
mak essentially remains a free parameter in the model.

Figure 9 shows illustrative magnetic field lines for two dif-
ferent orientations of the spheromak together with the direction
of the PIL and filament in the corona indicated by the magenta
dashed line. In this work, we chose the rotation angle according
to panel b. With this choice, the axis of symmetry of the sphero-
mak is perpendicular to the direction of the PIL. The choice is
motivated in order to obtain magnetic field rotation (blue field
lines) consistent with the observationally inferred magnetic field
structure. It is important to note, however, that the maximum
of the field strength occurs along the axis of symmetry in the
spheromak. We also performed model runs using the rotation
indicated in panel a and confirmed that incorrect rotation of the
magnetic field vectors was obtained.

With the rotation angle determined, three different EUH-
FORIA runs were performed modelling the CME as a sphero-
mak. The parameters used are detailed in Table 3. Apart from
the spheromak radius, all other input parameters were the same
among this set of runs. The different values for the radius of the
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spheromak employed in each run are R, R

tively, as derived in Sect. 5.3.

wio > Roro» and (R), respec-

6.2.2. Overview of spheromak model run results

Figures 10 and 11 display the results of the spheromak model
runs in the equatorial and meridional cuts at the position of
Venus Express and STEREO-A, showing the spatial distri-
bution of the modelled radial velocity, number density, and
HEliospheric EQuatorial (HEEQ) B,-component of the mag-
netic field for the CME at its arrival times at Venus Express and
STEREO-A, respectively. We note that both the number density
and the B, component were scaled by (/1 AU)? in order to coun-
teract the approximate inverse square variation of the quantities
in the solar wind. Each row shows the result for a different CME
model run based on the parameters given in Table 3. Each run is
based on a different radius for the spheromak, with the images in
the top row showing the results for R, = 8.4 Ro, in the middle
row for (R) = 13.3 Ry, and in the bottom row for R, = 17.5 Ro.

As it can be seen in Figs. 10 and 11, in the equatorial plane
both Venus Express and STEREO-A had a central encounter
with the modelled CME for all cases. A near-flank encounter
with Mercury, expected from the in situ signatures, is also cap-
tured by the model output. In the meridional cuts one can see that
Venus Express and STEREO-A were crossing a zone of weak
B,-component, with very little rotation.

From the velocity profiles in both Figs. 10 and 11, it can
be seen that two islands with a higher speed form in the equa-
torial plane for the smallest size spheromak (R,,,, top row,
yellow to orange colours). When a CME of a larger radius is
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Fig. 10. Spatial profiles of the modelled radial velocity, number density, and HEEQ B,-component of the magnetic field of the CME upon arrival at

Venus Express orbit. The top row shows the model output for a spheromak with radius R

wo» the middle row for (R), and the bottom row for R, .

Both equatorial and meridional cuts are provided to offer a perspective of what portion of the modelled CME structure crossed the spacecraft.

Fig. 11. Meridional and equatorial cuts for the modelled radial velocity, number density, and HEEQ B,-component of the magnetic field of the
CME upon arrival at STEREO-A orbit. The order of placement is based on the increasing radius of the spheromak CME from the top to bottom

row (R, (R), and R, ). The format is the same as in Fig. 10.

modelled (middle and bottom rows), islands of a high speed are
less prominent. In the meridional cuts, it can be seen that the
fastest portion of the CME is concentrated on the south edge of
the structure at approximately —25° latitude. This speed distribu-
tion drives the CME to bulge at its southern part. This bulging is
more apparent in the largest radius spheromak modelled (R,
bottom row). This change in the profile of the CME among the
runs of different spheromak radii is also apparent for the density
and B;-component images. The islands visible in the velocity
images correspond to the portions carrying a flux rope of a differ-

