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A B S T R A C T 

Understanding and predicting the structure and evolution of coronal mass ejections (CMEs) in the heliosphere remains one 
of the most sought-after goals in heliophysics and space weather research. A powerful tool for improving current knowledge 
and capabilities consists of multispacecraft observations of the same event, which take place when two or more spacecraft 
fortuitously find themselves in the path of a single CME. Multiprobe events can not only supply useful data to e v aluate the 
large-scale of CMEs from 1D in situ trajectories, but also provide additional constraints and validation opportunities for CME 

propagation models. In this work, we analyse and simulate the coronal and heliospheric evolution of a slo w, streamer-blo wout 
CME that erupted on 2021 September 23 and was encountered in situ by four spacecraft approximately equally distributed in 

heliocentric distance between 0.4 and 1 au. We employ the Open Solar Physics Rapid Ensemble Information modelling suite 
in ensemble mode to predict the CME arri v al and structure in a hindcast fashion and to compute the ‘best-fitting’ solutions at 
the different spacecraft individually and together. We find that the spread in the predicted quantities increases with heliocentric 
distance, suggesting that there may be a maximum (angular and radial) separation between an inner and an outer probe beyond 

which estimates of the in situ magnetic field orientation (parametrized by flux rope model geometry) increasingly diverge. We 
discuss the importance of these exceptional observations and the results of our investigation in the context of advancing our 
understanding of CME structure and evolution as well as improving space weather forecasts. 

Key words: methods: data analysis – methods: numerical – Sun: activity – Sun: coronal mass ejections (CMEs) – Sun: helio- 
sphere – solar wind. 
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 I N T RO D U C T I O N  

ne of the ultimate goals in heliophysics is to achieve a full
haracterization of the structure and evolution of coronal mass 
jections (CMEs) from their eruption through their heliospheric 
ropagation. This is important not only from a fundamental physics 
erspective, but also for space weather science and operations, since 
MEs are well-known to generally be the drivers of the most intense
eomagnetic storms (e.g. Zhang et al. 2007 ; Temmer 2021 ). The
 v erall picture that has emerged after a few decades of research is
hat, irrespective of their pre-eruptive configuration (see Patsourakos 
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t al. 2020 , and references therein), CMEs leave the Sun as flux
opes (e.g. Forbes 2000 ; Green et al. 2018 ), which consist of bundles
f twisted magnetic fields that warp about a central axis. After
 phase of rapid acceleration and expansion in the lower corona
e.g. Patsourakos, Vourlidas & Kliem 2010 ; Balmaceda et al. 2022 )
ue to their large internal pressure compared to the surrounding 
nvironment (e.g. Attrill et al. 2007 ; Zhuang et al. 2022 ), CMEs tend
o propagate in a self-similar fashion (e.g. D ́emoulin & Dasso 2009 ;
ubramanian et al. 2014 ) until ∼10–15 au, when they reach pressure
alance with the ambient solar wind (e.g. Richardson et al. 2006 ;
on Steiger & Richardson 2006 ). Ho we ver, the specific e volution of
 given CME may deviate substantially from this idealized scenario 
ue to a multitude of possible factors (e.g. Manchester et al. 2017 ;
uhmann et al. 2020 ). 
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Figure 1. Position of planets and spacecraft within 1 au from the Sun on 
2021 September 23 at 04:30 UT , i.e. around the CME eruption time. The 
longitude of the CME source region is indicated with an arrow emanating 
from the surface of the Sun. The four probes that encountered the event under 
study are connected to the centre of the Sun via dashed lines. The orbits of 
Mercury, Venus, and Earth are also shown. 
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In most cases, in fact, CMEs do not propagate through a uniform
ackground, but through a structured medium that consists of
ifferent solar wind flows (e.g. Maunder et al. 2022 ; Palmerio et al.
022b ), slow–fast stream interaction regions (e.g. Wang et al. 2014 ;
l-Shakarchi & Morgan 2018 ), the heliospheric current/plasma sheet

e.g. Blanco et al. 2011 ; Liu et al. 2016 ), and even other CMEs (e.g.
ugaz et al. 2017 ; Trotta et al. 2024b ). Outcomes of these interaction
rocesses include deflections (e.g. Lugaz et al. 2012 ; Zuccarello
t al. 2012 ), rotations (e.g. Vourlidas et al. 2011 ; Liu et al. 2018 ),
eformations (e.g. Liu et al. 2006 ; Savani et al. 2010 ), and erosion
e.g. Ruffenach et al. 2015 ; Pal, Dash & Nandy 2020 ). As a result,
he magnetic configuration of an erupting flux rope at the Sun that is
nferred from remote-sensing observations (see Palmerio et al. 2017 ,
nd references therein) may differ more or less dramatically from
he one that is then measured in situ (e.g. Yurch ysh yn et al. 2007 ;
almerio et al. 2018 ; Xie, Gopalswamy & Akiyama 2021 ). More
o, the specific trajectory through a given CME that is sampled by a
pacecraft may not even be representative of the structure as a whole
ecause of local distortions (e.g. Owens 2020 ). To complicate things
urther, analyses of the in situ structure of CMEs are often performed
ith the aid of flux rope fitting/reconstruction models, each based
n a certain geometry and physical assumption. Ho we ver, studies
ave shown that different flux rope fitting technique can provide very
ifferent results for the same CME (e.g. Riley et al. 2004 ; Al-Haddad
t al. 2013 ), albeit it appears that the level of agreement across
odels increases for ‘simpler’ CMEs that display little signatures

f expansion and generally more symmetric magnetic field profiles
e.g. Al-Haddad et al. 2018 ). 

The complexity of the myriad processes dictating CME evolution
n interplanetary space, together with the known limitations of the
vailable analysis techniques, make it clear that determining the
lobal configuration of a CME from single-spacecraft measurements
s a particularly arduous task. For this reason, a number of studies
ave attempted to obtain a more complete insight into CME structure
nd evolution using fortuitous relative configurations of two or more
robes that have detected the same event in situ . A notable example
s the work of Burlaga et al. ( 1981 ), who reported observations of a
ingle CME in 1978 January by five spacecraft that were distributed
 v er ∼30 ◦ in longitude between ∼1 and 2 au from the Sun. In
 act, this w as the first study to report that all observing probes
etected a ‘magnetic loop’ structure that is now known as a magnetic
loud, i.e. an ejecta that is characterized by enhanced magnetic field
trength, smoothly rotating magnetic field vectors, declining speed
rofiles, as well as depressed temperature and plasma beta – generally
nterpreted as the in situ signatures of a flux rope. The potential
f multispacecraft observations has gained significant traction o v er
ecent years, so much so that it is possible nowadays to find a few
edicated catalogues in the existing literature (e.g. Davies et al. 2022 ;
 ̈ostl et al. 2022 ). Ho we ver, most multiprobe encounters are realized

 v er arbitrary spatial separations of the observers involved, making it
ifficult to attribute, for example, structural differences to temporal
volution, to local distortions, or to both (e.g. Riley et al. 2003 ;
umbovi ́c et al. 2019 ). Additionally, some events are measured
 v er v ery large (i.e. of at least a few au) radial separations between
he observing probes, in which case not even a near-longitudinal
lignment would grant that the exact same structure has been detected
ue to repeated interactions with the structured background (e.g.
urlaga et al. 2001 ; Palmerio et al. 2021b ). Nevertheless, some

tudies have attempted to isolate these processes by focusing on
vents characterized by spacecraft close to radial alignment (e.g.
ood et al. 2019 ; Vr ̌snak et al. 2019 ; Salman, Winslow & Lugaz
020 ; Winslow et al. 2021 ), or with probes spread in longitude at the
NRAS 536, 203–222 (2025) 
ame radial distance (e.g. Kilpua et al. 2009 ; Farrugia et al. 2011 ;
ugaz et al. 2022 ; Carcaboso et al. 2024 ), or where observations from

wo relatively nearby locations are available (e.g. Lugaz et al. 2018 ;
avies et al. 2021 ; Palmerio et al. 2024b ; Regnault et al. 2024 ). 
As an additional indication that a deep knowledge of CME

tructure and evolution in the heliosphere is still to be achieved, it is
orth remarking that multipoint space weather forecasts of CMEs –
r, in the case of heliophysics research, most often hindcasts – have
een centred largely on arri v al times and/or arri v al speeds at multiple
ocations (e.g. Witasse et al. 2017 ; Palmerio et al. 2021a ) rather than
n the magnetic field configurations upon impact (e.g. Asvestari
t al. 2021 ; Sarkar et al. 2024 ). Truth to be told, this is usually
lso the case for single-spacecraft encounters (e.g. Riley et al. 2018 ;
ay et al. 2024 ) given the well-known challenges associated with
agnetic fields forecasts (e.g. Kilpua et al. 2019 ), but it is only natural

o assume that difficulties (and uncertainties) in predicting CME
agnetic structure can only increase with the number of observers

vailable for model–data comparisons. On the other hand, the power
f multiprobe events is exactly that they allow for models to be
alidated not at a single location (e.g. Earth), but throughout a specific
nterval of a CME’s journey away from the Sun, permitting thus to
ncrease our understanding of how it evolves and/or of how its local
tructure compares to the global one. 

In this work, we analyse in detail the inner heliospheric evolution
f a CME that erupted on 2021 September 23. The remarkable
ature of this event resides in the fact that it was detected in situ
y four spacecraft that were close to radial alignment and more or
ess uniformly spread between 0.4 and 1 au (see Fig. 1 ), namely
epiColombo (Bepi; Benkhoff et al. 2021 ), Solar Orbiter (SolO;
 ̈uller et al. 2020 ), Parker Solar Probe (PSP; Fox et al. 2016 ), and

olar Terrestrial Relations Observatory Ahead (STEREO-A; Kaiser
t al. 2008 ). Our aim in studying this fortuitous encounter is to closely
ollow its evolution from the Sun through the inner heliosphere and



A CME encountered by four probes inside 1 au 205 

t
w  

d  

f  

o
S
o  

w
E
a
m
2
F  

c

2

T
S
t
v
p
A
O
a  

A
1
D
i  

W  

b
I
a
M

2

A  

s  

S
t  

w
T  

f
0  

S
o
t  

a  

a  

s  

1  

i
m
(  

q
a
1  

P
c

 

r

Figure 2. Overview of some EUV observ ations av ailable for the 2021 
September 23 eruption, from the (a–b) STEREO-A and (c–d) SDO (Earth) 
perspectives. In the bottom panels, EUV observations are complemented 
by (c) magnetogram contours saturated at ±150 G (red: positive polarity; 
blue: ne gativ e polarity), and (d) the PIL associated with AR 12 871 (solid 
line contour), obtained from smoothed magnetograph data. Throughout the 
panels, the v arious arro ws and the dashed arc highlight interesting features 
associated with the eruption (see the main text for details). 
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o perform a multiprobe hindcast of its structure – i.e. testing how 

ell our models can reproduce the propagation of CME flux ropes at
ifferent points in space and time. This manuscript is structured as
ollows. In Section 2 , we provide an overview of the remote-sensing
bservations associated with the 2021 September 23 eruption. In 
ection 3 , we present and analyse the interplanetary measurements 
f the CME under study at the four different observers. In Section 4 ,
e perform hindcasts of the event using the Open Solar Physics Rapid 
nsemble Information (OSPREI; Kay, Mays & Collado-Vega 2022a ) 
nalytical modelling suite, with particular emphasis on the CME 

agnetic structure. In Section 5 , we discuss the 2021 September 
3 event from both an observational and a modelling perspective. 
inally, in Section 6 , we summarize our findings and draw our
onclusions. 

 OV ERVIEW  O F  T H E  SOLAR  OBSERVAT I ONS  

he eruption and subsequent coronal propagation of the 2021 
eptember 23 CME analysed in this work were observed in ex- 

reme ultraviolet (EUV) and white-light (WL) imagery from two 
iewpoints, i.e. Earth and the STEREO-A spacecraft. For Earth’s 
erspective, we use solar disc imagery from the Atmospheric Imaging 
ssembly (AIA; Lemen et al. 2012 ) onboard the Solar Dynamics 
bservatory (SDO; Pesnell, Thompson & Chamberlin 2012 ) as well 

s coronagraph data from the C2 and C3 cameras part of the Large
ngle and Spectrometric Coronagraph (LASCO; Brueckner et al. 
995 ) onboard the Solar and Heliospheric Observatory (SOHO; 
omingo, Fleck & Poland 1995 ). From STEREO-A, we employ 

mages of the solar disc from the Extreme Ultraviolet Imager (EUVI;
uelser et al. 2004 ) and coronagraph data from the COR2 camera,

oth part of the Sun Earth Connection Coronal and Heliospheric 
nvestigation (Howard et al. 2008 ) suite. Additionally, we take 
dvantage of magnetograph data collected by the Helioseismic and 
agnetic Imager (HMI; Scherrer et al. 2012 ) onboard SDO. 

.1 Sour ce r egion and eruption 

n o v erview of the av ailable EUV observ ations for this event is
hown in Fig. 2 and a full-disc animated version is provided in
upplementary Video 1. The Sun appears rather active around the 

ime of interest, with several eruptions lifting off the visible disc as
ell as the limb from both the Earth and STEREO-A perspectives. 
he eruptive event that is the main focus of this work originates

rom NOAA active region (AR) 12871 on 2021 September 23 around 
4:30 UT , and is accompanied by an M2.8 flare peaking at 04:42 UT . In
TEREO-A imagery (Figs 2 a–b), the CME source region is located 
n the south-western quadrant and the sequence of events features 
he eruption itself from the western portion of AR 12871 (on-disc
rrow in Fig. 2 a), the lift-off of a large double-loop structure (off-limb
rrows in Fig. 2 a), and the subsequent appearance of an additional
et of post-eruption arcades (PEAs) in the eastern portion of AR
2871 (arrow in Fig. 2 b). These complex observations can be further
nterpreted using imagery from Earth orbit, where magnetograph 

easurements complement the EUV data. From the SDO viewpoint 
Figs 2 c–d), the CME source region is located on the south-eastern
uadrant and on-disc signatures of the eruption include loops opening 
nd propagating northwards of AR 12871 (see Supplementary Video 
, marked with a yellow dashed curve in Fig. 2 c) in addition to the
EA systems identified in STEREO-A imagery (arrows in Figs 2 
–d). 

The magnetogram contours shown o v er the EUV data in Fig. 2 (c)
eveal a complex structure of the local photosphere, with different 
olarity patches forming nested flux systems – distinct regions 
f closed flux embedded within the larger scale flux system of a
oronal streamer (e.g. Longcope 2005 ; Karpen et al. 2024 ). Such a
onfiguration tends to result in curved polarity inversion lines (PILs),
ith a separatrix dome at the interface between different polarities 

e.g. Wyper & DeVore 2016 ; Wyper et al. 2016 ), as is evident from the
IL contours displayed in Fig. 2 (d). This is also a structure that often
enerates circular-ribbon flares (e.g. Lee et al. 2020 ; Zhang 2024 ).
he closed-field topology of AR 12871 lies beneath a helmet streamer 

hat is largely east–west oriented, curves around the approximately 
-shaped PIL, and continues back towards the west. 
In Supplementary Video 1, the first set of PEAs appears at 04:40–

4:45 UT with a simultaneous remote brightening at the footpoint 
f the external spine line (reminiscent of the ‘EIT crinkles’ of
terling & Moore 2001 ), followed by a clear dimming in AIA 211

imagery surrounding the dome and a whole loop-shaped region 
long the external spine flux tube connecting the dome and the
emote brightening area. This coincides exactly with the eruption 
nd expansion of the overlapping off-limb loops in the EUVI 195 Å
ata. The apparent o v erlap of these loops results from emission of
ifferent structures in the optically thin corona being summed during 
he line-of-sight integration, as these are two different parts of the
ame streamer belt flux system making the U-turn. The second, more
outhern (in projection) loop is more diffuse in emission, but expands
nd erupts essentially in tandem with the more resolved, westward 
oop. The AIA 211 Å on-disc dimmings follow the EUVI 195 Å
ff-limb erupting loops, suggesting that the westward loop portion 
f the helmet streamer is approximately ‘abo v e’ the circular-ribbon
are while the southern loop portion is approximately ‘abo v e’ the
econd set of PEAs along the northern half of the C-shaped PIL. The
MNRAS 536, 203–222 (2025) 
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Figure 3. The faint 2021 September 23 CME observed in WL imagery 
from (top) STEREO-A and (bottom) SOHO. The left panels show plain 
coronagraph difference images, while the right panels display the same data 
with the GCS wireframe o v erlaid. 
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xternal spine loop from the initial eruption starts brightening again
fter ∼07:00 UT (as in Lee et al. 2020 ), which is followed thereafter
y the dimming areas abo v e and below the second PEA gradually
eturning to their original intensities. Regardless of the specific form
f the large-scale helmet streamer energization, a sufficient expansion
gradual or rapid) of the middle-to-outer layers of the streamer belt
losed flux system has been shown to erupt as a streamer-blowout
ME (Lynch et al. 2016 , and references therein). 

.2 Coronal evolution 

n o v ervie w of the av ailable WL observ ations for this event is shown
n Fig. 3 and an animated version is provided in Supplementary Video
. In imagery from both viewpoints (i.e. STEREO-A and SOHO), it
s clear that multiple faint eruptions are concurrently present at any
ime o v er the period of interest, making interpretation of the different
tructures (and their origin) especially challenging. In particular, the
equence of events evident in coronagraph data include (in relation
o the STEREO-A viewpoint): (1) a streamer blowout originating
rom near the south-eastern limb and emerging around 06:00 UT ,
2) a jet-like CME associated with the first set of PEAs described
n Section 2.1 and propagating towards the south-west also around
6:00 UT , (3) a large-scale streamer blowout associated with the
econd set of PEAs described in Section 2.1 and appearing as a
partial) halo starting around 08:00 UT , and (4) an additional jet-like
ME related to a later ( ∼15:30 UT ) eruption from AR 12871 visible

rom around 16:30 UT . Hence, the erupti ve e vent that is the focus of
his work is the result of a multistage nested-flux system eruption of
he Karpen et al. ( 2024 ) type, where the first dome-shaped PEA and
emote brightening creates a significant enough disturbance in the
treamer flux system that some previously closed flux opens and that
rupting plasma makes it into the open field and solar wind. This jet-
ike transient triggers a more traditional streamer-blowout eruption
bo v e the adjacent PIL leading to the partial halo CME (see Pal
NRAS 536, 203–222 (2025) 
t al. 2022 , for another example of a jet destabilizing an energized,
ultipolar flux system). Since both jets appear rather narrow as well

s southwards-directed and the first streamer blowout propagates
ainly off the eastern limb (its corresponding solar eruption can be

bserved in Supplementary Video 1 off the south-eastern quadrant
round 01:00 UT from STEREO-A’s perspective), in the following
e shall focus on the second streamer blowout, i.e. the eruption

ssociated with the second set of PEAs described in Section 2.1 and
hat is expected to be encountered in situ by the four nearly aligned
pacecraft shown in Fig. 1 . 