ent polarity (positive — negative) in the B,-component. The phe-
nomenon is less prominent for the larger spheromak modelled
(bottom rows of Figs. 10 and 11). The structure of the modelled
spheromaks are similar at Venus Express and at STEREO-A
orbits. This is in accordance with the observations where the
flux rope signatures registered in situ by the two spacecraft do
not show the flux rope evolving considerably apart from a slight
expansion. In Fig. 12, we also provide the meridional and equa-
torial cuts for the B, and By-components of the model outputs
at Venus Express, with the smaller radius modelled spheromak
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Fig. 12. Spatial profiles of the modelled B, and B, of the magnetic field of the CME upon arrival at Venus Express orbit. The order of placement

is based on increasing radius of the spheromak CME from the top to bottom row (R

(Rug,) being shown in the top row, while the averaged sized one
((R)) is given in the middle row, and the larger one (R, ) in the
bottom row.

6.2.3. Comparing model output to in situ time-series

Figures 13—15 give the time series of the magnetic field and
plasma properties registered in situ (black curve) and modelled
respectively at Venus Express (dark purple dashed line marked
as EUHFORIA-VEXx in the legend) and STEREO-A (dark blue
dashed line marked as EUHFORIA-STA) for all the spheromak
CME runs. The solid lines show the results for virtual spacecraft
placed at different locations. We first discuss the model outputs
at the locations of STEREO-A and Venus Express. The model
predicts the arrival of the CME earlier than the in situ observa-
tions. In the figures, to aid the comparison, the modelled results
were shifted to match the in situ observed shock arrival at the
two spacecraft. For each model run, the curves were shifted by
the same amount as indicated in the figure legends. The dark pur-
ple and blue dashed lines show the model results at the locations
of Venus Express and STEREO-A spacecraft, respectively.

The shock and flux rope arrival times for the EUHFO-
RIA output for all three different spheromak sizes modelled
(Rugo = 84Ro, Ry, = 17.5R0, and (R) = 13.3R,) are given
in Table 4, together with the time difference between modelled
and observed arrival times. The shock arrival is identified by the
first increase in the magnetic field |B|, which coincides with the
plasma speed and number density increases. For the flux rope in
the simulation, the second increase in field |B| was accounted for
as the flux rope start time. The time differences are defined as
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(R), and R,,,).

WEQ *

Atg = tymodel — Lsinsi for the shock and Atf = ¥ model — finsitu for
the flux rope, where #;model and ¢ model are the shock and the flux
rope arrival times in the modelled time series, respectively, and
tyinsiu and # 7 sie are the shock and flux rope arrival times in situ.
The shock in the model output arrives at Venus Express within
5-20 hours ahead of the observed in situ signature, while the
flux rope leading edge arrives within 3—15 hours earlier than the
observed structure. For STEREO-A, the time difference interval
is between 10-25 hours for the shock and 618 hours for the flux
rope leading edge. These values are within the error bars set from
other models (Mays et al. 2015). The modelled structures are
systematically faster than expected, with the best model result
being the one from the largest spheromak modelled, which had
initial radius of R, . The larger the spheromak is, the shorter the
identified sheath region becomes. The modelled sheath region is
longer at STEREO-A compared to Venus Express. This happens
regardless of the size of the modelled spheromak.

We can see that the model output does not accurately cap-
ture the observed magnetic field. To further examine the flux
rope and its manifestation at southern latitudes, we examined
the output at virtual spacecraft placed at the same orbital radius
as Venus Express and STEREO-A, but at different latitudinal
positions. The virtual spacecraft were displaced by —5°, —10°,
—15°, and —20° in latitude from the actual position of the space-
craft. We also added one virtual spacecraft north of the real
spacecraft at +5° in order to analyse the CME portion above.
In Figs. 13-15, the modelled time series at the virtual spacecraft
are presented using solid coloured lines. It is clear from compar-
ing EUHFORIA output time series to the in situ ones that the
agreement improves the further south the virtual spacecraft is
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Fig. 13. Time series of the modelled plasma and magnetic field parameters at Venus Express and STEREO-A for a spheromak of size R,,,,. The
in situ observations are given for comparison (black solid lines). The dashed coloured lines indicate the modelled time series at the exact location
of the spacecraft, while the solid coloured lines are for the virtual spacecraft. All modelled curves were shifted by 1d18h for Venus Express and
1d16h for STEREO-A.
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Fig. 14. Time series of the modelled plasma and magnetic field parameters at Venus Express and STEREO-A for a spheromak of size (R). The in
situ observations are given for comparison purposes (black solid lines). The dashed coloured lines indicate the modelled time series at the exact
location of the spacecraft, while the solid coloured lines are for the virtual spacecraft. All modelled curves were shifted by 1d4h for Venus Express
and 1d2h for STEREO-A.