To obtain a first-order assessment of the CME morphology and
inematics through the solar corona, we apply the Graduated Cylin-
rical Shell (GCS; Thernisien 2011 ) model to nearly simultaneous
magery from STEREO-A and SOHO. The technique consists of

anually fitting a parametrized shell (with six free parameters)
n to coronagraph imagery, and results at one sample time are
hown in the right panels of Fig. 3 . According to the performed
econstructions, the CME propagates in the direction ( θ , φ) = ( −8 ◦,
37 ◦) in Stonyhurst coordinates with a moderate inclination (40 ◦

ounterclockwise from solar west) to the solar equatorial plane and
 slow ( ∼400 km s −1 ) speed, as is often the case for streamer
lowouts (e.g. Vourlidas & Webb 2018 ). We remark that, apart from
ncertainties intrinsic to coronal reconstruction methods performed
by eye’ (e.g. Verbeke et al. 2023 ; Kay & Palmerio 2024 ), this specific
vent is characterized by additional ambiguities due to both its faint
ature and its o v erlapping with other eruptions in projected plane-
f-sky images. In fact, it is especially difficult to clearly distinguish
he fronts of the two streamer blowouts mentioned abo v e, the second
f which is our CME of interest. We do not exclude that the two
ruptions may have interacted via their flanks, but since their nose
rajectories differ by ∼35 ◦ in longitude (determined after performing
eparate GCS reconstructions of both structures), it is expected that
he in situ encounters presented in the next section were realized for
he most part with the partial-halo CME. 

 ANALYSI S  O F  T H E  I NTERPLANETA RY  DATA  

ere, we analyse in detail the magnetic field and plasma mea-
urements of the 2021 September 23 CME at the four probes of
nterest, i.e. Bepi, SolO, PSP, and STEREO-A. An o v erview of the
n situ measurements collected by the four spacecraft is shown in
ig. 4 , and their evolving heliospheric coordinates at the eruption

ime and as the CME-driven shock impacted each observer are
eported in Table 1 . Additionally, to e v aluate the o v erall large-
cale evolution of the CME through the inner heliosphere and to
onfirm that the same eruption likely impacted all the four targets,
e have performed a magnetohydrodynamic (MHD) simulation
sing the coupled Wang–Sheeley–Arge (WSA; Arge et al. 2004 )
nlil (Odstrcil 2003 ) model – these results are summarized in
ppendix A . 
From each set of spacecraft measurements, we search for various

n situ CME signatures (e.g. Zurbuchen & Richardson 2006 ; Kilpua,
oskinen & Pulkkinen 2017 ) and identify the passage times of

he interplanetary shock, sheath region, and CME ejecta. We also
etermine the boundaries of the ‘core’ flux rope, i.e. the period in the
n situ time series characterized by clear magnetic cloud signatures
uch as smoothly rotating magnetic field vectors and low plasma
eta – and that may or may not coincide with the extent of the
ME ejecta as a whole (e.g. Richardson & Cane 2010 ; Kilpua et al.
013 ). 
We also perform a local shock parameter estimation analysis for all

he spacecraft crossings, computing the shock normal ( ̂ n RTN ), shock
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Figure 4. In situ measurements of the 2021 September 23 CME at (a) Bepi, (b) SolO, (c) PSP, and (d) STEREO-A. Each plot shows, from top to bottom: 
magnetic field magnitude, magnetic field components in Radial–Tangential–Normal (RTN) coordinates, latitudinal and longitudinal angles of the magnetic field, 
solar wind bulk speed, proton density and temperature, and plasma beta. Interplanetary shocks arri v als are marked with vertical areas, while CME ejecta regions 
are highlighted with shading – the core flux rope in solid colour and other ejecta boundaries in dotted (Bepi and PSP) or hatched (SolO) markings – see the main 
text for details. The thick curves within the solid shaded regions show flux rope fitting results using the EFF model. The heliocentric distances reported on top 
of each plot refer to the respective shock arrival time at each spacecraft (see also Table 1 ). Note that each panel displays 2.75 d of data. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/536/1/203/7906603 by Johns H
opkins U

niversity user on 05 D
ecem

ber 2024



208 E. Palmerio et al. 

M

Table 1. Stonyhurst heliographic coordinates in terms of [ r , θ , φ] triplets (units of [au, de g, de g]) of the four spacecraft 
at the time of the eruption of the 2021 September 23 CME as well as at the times of the interplanetary shock arri v al at 
each observer. 

Eruption Shock at Bepi Shock at SolO Shock at PSP Shock at ST-A 

2021-09-23T04:30 2021-09-25T01:46 2021-09-25T18:25 2021-09-26T08:50 2021-09-27T01:51 

Bepi [0.46, −0.3, −53.7] [0.44, −0.1, −49.3] [0.44, −0.1, −47.6] [0.43, −0.0, −45.9] [0.42, + 0.1, −44.1] 
SolO [0.60, + 1.7, −33.7] [0.61, + 1.8, −31.1] [0.61, + 1.9, −30.1] [0.61, + 1.9, −29.2] [0.62, + 2.0, −28.4] 
PSP [0.77, + 3.5, −41.6] [0.78, + 3.5, −42.3] [0.78, + 3.5, −42.6] [0.78, + 3.5, −42.9] [0.78, + 3.5, −43.1] 
ST-A [0.96, + 6.7, −40.1] [0.96, + 6.8, −40.0] [0.96, + 6.8, −39.9] [0.96, + 6.8, −39.9] [0.96, + 6.9, −39.8] 

Table 2. Shock parameters measured at each spacecraft. The parameters 
shown are: shock normal vector ( ̂ n RTN ), shock angle ( θBn ), magnetic com- 
pression ratio ( r B ), gas compression ratio ( r n ), shock speed ( V sh ), as well as 
fast magnetosonic and Alfv ́enic Mach numbers ( M fms and M A , respectively). 
The shock normals are shown in the RTN frame of reference, with θBn 

e xpressed in de grees. The shock speed v sh is expressed in km s −1 and it is 
aligned with the shock normal. 

ˆ n RTN θBn r B r n V sh M fms M A 

Bepi [0.82, −0.36, −0.44] 18 1.7 – – – –
SolO [0.88, 0.10, −0.47] 27 1.5 3.3 299 1.7 1.5 
PSP [0.91, 0.34, −0.23] 71 1.8 3.0 347 2.0 1.9 
ST-A [0.50, 0.83, −0.25] 13 2.8 – – – –

n  

r  

A  

a  

m  

fi  

w  

a  

r  

fi  

u  

F  

P  

i  

w  

S  

T
 

i  

(  

c  

J  

t  

r  

m  

H  

s  

e  

O  

m  

w  

fl  

I  

a  

a

Table 3. Flux rope fitting results at each spacecraft. The parameters shown 
are latitudinal ( � 0 ) and longitudinal ( � 0 ) directions of the flux rope axis, axial 
magnetic field magnitude ( B 0 ), chirality ( H ), normalized impact parameter 
o v er the flux rope’s radius ( p 0 ), expansion time ( τexp ), and normalized 
goodness-of-fit measure (chi-squared) o v er the magnetic field components 
( χ2 

dir ) as well as magnitude ( χ2 
mag ). 

� 0 � 0 B 0 H p 0 τexp χ2 
dir χ2 

mag 

Bepi 39 ◦ 46 ◦ 82 nT + 1 0.23 20 h 0.11 0.94 
SolO 68 ◦ 49 ◦ 38 nT + 1 0.06 74 h 0.06 0.43 
PSP 69 ◦ 167 ◦ 23 nT + 1 0.68 89 h 0.15 0.06 
ST-A 14 ◦ 11 ◦ 15 nT + 1 −0.28 57 h 0.19 0.31 

3

I  

e  

b  

2  

u  

p  

i  

l  

q  

p  

f  

e  

i  

i  

4  

s  

t  

(  

t  

p  

I  

n  

t  

i  

c
 

a  

m  

s  

w  

r  

h  

a  

t  

l  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/536/1/203/7906603 by Johns H
opkins U

niversity user on 05 D
ecem

ber 2024
ormal angle ( θBn ), magnetic and gas compression ratios ( r B and r n ,
espectively), shock speed ( V sh ), as well as the fast magnetosonic and
lfv ́enic Mach numbers ( M fms and M A , respectively). The latter two

re defined as the ratio between the shock speed and the upstream fast
agnetosonic and Alfv ́en speeds, respectively. When both magnetic
eld and plasma data are available, we compute the shock normal
ith the Mixed Mode Method 3 (Abraham-Shrauner & Yun 1976 ),

nd the shock speed along the shock normal and in the spacecraft
eference frame with the mass–flux conservation. When the magnetic
eld information is available, the shock normal angle is computed
sing the magnetic coplanarity theorem (Colburn & Sonett 1966 ).
or a detailed description of these techniques, we refer the reader to
aschmann & Schwartz ( 2000 ). For the averaging operation involved

n the shock parameters, we use a collection of upstream/downstream
indows that we vary systematically from 1 to 8 min using the

ERPYSHOCK code (Trotta et al. 2022 ). Results are summarized in
able 2 . 
Additionally, at each spacecraft, we perform a fit of the correspond-

ng core flux rope interval using an expansion-modified force-free
EFF; e.g. Farrugia et al. 1993 ; Yu et al. 2022 ) model, which takes the
lassic constant- α force-free solution (e.g. Burlaga 1988 ; Lepping,
ones & Burlaga 1990 ) and adds a time-scale parameter that describes
he self-similar CME expansion rate ( τexp ). The remaining quantities
etrieved by the fitting method are axis orientation ( � 0 , � 0 ), field
agnitude along the axis ( B 0 ), flux rope chirality (or handedness,
 ), and impact parameter ( p 0 , i.e. the crossing distance to the

ymmetry axis normalized by the cross-sectional radius). Since CME
xpansion rate can be indirectly estimated from the speed profile (e.g.
wens et al. 2005 ; Nieves-Chinchilla et al. 2018a ), in addition to the
agnetic field components we include, where possible, the solar
ind speed among the flux rope proprieties constraining the fit. The
ux rope fitting results at the four probes are reported in Table 3 .
n the remainder of this section, we describe in detail observations
nd analysis of the 2021 September 23 CME in situ measurements
t each impacted spacecraft. 
NRAS 536, 203–222 (2025) 
.1 Obser v ations at BepiColombo 

n situ measurements at Bepi, located at ∼0 . 44 au during the
vent, are displayed in Fig. 4 (a). Magnetic field data are supplied
y the Mercury Planetary Orbiter Magnetometer (Heyner et al.
021 ), while no plasma moments are available during the period
nder investigation – and more generally during most of the cruise
hase. The first CME signatures appear at Bepi by means of an
nterplanetary shock passage on September 25 at 01:46 UT (vertical
ine in Fig. 4 a), characterized by a moderate magnetic field jump and a
uasi-parallel nature (see Table 2 ) – we remark that, due to the lack of
lasma data, it is not possible to determine with certainty whether this
eature is a full-fledged shock. The following sheath region displays
le v ated magnetic field magnitudes for approximately two-thirds of
ts duration and subsequently dips to lo wer-than-ambient v alues. The
dentified CME ejecta period (dotted and solid grey shading in Fig.
 a) features a complex magnetic field profile, characterized by two
eparate peaks – possibly the signature of an encounter that cuts first
hrough the flank of the frontal CME body and then through the leg
as expected from the WSA–Enlil results shown in Appendix A ) or
he outcome of interaction of the 2021 September 23 CME with the
receding streamer blowout to its east (described in Section 2.2 ).
n fact, Bepi is the easternmost observer with respect to the CME
ose among the four spacecraft at the time of impact, hence both
he encounter with a flank and/or leg, as well as the detection of
nteraction signatures between the two slo w streamer-blo wout CMEs,
an be reasonably expected. 

Within the o v erall CME ejecta interval (bounded by the dotted
reas in Fig. 4 a) we identify a region of smoother and rotating
agnetic field vectors (especially in the north–south component;

olid area in Fig. 4 a), which we attribute to the core flux rope. Fitting
ith the EFF model yields a right-handed, moderately inclined

ope with a rather low impact parameter (see Table 3 ). We remark,
o we ver, that in this case the speed of the flux rope, being unavailable
t Bepi, is not used as a fit-constraining input, but is rather an output of
he fitting procedure – given the rather high ( ∼500 km s −1 ) resulting
eading edge speed compared to the CME speed in the corona ( ∼390
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m s −1 ), it is likely that a fit employing actual plasma data would
ave generated somewhat different results. 

.2 Obser v ations at Solar Orbiter 

n situ measurements at SolO, located at ∼0 . 61 au during the event,
re displayed in Fig. 4 (b). Data are provided by the Magnetometer
Horbury et al. 2020 ) for magnetic field and the Proton and Alpha
article Sensor of the Solar Wind Analyser (Owen et al. 2020 ) for
lasma parameters. The interplanetary shock driven by the 2021 
eptember 23 CME is observed at SolO on September 25 at 18:25 UT

vertical line in Fig. 4 b) and is characterized by a quasi-parallel nature 
nd moderate strength (both Mach numbers are below 2, see Table 2 ).
fter the passage of the following sheath region, which displays 
rogressively increasing magnetic field magnitudes, we identify a 
ME ejecta interval with clear flux rope signatures (solid shading in 
ig. 4 b). Unfortunately, a concurrent data gap in the magnetic field
nd plasma measurements prevents us from determining the trailing 
dge of the structure, but a likely upper limit is indicated by the
atched area in in Fig. 4 b) – i.e. we do not expect the CME ejecta
o extend past that point, displaying a flat speed profile in contrast to
he decreasing trend visible within the flux rope interval. 

The magnetic field profile within the ejecta features a ‘classic’ 
symmetry in magnitude ske wed to wards the front of the rope,
ndicating CME expansion during propagation (e.g. D ́emoulin & 

asso 2009 ; Nieves-Chinchilla et al. 2018a ). In this case, the flux
ope fitting is performed throughout the CME ejecta, from its leading 
dge up to the data gap, since flux rope signatures are displayed o v er
he whole interval. The EFF model yields a central encounter with a
ight-handed, highly inclined rope (see Table 3 ). Despite the fitting 
esults appearing visually ‘good’ (Fig. 4 b), we remark that the very
railing portion of the ejecta (of unknown duration) is not included 
n the calculation, hence the real flux rope axial inclination may have
een somewhat different than in our results. 

.3 Obser v ations at P ark er Solar Probe 

n situ measurements at PSP, located at ∼0 . 78 au during the
vent, are displayed in Fig. 4 (c). Data are collected by the fluxgate
agnetometer part of the FIELDS (Bale et al. 2016 ) instrument 

nd the Solar Probe Cup (Case et al. 2020 ) part of the Solar Wind
lectrons Alphas and Protons (Kasper et al. 2016 ) investigation. 
he sequence of ev ents be gins with a clear interplanetary shock
assing the spacecraft on 2021 September 26 at 08:50 UT (vertical 
ine in Fig. 4 c), characterized by a quasi-perpendicular nature and 
igher strength than at SolO in terms of speed and Mach numbers
see Table 2 ). The magnetic field magnitude in the sheath region
isplays the most symmetric profile amongst the four spacecraft. 
jecta signatures (dotted and solid shaded area in Fig. 4 c) follow

mmediately after; ho we ver, besides the central portion that displays
lear flux rope characteristics and a symmetric magnetic field 
agnitude profile (solid shading in Fig. 4 c), the outer regions appear

o preserve the rotation in the north–south direction but with highly 
uctuating fields, possibly due to erosion of the original rope due to
econnection with the ambient solar wind (e.g. Lavraud, Owens & 

ouillard 2011 ; Ruffenach et al. 2012 ). 
Flux rope fitting of the core flux rope interval yields a right-handed, 

ighly inclined rope that is crossed significantly far from its central 
xis (see Table 3 ). We also note that the resulting rope axis is oriented
ather close to the Sun–spacecraft line, the separation between the 
wo being only 13 ◦ in longitude. We remark that possible erosion of
he outer layers of the original ejecta, due to interactions with, for
xample, the ambient solar wind, may have altered the o v erall flux
ope structure and orientation during transit. Finally, we note a region
f high-density solar wind (but rather low field magnitudes) right 
fter the passage of the ejecta trailing edge, possibly representing 
he accumulation of post-CME flows (e.g. Webb & Vourlidas 2016 )
iven that there is no indication of a sector boundary crossing until
12 h later (note the longitudinal direction of the magnetic field

eing preserved before and after the CME passage). 

.4 Obser v ations at STEREO-A 

n situ measurements at STEREO-A, located at ∼0 . 96 au during
he event, are displayed in Fig. 4 (d). Time series come from the

agnetic Field Experiment (Acu ̃ na et al. 2008 ), part of the In situ
easurements of Particles And CME Transients (Luhmann et al. 

008 ) suite, as well as the Plasma and Suprathermal Ion Composition
Galvin et al. 2008 ) investigation. We identify the interplanetary 
hock passage on 2021 September 27 at 01:51 UT (vertical line in Fig.
 d), and characterize it of quasi-parallel nature and associated with
 moderate-to-high magnetic field jump (see Table 2 ). The sheath
egion, similarly to SolO measurements, displays an increasing 
rofile in magnetic field magnitude. We find flux rope signatures 
hroughout the CME ejecta interval (shaded area in Fig. 4 b), but note
hat the magnetic field magnitude is characterized by a double-peak 
rofile and that the interface between the two peaks displays sharp
iscontinuities in all magnetic field components. 
Flux rope fitting with the EFF model yields a right-handed, lowly

nclined structure with its axis separated only by 11 ◦ in longitude
rom the Sun–spacecraft line and that is encountered at intermediate 
istances from its central axis (see Table 3 ). We remark that this fit
s associated with the largest error in the magnetic field components,
ikely due to the discontinuities mentioned abo v e. Again, we note a
egion of high-density wind immediately following the CME ejecta, 
hich may correspond to the similar structure found in PSP data. 

 C M E  H I N D C A S T I N G  WI TH  OSPREI  

ere, we present our efforts to simulate the 2021 September 23
ME in a hindcast fashion with the OSPREI 1 modelling suite, which
onsists of three coupled modules: the Forecasting a CME’s Altered 
rajectory (ForeCAT; Kay, Opher & Evans 2015 ) that models CME
eflections and rotations in the corona, the Another Type of Ensemble
rri v al Time Results (ANTEATR; Kay et al. 2022b ) that propagates

he CME through interplanetary space and includes the formation of 
 CME-driven sheath, and the ForeCAT In situ Data Observer (FIDO;
ay & Gopalswamy 2017 ) that generates synthetic in situ profiles

along a time-dependent spacecraft trajectory or any point of choice). 
or more information on each module and additional technical details 
egarding OSPREI, we refer the reader to Kay et al. ( 2022a ). OSPREI
s a computationally efficient analytical CME propagation model, 
hich means that, despite the simplified physics compared to, for 

xample, MHD calculations, it can be run with rapid turnaround 
n ensemble mode (e.g. Kay & Gopalswamy 2018 ). Hence, in this
ork, we first design the so-called seed run and e v aluate its predicted

mpacts at the four probes, and then take advantage of a large
nsemble (with 200 members) around this baseline run to e v aluate
he input parameters’ influence o v er the variation in the field and
lasma profiles generated at each spacecraft, both individually and 
ogether. 
MNRAS 536, 203–222 (2025) 
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Figure 5. Input photospheric conditions employed for the OSPREI simula- 
tion. (a) HMI (pole-filled) synchronic map for 2021-09-23 12:00 UT with the 
HCS resulting from four different PFSS source surface heights o v erlaid. The 
magnetogram has been saturated to ±100 G, with positive (negative) field 
shown in red (blue). The source region of the 2021 September 23 event is 
circled, and the Carrington longitude of Earth at the time of the eruption (04:30 
UT ) is marked with a solid vertical line. (b) Zoom-in on the source region of 
the 2021 September 23 CME, showing PFSS contours ( R SS = 2 . 5 R �) of the 
radial magnetic field as well as the location of the flux rope nose (dot at the 
centre) with its associated PIL (straight thick line). 
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Table 4. OSPREI input parameters for the seed run and variations employed 
for the ensemble run. The parameters displayed are, from top to bottom: erup- 
tion date and time, radial distance at which coronal propagation (ForeCAT) 
ends ( R FC ), flux rope initial height ( R 0 ), latitude ( θ0 ), Carrington longitude 
( φ0 ), and tilt ( ψ 0 ), helicity sign ( H ), axial magnetic field strength ( B FR ), CME 

mass ( M FR ), CME temperature ( T FR ), face-on (A W) and edge-on (A W ⊥ ) half- 
angular width, axial ( δAX ) and cross-sectional ( δCS ) aspect ratio, initial slow- 
rise speed ( V 0 ), altitude at which kinematics transition from slow rise to rapid 
acceleration ( a 0 ), maximum coronal speed ( V 1 ), altitude at which kinematics 
transition from rapid acceleration to constant speed ( a 1 ), flux rope adiabatic 
inde x ( γ ), interplanetary e xpansion factor ( f exp ), heliocentric distance used 
for the background wind description ( R SW 