located. Comparing the solutions from the different spheromak ment with the in situ magnetic field signatures, especially for the

CME sizes considered, it appears that the model output based
on the largest of all the CME:s tested (R,,,) shows better agree-

virtual spacecraft located —15° and —20° from Venus Express
and STEREO-A in latitude. In particular, the EUHFORIA
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in situ observations are given for comparison purposes (black solid lines). The dashed coloured lines indicate the modelled time series at the exact
location of the spacecraft, while the solid coloured lines are for the virtual spacecraft. All modelled curves were shifted by 18 h for Venus Express
and 19 h for STEREO-A.

Table 4. EUHFORIA shock and flux rope arrival times at Venus Express and STEREO-A (model result at the ecliptic — 0 — latitude plane) and the

time difference between modelled and in situ arrival times for the shock (At

= fymodel — Isinsitu) and the flux rope (Atf = Tfmodel — tfinsilu)-

Spheromak size Spacecraft Shock arrival [UT] Flux rope arrival [UT] Aty Aty
Rons Venus Express 7 January 2013 13:30 8 January 2013 00:00 19h52m?n 15h24m%n
STEREO-A 8 January 2013 00:30 8 January 2013 16:00  25h55min  18h39min
(R) Venus Express 7 January 2013 22:30 8 January 2013 07:00  10h52min ~ 8h24min
STEREO-A 8 January 2013 12:00 9 January 2013 00:00  14h25min  10h39min
Rong Venus Express 8 January 2013 03:30 8 January 2013 11:45 5h52mi'n 3h39n?in
STEREO-A  8January 2013 15:30 9 January 2013 04:30  10h55min ~ 6h9min

Notes. s model and ffmoger are the shock and the flux rope arrival times in the modelled time series, respectively, and #, i and 5y siw are the in situ

shock and flux rope arrival times accordingly.

output captures the B,-component at the low latitude virtual
spacecraft very well. The negative to positive rotation of the
B,- and Bj-components are also captured, as well as the mag-
nitude and overall shape of the magnetic field magnitude profile.
In addition, the two larger spheromak model the duration of the
sheath region better; while for the smallest radius spheromak, the
sheath is longer, resulting in a relatively large difference in the
flux rope leading edge times. Similar improvements in the match
between the model and in situ time series can also be obtained
for virtual spacecraft positioned further east in longitude relative
to the Sun—Venus Express—STEREO-A line. This can also be
seen in the meridional and equatorial cuts of the B-components
shown in Figs. 10-12. It is important to highlight, however, that
the stronger fields in the time series produced by the larger in
radius spheromak are due to the spacecraft intersecting a dif-
ferent part of the structure compared to the other model runs.
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The CME is injected in the modelling domain at 120.7° in longi-
tude and —7.8° in latitude, and thus it does not propagate directly
along the Sun—Venus Express—STEREO A line. The magnetic
field is not evenly distributed among the volume of the sphero-
mak, thus, it is expected that the line through which the space-
craft crosses at each simulation run intersects a slightly different
part of the flux rope resulting in a different |B|. A larger sized
spheromak would have a larger nose area of the CME compared
to a smaller spheromak and thus there would be more chances
that the spacecraft would travel through a strong |B| field.

It is worth recalling from remote-sensing observations that
the CME appeared to propagate southward, away from the eclip-
tic plane. However, fitting of the in situ signatures from the
near-ecliptic spacecraft to cylindrical flux rope models indi-
cate a central flux rope encounter, that is to say the spacecraft
crossed through or near the axis of the flux rope. More precisely,
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from observations, the fitted [0, ¢] axis directions relative to
the x — y SpaceCraft EQuatorial (SCEQ) plane in degrees were
[47, 165] at Venus Express and [36, 172] at STEREO-A (see
Good et al. 2019, for a detailed analysis). Thus, the cylindri-
cal flux rope is nearly aligned with the anti-sunward direction
(¢ =180), but with quite a large out-of-ecliptic tilt (the 6 val-
ues). Impact parameters are quite low (i.e. the spacecraft cut
through the flux rope close to the axis), with values of 0.06 and
0.28 at Venus Express and STEREO-A, respectively. Bearing in
mind that these fits only give the local axis direction, the results
are consistent with either the flux rope having a high inclina-
tion and being globally tilted out of the ecliptic (therefore the
spacecraft crossed closer to apex) or having a low inclination
and lying more parallel to the ecliptic (therefore the spacecraft
crossed through flux rope leg). Considering that the remote-
sensing observations determine the initial CME parameters used
for running EUHFORIA, we expect the modelled CME to fol-
low a southern propagation. This was already indicated by the
spatial profiles given in Figs. 10 and 11. A southward propaga-
tion of the model CME is also consistent with the synthetic time
series of the magnetic field and plasma parameters at the exact
spacecraft locations.

7. Conclusions

In this study, we analysed a multi-spacecraft CME encounter
in order to investigate whether the EUHFORIA model can
reconstruct the evolution of the flux rope observed by two radi-
ally aligned spacecraft. The event, an extended filament eruption
that occurred on 6 January 2013, created clear in situ signa-
tures at Venus Express and STEREO-A, while it only produced
a mild disturbance at MESSENGER. The location of the erup-
tion did not allow for information about the magnetic flux con-
tent of the CME to be extracted. However, EUV and white-light
images allowed for the determination of the eruption time and
the CME helicity sign, as well as the extraction of kinetic and
geometric parameters of the large-scale structure using the GCS
model. Although two more eruptions occurred close to the event
under study, we deduced from the analysis of an observational
and from a modelling assessment that neither of these eruptions
significantly interfered with the primary event in this study. The
CME was modelled using three different sets of parameters. The
three simulation runs were done for different radii for the sphero-
mak (R, (R), and R,,,). Based on the orientation of the PIL
and spheromak, we justified that it is necessary to rotate the
spheromak by 90 degrees anticlockwise from the GCS-derived
tilt, and we submitted the runs using this modified tilt. The main
conclusions of the observational and modelling analysis are as
follows.

1. Magnetic field and plasma measurements by Venus
Express and STEREO-A suggested that the observed CME
did not significantly evolve between the two spacecraft
measurements.

2. Remote-sensing observations indicated a direction of propa-
gation pointing southward.

3. Matching the GCS fitted structure to that of the sphero-
mak used in EUHFORIA is not unique and can be difficult,
introducing different possibilities reflecting the fact that the
magnetic field structure is not directly manifested in the
white-light emission and thus poorly constrained.

4. The radius of the modelled spheromak had an impact on
the modelled magnetic field profiles and their amplitude, the
arrival times, and the distance between the shock and the flux
rope arrival.

5. Similarly to what was indicated by the white-light images,
the model showed that the direction of propagation of the
CME was mainly southward. The modelled time series at the
real spacecraft locations did not fully agree with the in situ
measurements, while virtual spacecraft placed at the same
radial distances but lower in latitude showed better agree-
ment to the in situ observations. The same holds true for a
longitudinal displacement further east relative to the Sun—
Venus Express—STEREO-A line. This suggests that a bet-
ter agreement between observations and modelled result is
found in these areas.