), ambient drag coefficient ( C d ), 
as well as solar wind speed ( V SW 

), magnetic field magnitude ( B SW 

), density 
( N SW 

), and temperature ( T SW 

). 

Seed Ensemble 

Date 2021-09-23 –
Time 04:30 UT –
R FC 20 R � –
R 0 1.2 R � –
θ0 −29 ◦ ±3 ◦
φ0 350 ◦ ±5 ◦
ψ 0 60 ◦ ±10 ◦
H + 1 –
B FR 2 . 0 × 10 3 nT ±0 . 5 × 10 3 nT 

M FR 1 . 0 × 10 16 g ±0 . 5 × 10 16 g 
T FR 1 . 5 × 10 5 K ±0 . 5 × 10 5 K 

AW 36 ◦ ±5 ◦
AW ⊥ 15 ◦ ±2 ◦
δAX 0.7 ±0 . 1 
δCS 0.9 ±0 . 1 
V 0 50 km s −1 ±20 km s −1 

a 0 1.7 R � ±0 . 1 R �
V 1 390 km s −1 ±50 km s −1 

a 1 8.0 R � ±1 . 0 R �
γ 1.33 ±0 . 1 
f exp 0.5 ±0 . 1 
R SW 

213 R � –
C d 1.0 ±0 . 25 
V SW 

340 km s −1 ±40 km s −1 

B SW 

5 nT ±3 nT 

N SW 

10 cm 

−3 ±5 cm 

−3 

T SW 

6 . 0 × 10 4 K ±1 . 0 × 10 4 K 
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.1 Designing the ‘seed’ run 

he first step towards modelling the coronal and heliospheric propa-
ation of CMEs with the OSPREI suite is to define the photospheric
oundary conditions. Since the CME of interest erupted ∼30 ◦ away
rom the Sun–Earth line in longitude, we employ in this study the
ole-filled SDO/HMI synchronic map for 2021 September 23, which
s generated by replacing from a standard Carrington map daily
bservations within ±60 ◦ of the central meridian as seen from Earth
Hayashi et al. 2015 ). Using this input magnetogram, the coronal
onditions – i.e. the coronal magnetic field – are generated by
pplying the Potential Field Source Surface (PFSS; Wang & Sheeley
992 ) model. Since it has been shown that the choice of PFSS source-
urface radius ( R SS ) can have more or less prominent effects on the
ME evolution modelled by OSPREI (see Ledvina et al. 2023 ), we

elect four source surfaces to test for significant differences in the
eed run – the ‘classic’ 2 . 5 R � (Altschuler & Newkirk 1969 ) as well
s the lower heights of 2.3, 2.1, and 1 . 9 R �. The input magnetogram,
he location of the heliospheric current sheet (HCS) resulting from
he different PFSS source surfaces, as well as the source region of
he 2021 September 23 CME are shown in Fig. 5 (a). 

Once the background conditions have been generated, we begin
efining the flux rope input parameters, which are listed in detail
n Table 4 . In the current implementation, OSPREI employs the
lliptic-cylindrical (EC; Nieves-Chinchilla et al. 2018b ) flux rope
odel to describe the CME morphology and magnetic configuration.
e select the CME initial latitude ( θ0 ), longitude ( φ0 ), and tilt

 ψ 0 ) based on observations of the active region and its associated
NRAS 536, 203–222 (2025) 
IL (see Fig. 5 b). The helicity sign (or chirality, H ) is assumed
ositive based on remote-sensing observations of the eruption (see
almerio et al. 2017 ), in particular from the right-skewness of the
EAs with respect to the underlying PIL. Values for CME internal
agnetic field ( B FR ), mass ( M FR ), and temperature ( T FR ) are set

ased on best-guess approximations. Parameters describing CME
orphology (A W, A W ⊥ 

, δAX , and δCS ) are loosely based on the
CS reconstructions shown in Fig. 3 and include modifications
ecessary to grant stability of the EC solution – for example, by
longating the CME half-width along its central axis, yielding a more
ylindrical structure against the ‘rounded’ ellipsoid employed for the

SA–Enlil run (see Appendix A ). Properties characterizing CME
inematics in the corona ( V 0 , a 0 , V 1 , and a 1 ) are selected based on off-
imb WL observations from SOHO/LASCO. Parameters governing
ME propagation in interplanetary space ( γ and f exp ) are left to

heir default values. Finally, the background solar wind conditions
re defined at the STEREO-A position (213 R �) and scaled with
eliocentric distance accordingly to the other locations. The drag
oefficient ( C d ; e.g. Vr ̌snak et al. 2013 ) is kept at its default value
f one. The values for magnetic field ( B SW 

), density ( N SW 

), and
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Figure 6. Overview of the (a) coronal and (b) heliospheric evolution of the CME modelled as the seed run for OSPREI. (a) ForeCAT deflections and rotations 
up to 20 R ◦. (b) Snapshot of the CME evolution in interplanetary space as seen from (left) the equatorial and (right) the nose-centred meridional planes. The 
quantity shown is the solar wind bulk speed, and the four circles represent the positions of the four spacecraft (by increasing distance from the Sun, Bepi, SolO, 
PSP, and STEREO-A) projected on to the respective planes. 
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emperature ( T SW 

) are taken directly from in situ measurements 
receding the CME arri v al, while the solar wind bulk velocity
 V SW 

) is slightly lowered from its STEREO-A values to compensate
rom the significantly lower speeds found at SolO (note that we are
onsidering a uniform, constant solar wind background speed in this 
ork). 
We test the seed run input parameters reported in Table 4 using

he four R SS values shown in Fig. 5 (a) for the PFSS solution, and
nd no significant differences in the results. Hence, this particular 
onfiguration does not appear to be affected by the PFSS source- 
urface radius in a notable way, and in the following we shall consider
nly the ‘classic’ R SS = 2 . 5 R �. And o v erview of the coronal and
eliospheric evolution of the 2021 September 23 CME modelled 
n the seed run is presented in Fig. 6 and in Supplementary Video
. In the coronal domain (i.e. the region ≤20 R � where ForeCAT
perates), the CME is seen to deflect towards the north-east and to
otate to higher inclinations, its axial parameters changing from ( θ0 , 
0 , ψ 0 ) = ( −29 ◦, 350 ◦, 60 ◦) to ( θ , φ, ψ) = ( −24 . 8 ◦, 337 . 6 ◦, 82 . 6 ◦) as
hown in Fig. 6 (a). In fact, in interplanetary space the CME appears
ignificantly more extended in latitude than in longitude, as can be 
een in Fig. 6 (b) and Supplementary Video 3. The four spacecraft of
nterest (Bepi, SolO, PSP, and STEREO-A) are all impacted by the 
ME north of its nose, with a closer-to-flank encounter at Bepi and
 more central one at the remaining three probes. 

The OSPREI synthetic in situ profiles compared to spacecraft 
easurements at each location are shown in Fig. 7 . The modelled

rri v al times of shocks/sheaths and ejecta leading edges are all within
 few hours of the observed ones, i.e. within the well-known uncer-
ainties ( ∼10 h) associated with predictions of CME propagation 
Kay et al. 2024 ). The magnetic field magnitude is underestimated 
t Bepi and SolO, in agreement with in situ measurements at 
SP, and slightly o v erestimated at STEREO-A. The individual field 
omponents appear to follow the o v erall west-to-east rotation in B T 

nd the largely positive nature of B N , but display opposite sign in B R 

ompared to observations. In the next section, this seed run is used
s the basis for an ensemble run that e v aluates the ‘best fit’ at each
pacecraft both separately and when considered together. 
.2 Ensemble modelling 

 number of studies have shown that predictions of CME magnetic
onfiguration and/or arri v al time can depend more or less strongly
n the choice of CME input parameters, even within a single model
e.g. Kay & Nieves-Chinchilla 2021 ; Palmerio et al. 2022a ). To
 v aluate v ariations in the synthetic in situ profiles due to inputs
nd to determine differences between individual runs producing the 
est matches at each spacecraft separately and together, we now 

onsider fluctuations around the seed simulation and run OSPREI in 
ts ensemble mode. We employ a relatively large ( N ens = 200) number
f ensemble members, and the ranges of the variations applied on
he input parameters of the seed run are reported in Table 4 . The
 ens = 200 choice is somewhat arbitrary, but reasonably samples the

ssumed intervals of all the varied parameters. The allowed ranges 
f variations for each parameter are set to be more conserv ati ve (i.e.
arger) than what is usually assumed in OSPREI (e.g. Palmerio et al.
021c ; Kay et al. 2022a ), to account for the inherent complexity in
haracterizing both the source region and coronal evolution for the 
ME under study (see Section 2 ). In the post-processing phase of

he ensemble simulation, we use spacecraft observations at the four 
ocations to compute metrics and thus obtain a ‘best fit’ for each
robe considered both individually and collectively. The goodness- 
f-fit score is defined as the sum of the fractional mean absolute
rror of the hourly averages for each magnetic field and plasma
arameter together with a timing error consisting of the absolute 
rror in days for all three CME bounds, i.e. shock, ejecta leading
dge, and ejecta trailing edge arri v als (see also Kay & Gopalswamy
017 ). Within each ensemble member, we also sum the goodness-
f-fit scores across each spacecraft to compute a ‘global’ metric that
ims to identify the run that best reproduces the CME behaviour at
he four locations when considered together. 