6. One possible explanation is that the observed CME under-
went deflection from its initial course in the inner heliosphere
(Zuccarello et al. 2012). The possibility of pancaking of the
CME, which would have resulted in flattening and stretch-
ing, and which are not modelled by the simulation, may also
be a contributing factor. In this case, despite a more south-
ward propagation of the CME, the flux rope could still have
been stretched to higher latitudes, resulting in a more nose
encounter of the CME with the two spacecraft. This would
be in accordance with the in situ signatures that indicate an
encounter closer to the nose. This kind of effect would not
have necessarily been captured by EUHFORIA, at least not
to a full extent especially if the front flattening took place
before 0.1 AU.

7. The predicted arrival times are well ahead of the ones
extracted from the in situ signatures but within errors previ-
ously established from other studies and possibly a result of
both the propagation and the expansion speed being included
in the GCS fitting approach.

The aim of this work was to assess the degree to which the

EUHFORIA-spheromak model is able to capture the evolution

of CME:s in the context of multi-spacecraft encounters. Although

there were some unexpected inaccuracies in the output, we
conclude that the model predicted the B-field and most impor-
tantly the B,-component at the nose of the CME well, which
appeared to have been encountered in situ by Venus Express and

STEREO-A. This is of crucial importance when studying Earth-

directed CMEs. Of course here we analysed one event, so gener-

alising that EUHFORIA-spheromak will always be accurate in
the B,-field predictions would be misleading. Further investiga-
tion is required for such conclusions.
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Appendix A: Excluding an interacting CMEs
scenario

As mentioned in Sect. 4, a neighbouring filament erupted
approximately 25 hours prior to the main event under study. In
order to exclude the possibility of the two events interacting in
interplanetary space, we first modelled both eruptions using the
cone CME model implemented in EUHFORIA. To get the CME
morphology and the kinematics of this earlier erupting neigh-
bouring filament, we applied the GCS model in the same man-
ner as described in Sect. 5.2. The input parameters for the cone
CME runs are given in the first two rows of Table A.1, where by
CME 1 is meant to be the earlier erupting filament and CME 2
is the main event studied.

Figure A.1 shows equatorial cuts of the spatial distribution
of the radial velocity from the model output for the double
cone CME case. Each panel gives the model result at a different

timestamp ordered from an earlier to a later one from top to bot-
tom. The top image is a snapshot of the model 7 hours after both
CME:s were inserted. At that time, CME 1 had already reached
Mercury (planet shown as a yellow disc). It is a faint structure
indicated by a red arrow. The second eruption, CME 2, was still
relatively close to the Sun (indicated by a yellow arrow). It is
already clear that the first filament generated a very weak CME
in terms of its speed, with a very narrow longitudinal extent on
the equatorial plane and a direction of propagation that would
only result in a leg encounter with Venus Express and STEREO-
A (planets shown as an orange disc and red square, respectively),
as can be seen from the later snapshots. The two CMEs do not
appear to catch up within the modelling domain. This is in accor-
dance with observations since, as discussed in Sect. 4, there are
no signs of interacting structures in the in situ signatures. We
therefore conclude that is sufficient to consider the second fila-
ment eruption as an isolated event.

Table A.1. Varying CME input parameters for the cone EUHFORIA run discussed in the Appendix A.

CME Passage at 21.5 R, Speed Longitude Latitude Half width Mass density Temperature
[UT] [kms™'] [deg HEEQ] [deg HEEQ] [deg] [kgm™] K]

CME 1 6 January 2013 15:06:13  399.8 155.6 -10.2 11.2 le—18 0.8e6

CME 2 6 January 2013 12:49:33  571.0 120.7 -7.8 31.6 le—18 0.8e6
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Fig. A.1. Equatorial cuts of the EUHFORIA output modelling the two
filament eruptions. The red arrow in each panel indicates the modelled
CME that corresponds to the filament that erupted first and the yellow
arrow shows the second CME that would be generated by the filament
eruption that is the primary event in this study.
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