An o v ervie w of the coronal and heliospheric e volution of the
nsemble run is provided in Fig. 8 . The coronal evolution of the
ifferent ensemble members (Fig. 8 a) shows an approximately 
ymmetric ( ±15 ◦) dispersion in latitude around the seed run, while
he ensemble distribution in longitude and tilt hav e dev eloped a
MNRAS 536, 203–222 (2025) 
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Figure 7. Overview of the OSPREI seed simulation run results shown against in situ measurements of the 2021 September 23 CME at (a) Bepi, (b) SolO, (c) 
PSP, and (d) STEREO-A. Each plot shows, from top to bottom: magnetic field magnitude, magnetic field Cartesian components in RTN coordinates, solar wind 
bulk speed, as well as proton density and temperature. The spacecraft data are displayed in thinner curves, while the OSPREI synthetic profiles are shown in 
thicker lines for (dotted) background wind, (dashed) sheath region, and (solid) CME ejecta intervals. The dashed vertical lines mark (leftmost) the shock arri v al 
and (remaining two) the flux rope boundaries as observed by each spacecraft. 
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Figure 8. Overview of the (a) coronal and (b) heliospheric evolution of the (200-member) ensemble CME run modelled with OSPREI. (a) ForeCAT deflections 
and rotations up to 20 R ◦. The seed run as well as the various best-fitting runs are highlighted in thicker, coloured lines with respect to the remaining ensemble 
members. (b) Radial slice of the CME angular extent at the time of impact at PSP, shown as a heat map representing the chance of impact at a given latitude–
longitude coordinate across the ensemble. The superposed circles mark the projected positions of the four spacecraft at their respective observed CME arri v al 
times (i.e. the times shown in Table 1 ). The figure is displayed in the frame centred at the CME nose of the seed run. 
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istinct asymmetry by 20 R �. The longitude has an extended tail
elow the seed value and is condensed abo v e it ([ −20 ◦, + 10 ◦]),
hereas the tilt angle shows the opposite trend ([ −20 ◦, + 40 ◦]). The

ymmetry found in the latitudinal evolution suggests that the seed is
n a relatively balanced location with respect to the magnetic forces.

e would expect the global forces to push the CME north towards
he HCS, and the local forces to depend on the exact location within
he AR. Small changes in the initial position can affect the balance
etween these forces either way. The persistent eastward motion 
s likely in large part due to the strong ne gativ e polarity region of
he AR, but we would also expect some eastward motion from the
lobal forces since that is the direction of the closest part of the
CS. In terms of evolution of the best-fitting runs with respect to the

eed, we note that all of them are characterized by higher latitudes
hroughout the ForeCAT domain, while mixed patterns are visible 
n the remaining two parameters. In the longitude, the global best-
tting run is slightly westwards of the seed, but the single-spacecraft 
est-fitting runs are all clustered a few degrees eastwards of the seed
note that a single run gives the best fit at both PSP and STEREO-
, hence they are considered together throughout this analysis. In 

he axial tilt, the single-spacecraft best-fitting ensemble members for 
olO and PSP + STEREO-A are clustered close to the seed, while the
epi and global best-fitting run are less tilted than the seed by ∼15 ◦.
he distribution in coronal evolution evident from Fig. 8 (a) results

n the CME affecting slightly different angular wedges during its 
eliospheric propagation across the ensemble, as shown in the heat 
ap of Fig. 8 (b). Note that, in OSPREI, the CME size increases
ith distance as a result of magnetic and thermal forces between the
jecta and the solar wind background, hence the radial slice shown
n the figure is arbitrarily chosen at the corresponding impact time
t PSP for each ensemble member. The projected positions (at each
orresponding arri v al time) of the four spacecraft o v er the CME
ngular extent show that all probes are located in a region of high
hance of impact ( > 90 per cent) and that all encounters take place
orth of the CME nose, while the wider distribution in longitude
ndicates that it depends on the specific run whether a probe crosses
he CME east or west of its highly inclined symmetry axis. 

The synthetic in situ profiles resulting from the ensemble run 
re shown in Fig. 9 , in the same colour-coding as Fig. 8 . First of
ll, we note that most shock/CME arri v als take place within a few
ours of the seed but a few runs display larger differences ( > 12 h),
ndicating that different combinations of CME initial speed, CME 

cceleration profile, and/or drag coefficient may result in significantly 
if ferent predictions e ven in the case of a fixed, uniform solar wind
ackground. In terms of magnetic configuration, despite more or less 
rominent differences in the field magnitude all runs tend to follow
he seed’s o v erall trend of ne gativ e B R , positiv e-to-ne gativ e rotating
 T , and mostly positive B N . This is not surprising, since the CME

ilt o v er the ensemble is spread o v er approximately ±30 ◦ around
he north direction (90 ◦) and all encounters take place north of the
ME nose. With respect to the seed, the single-spacecraft best-fitting 

uns tend to show a better alignment of the ejecta leading edge with
bservations with the exception of PSP, where the additional rotation 
n B T and B N preceding what we defined as the flux rope interval
MNRAS 536, 203–222 (2025) 
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Figure 9. Overview of the OSPREI (200-member) ensemble simulation run results shown against in situ measurements of the 2021 September 23 CME at (a) 
Bepi, (b) SolO, (c) PSP, and (d) STEREO-A. The seed run as well as the various best-fitting runs are highlighted in thicker, coloured lines o v er the remaining 
ensemble members. All panels and parameters are shown in the same format as Fig. 7 . 
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see Section 3.3 and Fig. 4 c) appears to be affecting fitting results.
he global best-fitting profiles are remarkably similar to the single- 
pacecraft ones at PSP and STEREO-A, while larger differences 
re present at Bepi and SolO – this may be due to the two outer
robes being characterized by the same single-spacecraft best fit, 
hus carrying a larger weight in the global best-fitting calculation, but 
lso being located between the two inner probes in longitude, thus
averaging out’ differences due to angular separation. Overall, the 
eed and best-fitting runs do not show particularly stark differences 
t any of the locations considered, and all appear approximately in 
he middle of the ensemble distribution for each curve. 

Ho we ver, despite each best-fitting run being comfortably within 
he ensemble distribution at each of the four spacecraft individually, 
he best-fitting ensemble member for a particular inner spacecraft 
Bepi and SolO) has no guarantee of it being the best or even a
easonable fit at any of the further spacecraft (PSP and STEREO-A).
his is clearly illustrated by the maroon and purple curves shown 

n Figs 9 (c–d), which are the best-fitting ensemble members for
epi and SolO propagated to the PSP and STEREO-A positions, 

espectively. The set of best-fitting profiles at Bepi and SolO show 

elatively minor timing, shape, and magnitude differences between 
hem whereas by the radial distances of PSP and STEREO-A, both 
he Bepi and SolO ensemble members produce magnetic field profiles 
hat are more prominent outliers in their respective distributions and 
epresent the observational in situ data less adequately. 

 DISCUSSION  

bservations of the 2021 September 23 CME (Sections 2 and 3 ) as
ell as our modelling efforts with OSPREI (Section 4 ) have shown

hat the event considered in this work presents man y comple x charac-
eristics that make both interpretation of the spacecraft measurements 
nd prediction of its heliospheric impact(s) particularly challenging. 
ere, we synthesize the results and findings presented in the previous 

ections to build a comprehensive overview of the CME’s Sun-to- 
 au transit and large-scale structure while still highlighting the 
omplexities and disagreements where they arise. 

.1 The obser v ational perspecti v e 

he 2021 September 23 eruption is characterized by a complex, 
ested-AR source region (Karpen et al. 2024 ), multistage eruption 
ynamics, and ambiguous WL signatures. The first (precursor) stage 
nvolves a circular ribbon flare in the closed flux region near the
dge of the helmet streamer belt (Wyper et al. 2016 ). The second
main) stage of the eruption generates the CME with a classic 
wo-ribbon flare, which is also associated with simultaneous twin 
oronal dimmings (Thompson et al. 1998 ). The CME-producing PEA 

nd its underlying PIL’s north–south orientation gives an estimated 
ME flux rope orientation of west–north–east (WNE; following 
othmer & Schwenn 1998 ; Mulligan, Russell & Luhmann 1998 ) for
 right-handed flux rope (see also Fig. 5 b), which is consistent with
he large-scale orientation of the o v erlying helmet streamer belt. It is
ot possible to observe in detail the CME deflecting and/or rotating in
he corona (e.g. Vourlidas et al. 2011 ) due to its faint appearance and
ecause of the presence of simultaneous eruptions in the available 
L data. Nevertheless, one significant point of interest of this event is 

hat it was encountered in situ by four probes approximately equally 
istributed in heliocentric distance between 0.4 and 1 au; hence, we 
hall leverage these measurements to compare the estimated CME 

tructure at the Sun with that observed in situ , and at the same time
o e v aluate similarities and dif ferences among the four in situ data
ets. 

At each spacecraft, the first CME-related structure to be measured 
s the CME-driven shock. Despite the evident difficulties in address- 
ng the shock properties due to the fact that no plasma data (more
recisely, speed components) are available at Bepi and STEREO-A, 
e reco v er a compatible set of parameters at the different observers,
ith no strong variations in the compression ratios, shock speeds, 

nd Mach numbers (see Table 2 ). The shock appears subcritical
t both SolO and PSP, a property frequently observed in the case
f interplanetary shocks (e.g. Kilpua et al. 2015 ). We note a level
f variability in the local shock normals as shown in Table 2 ,
ndicating that local shock properties may vary more or less strongly
t different heliospheric locations for a single event. In this regard,
he exploitation of multiple heliospheric observers is an invaluable 
esource to quantify local variability against large-scale evolution 
ffects (see also Palmerio et al. 2024b ; Trotta et al. 2024a , for recent
fforts in defining CME-driven shock properties in multispacecraft 
ata). 
The sheath region immediately following the shock displays 

ifferent characteristics at the different probes, first and foremost in 
he profiles of the magnetic field magnitude – increasing towards 
he ejecta at SolO and STEREO-A, abruptly declining at Bepi, 
nd more plateau-like at PSP (see Fig. 4 ). At least at the three
pacecraft for which plasma data are available, the CME is embedded
n the slow solar wind, hence these difference do not appear to be
elated to the eruption propagating through profoundly different local 
nvironments. Ne vertheless, pre vious studies have shown that the 
tructure of CME-driven sheaths may differ more or less significantly 
oth at the local and global level even for multispacecraft encounters
ealized in radial alignment or in close proximity of the probes
nvolved (see e.g. Good et al. 2020 ; Kilpua et al. 2021 ). The

easurements investigated here highlight further the importance of 
eaching a deeper understanding of the complex dynamics between 
he shock driver and the ambient medium responsible for sheath 
ormation and evolution, especially given their potential to drive 
evere space weather effects (e.g. Pulkkinen et al. 2007 ). 

Finally, all four probes are impacted by the CME ejecta, where we
dentify several similarities as well as differences across the different 
ata sets. To aid in this analysis and discussion of its results, Fig. 10
isplays the four sets of ejecta magnetic field time series normalized
n time, scaled in magnitude, and superposed on to the STEREO-A
ata (i.e. at the outermost spacecraft). It is clear that the B T and
 N components follow a very similar trend across the four time

eries, while larger variability is present in B R and | B| . Visually, the
ositiv e-to-ne gativ e rotation in B T and the mostly northwards B N 

with some southwards fields at the ejecta front measured by Bepi
nd STEREO-A) suggest an o v erall flux rope type close to the WNE
onfiguration estimated from remote-sensing observations. This is 
onsistent with previous studies, which have shown that the majority 
f CMEs tend to maintain their axial orientation in interplanetary 
pace within ±45 ◦ of their solar counterpart (e.g. Palmerio et al.
018 ; Xie et al. 2021 ). Nevertheless, this agreement at the global
evel is contrasted by some prominent local differences, the most 
triking of which being the profile of the magnetic field magnitude
ithin the flux rope ejecta. The characteristic shape of the | B|

urves – having a distinct, often asymmetric peak offset towards 
he leading edge of the ejecta – suggests more central encounters 
t SolO and PSP and more complicated spacecraft crossings at Bepi
nd STEREO-A (cf. the more variable | B| profiles), or alternatively a
ope that is locally distorted. Given the o v erall agreement in the large-
cale trend of the B T and B N components at all four spacecraft, the
MNRAS 536, 203–222 (2025) 
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M

Figure 10. Ejecta magnetic fields of the 2021 September 23 CME as 
observed by Bepi, SolO, PSP, and STEREO-A, normalized in duration so that 
each of the leading and trailing edges are aligned. The time series for (from top 
to bottom) field strength, (RTN) Cartesian field components, and magnetic 
field angles in the latitudinal ( θB ) and longitudinal ( φB ) directions have 
been scaled in magnitude as to superpose each spacecraft’s measurements on 
to the STEREO-A ones. The scaling factor is obtained by normalizing the 
maximum magnetic field magnitude at a given probe to the corresponding 
value at STEREO-A (note that this scaling does not apply to the field angles). 
For each spacecraft data set, the interval shown corresponds to the flux rope 
interval (where flux rope fitting is performed, see Fig. 4 ). 
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bserved variability in | B| appears to be largely due to the differences
n each probe’s B R profiles, for example, large-scale B R polarity
hanges, HCS proximity, etc. This suggests that the B R component
ay contain important information about the relative position of the

pacecraft with respect to the CME as well as the CME’s orientation
ith respect to the interplanetary sector structure. Additionally, the
ux rope fitting results (Table 3 ), despite all giving a westerly axial
irection ( + ̂

 T component), suggest a high-inclination rope (of WNE
ype) at SolO and PSP, but a low-inclination one (of south–west–north
r SWN type) at Bepi and STEREO-A. These fitting results reflect
he difference(s) in each event’s B T and B N profiles. For example,
he low-inclination encounters (Bepi and STEREO-A) have larger
outhern fields (more ne gativ e B N ) at the beginning of their CME
ntervals as well as shallower ne gativ e B T re gions in the trailing half
f the ejecta compared to the higher inclination encounters at SolO
nd PSP. 

.2 The modelling perspecti v e 

nalytical modelling of the 2021 September 23 CME provides
he rare opportunity to validate and compare results at four well-
eparated locations in the sub-au heliosphere: Bepi (0.44 au), SolO
NRAS 536, 203–222 (2025) 
0.61 au), PSP (0.78 au), and STEREO-A (0.96 au). Forward-
odelling of CME propagation and magnetic structure with analyt-

cal codes has thus far focused largely on two-spacecraft encounters
ealized in near-radial alignment (e.g. M ̈ostl et al. 2018 ; Sarkar et al.
024 ), with results suggesting that data collected by an inner probe
hould be used to constrain models for more accurate predictions
t 1 au (e.g. Kubicka et al. 2016 ; Laker et al. 2024 ). In this work,
e employed the OSPREI modelling suite to e v aluate the coronal

nd heliospheric evolution of the 2021 September 23 CME and
o e v aluate its impact across interplanetary space via an ensemble
pproach. After determining that the seed run largely captures the
 v erall structure of the CME at the different probes (see Fig. 7 ),
e computed goodness-of-fit metrics for each ensemble member to

xtrapolate single-spacecraft and global ‘best runs’. 
One interesting finding of this analysis is that the various best-

tting solutions show little spread at Bepi, and then progressively
iverge with heliocentric distance up to STEREO-A, where the
ost prominent differences are displayed (see Fig. 9 ). This is

ntuitively reasonable, since the effects of CME evolution on in
itu profiles are expected to become more evident with distance
rom the Sun. Nevertheless, we remark that the CME modelled here
ith OSPREI propagates through a constant, uniform solar wind
ackground, hence no additional rotations or deflections take place
eyond the coronal domain of the simulation – although the CME
an still decelerate, expand, and deform due to its interaction with
he ambient medium. Hence, the results presented here show the
mportance of accurately determining CME input parameters from
bservations, since small spreads in predictions closer to the Sun can
esult in broad uncertainties at 1 au even when neglecting additional
 volutionary ef fects in the heliosphere. F or e xample, this is evident
hen considering the best fit at SolO propagated to STEREO-A,

esulting in a CME ejecta arri v al ∼12 h later than the best STEREO-
 run and in magnetic field magnitudes approximately twice as
igh. When considering predictions at PSP and STEREO-A, on the
ther hand, we found that the same ensemble run produces the best
t at both spacecraft. The results shown here indicate that there
ay be a threshold (in terms of radial and angular distance) to the

sefulness of inner-probe observations for 1 au predictions, beyond
hich correlations largely cease – in this work, at their respective
ME arri v al times STEREO-A is separated by 0.52 au and 12 ◦ from
epi, 0.35 au and 11 ◦ from SolO, and 0.18 au and 5 ◦ from PSP.

ndeed, it has been shown that even in in situ CME reconstructions
rather than forward-modelling) reconciling measurements taken at
ar-separated spacecraft is often not possible under the assumption
f self-similar expansion (e.g. Weiss et al. 2021 ; Davies et al. 2024 ).
Nevertheless, we remark that in this work we have employed

 simple goodness-of-fit metric based on absolute errors between
odelled and observed quantities combined with timing errors. In

he future, we will consider more sophisticated metrics such as
ynamic time warping, which has been shown in recent works to
e applicable to solar wind (e.g. Samara et al. 2022 ; Kieokaew et al.
024 ), solar energetic particle (e.g. Palmerio et al. 2024a ), and even
eomagnetic index (e.g. Laperre, Amaya & Lapenta 2020 ; Maharana
t al. 2024 ) time series. It is possible that different metrics highlight
ifferent solutions as the ‘best run’, and more work is necessary in
his direction to e v aluate ho w to best benchmark CME arri v al time
nd magnetic field configuration within a single, combined metric
see Verbeke et al. 2019 , for an o v erview of some initial efforts on
he matter). 

Finally, we noted that, even if the observed B T and B N components
ere somewhat well captured by the seed and ensemble member runs

Figs 7 and 9 ), the B R component was predicted to have the opposite
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Figure 11. Overview of the OSPREI seed simulation run results with latitudinally mirrored (with respect to the CME nose) spacecraft crossings shown against 
in situ measurements of the 2021 September 23 CME at (a) Bepi, (b) SolO, (c) PSP, and (d) STEREO-A. All panels and parameters are shown in the same 
format as Fig. 7 . 
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ign for all cases. To verify whether this is indeed a result of all the
imulated crossings taking place north of the CME nose (see Fig. 8 b),
e extract synthetic in situ profiles from the seed run by mirroring

ach spacecraft’s position in latitude with respect to the apex (i.e.
y considering the corresponding ‘minus’ Y-coordinates in Fig. 8 b),
s shown in Fig. 11 . Indeed, all B R predictions inside the ejecta
re significantly impro v ed, indicating that the CME may have been
rossed, in reality, south of its nose by all four probes. It is possible
hat the ForeCAT deflections in the corona were underestimated by
SPREI (cf. the nose latitude of only −8 ◦ estimated via the GCS

econstructions in Section 2.2 against the seed latitude of −25 ◦ in
ection 4.1 ), and/or that the CME further deflected northwards during

ts interplanetary propagation (e.g. Isavnin, Vourlidas & Kilpua
014 ), where we have instead assumed constant trajectory. It is worth
oting that OSPREI could also be run in ‘interplanetary mode’ only,
here CME parameters in the outer corona (estimated, e.g. from GCS

econstructions) are propagated directly with ANTEATR + FIDO –
hus, bypassing the ForeCAT portion of the modelling suite. In the
ase of the event studied here, such a run (not shown) yields B R 

omponents that are still ne gativ e but significantly closer to zero
han in Fig. 7 , further suggesting that the CME might have continued
ts northwards deflection after leaving the solar corona. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this work, we have taken advantage of an exceptional clustering
f spacecraft between ∼0 . 4 and ∼1 au to perform analysis and
odelling of the 2021 September 23 CME from its eruption up

o its arri v al at ∼1 au. To our knowledge, this is the first report
f an event being observed in situ by four well-radially-separated
robes inside 1 au, providing a critical opportunity to e v aluate CME
volution across the different locations and to provide additional
alidation for multispacecraft CME propagation modelling. Overall,
he picture that emerges from the synthesis of remote-sensing and in
itu observations of the 2021 September 23 CME is that of a slow,
oderate-sized event that propagated through a slow ambient wind

nd that largely maintained its magnetic orientation as estimated from
olar data. Nevertheless, the in situ profiles at the four probes, while
ollowing similar trends, are characterized by several prominent
ifferences – especially in the magnetic field magnitude and in a
umber of discontinuities present only at a subset of spacecraft (see
ig. 10 ). Given that strong interactions with a structured solar wind
re not expected to have taken place in this particular event (since,
s mentioned in Section 5.1 , the CME is embedded in the slow
olar wind at all locations for which plasma data are available), it is
ossible that distortions o v er the full CME body are a remnant of the
ntrinsic complexity of the CME eruption dynamics (see Section 2.1 )
nd coronal evolution (see Section 2.2 ), which involve a multipolar
ource region and multiple eruptions close in time. For example,
othmer & Mrotzek ( 2017 ) suggested that kinks in the near-Sun flux

ope configuration can propagate through its interplanetary evolution,
esulting in a CME body characterized by local deviations from the
lobal structure that may even appear to feature different orientations
rom one in situ encounter to the next. 

Modelling of the 2021 September 23 CME with OSPREI showed
hat the seed run does an adequate job at predicting the various arrival
imes (which are also consistent with WSA–Enlil + Cone results,
ee Appendix A ) as well as the multispacecraft in situ profiles at
he large scale in a hindcast fashion (see Fig. 7 ), but is naturally not
apable to reproduce the smaller scale variability encountered in the
n situ measurements. In this sense, Sun-to-1 au MHD modelling
e.g. Jin et al. 2017 ; T ̈or ̈ok et al. 2018 ) is expected to be better-suited
NRAS 536, 203–222 (2025) 
o capture the complex evolution of CME magnetic fields during
nterplanetary propagation. We noted that the seed run predicted
n opposite sign of B R with respect to spacecraft observations and
howed that ‘mirroring’ the encounters south of the CME nose yields
 better match (see Fig. 11 ), suggesting that the CME deflected
urther northwards than estimated in our simulations. This e x ercise
ighlights the importance of leveraging modelling results to further
nterpret observational data, where discrepancies in the compared
ime series can be used to extrapolate and draw conclusions as to the
volution dynamics of a CME. Ensemble modelling with OSPREI
evealed that the ‘best-fitting’ runs across the different spacecraft
end to diverge with heliocentric distance and/or angular separation,
ndicating that using measurements at an inner probe to constrain
redictions at an outer probe is a reasonable approach as long as the
wo locations are not ‘too far apart’. In practical terms, given that
SP (0.78 au) and STEREO-A (0.96 au) were characterized by the
ame ensemble member resulting in the best-fitting run, it appears
easonable to assume that sub-au probes around Venus’s orbit might
e an optimal choice to constrain 1 au predictions while allowing for
nough leading time (e.g. Szabo et al. 2023 ). 

Finally, analysis and modelling of the 2021 September 23 CME has
een possible due to a fortuitous relative configuration of four probes
nside 1 au: Bepi, SolO, PSP, and STEREO-A. Multispacecraft CME
ncounters that involve more than two probes are understandably
are and are often rather complex to interpret, since it becomes
ncreasingly difficult to attribute differences in the measurements to
eliospheric evolution (in time) and/or to local distortions (across the
ME body). A dedicated constellation with well-defined spatial and
ngular separations is expected to provide improvements towards
esolving such ambiguities (see Scolini et al. 2023 , for a detailed
umerical study on the amount of probes necessary to fully charac-
erize CME comple xity). Nev ertheless, as discussed in P almerio et al.
 2023a ), this study represents yet another proof of the importance of
ultispacecraft measurements and of taking advantage of as many

ata sets as possible, including those from planetary missions (as
as the case for Bepi in this work), to bring further insights into the
aried aspects of CME evolution in the heliosphere. 
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ATA  AVAILABILITY  

emote-sensing (EUV and WL) data from SDO, SOHO, and 
TEREO are openly available at the Virtual Solar Observatory 
VSO; https://sdac.vir tualsolar.or g ), while full-Sun magnetograph 
aps from SDO can be found at the Joint Science Operations Center

JSOC; http://jsoc.stanford.edu ). These data were visualized, pro- 
essed, and analysed through SUNPY (SunPy Community 2020 ), IDL 

OLARSOFT (Freeland & Handy 1998 ), and the ESA JHELIOVIEWER 

oftware (M ̈uller et al. 2017 ). Bepi data from the mission’s cruise
hase will be released to the public in the future. SolO, PSP,
nd STEREO-A data can be found at NASA’s Coordinated Data 
nalysis W eb (CDAW eb; https://cda web.gsfc.nasa.go v ) data base. 
he OSPREI modelling suite is entirely available online and can be 

ound at https://github.com/ckay314/OSPREI . Finally, the WSA–
nlil + Cone simulation run employed in this work can be accessed
nline at https:// ccmc.gsfc.nasa.gov/ungrouped/SH/ Helio main.php 
run id: Erika Palmerio 072624 SH 1 ). 
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PPENDIX  A :  C M E  P RO PAG AT I O N  WITH  

SA–ENLIL  

o verify that the expected in situ impacts from the 2021 September
3 event are reasonable in terms of arrival times at the different
ocations, we model the inner heliospheric propagation of the CME 

sing the coupled WSA–Enlil model. WSA operates in the so-called 
oronal domain of the simulation and employs magnetic field maps of 
he solar photosphere to generate the ambient conditions in the range 
–21.5 R �. Enlil operates in the so-called heliospheric domain of the
imulation and uses WSA outputs at 21.5 R � (or 0.1 au) to model
he solar wind and interplanetary magnetic field up to a user-defined 
eliocentric distance – in this work, we set our outer boundary to 
.1 au. Within this framework, CMEs can be inserted at the interface
etween the WSA and Enlil domains, i.e. 0.1 au, corresponding to 
he outer corona. The employed CME ejecta morphology consists of 
 tilted ellipsoid (see Mays et al. 2015 ) and lacks an internal magnetic
eld – we shall refer to this set-up as Enlil + Cone. A CME ejecta
escribed as a hydrodynamic pulse is not appropriate for modelling 
nd reproducing its magnetic field configuration; nevertheless, the 

SA–Enlil + Cone framework has been shown to be adequate for
 v aluating multispacecraft CME arri v al times (Odstrcil 2023 ). 

The photospheric maps that we use as input for WSA are daily-
pdated zero-point-corrected synoptic magnetograms from the Na- 
ional Solar Observatory Global Oscillation Network Group (Harv e y 
t al. 1996 ). The input parameters for the cone CME are taken directly
rom the GCS reconstructions presented in Section 2.2 and Fig. 3 , and
he formulas to convert GCS dimensional parameters into semiminor 
nd semimajor axes of the ellipsoidal CME cross-section can be 
ound in Palmerio et al. ( 2023b , Appendix A). The CME is inserted
hrough the inner boundary of Enlil on 2021 September 23 at 17:08
T with a propagation direction ( θ , φ) = ( −8 ◦, −37 ◦) in Stonyhurst
oordinates, a tilt ψ = 40 ◦ (measured counterclockwise from the 
olar west direction), half-widths ( R max , R min ) = (30 ◦, 20 ◦), and
nitial speed V 0 = 390 km s −1 . An o v erview of the simulation
esults is displayed in Fig. A1 and an animation is provided in
upplementary Video 4. 
It is evident from the (modelled-v ersus-observ ed) time series 

omparisons shown in Fig. A1 (c)–(f) that the 2021 September 23
ME is expected to impact all four spacecraft considered in this
ork, i.e. Bepi, SolO, PSP, and STEREO-A. The simulated arri v al

imes at each location are remarkably close to the corresponding 
pacecraft measurements, the modelled impacts being ∼1 h late 
t Bepi, ∼3 h early at SolO, ∼4 h late at PSP, and ∼3 h late at
TEREO-A – all comfortably within the current CME arri v al time
ncertainties of � 10 h (Kay et al. 2024 ). Additionally, it is possible
o note in Fig. A1 (a–b) and Supplementary Video 4 that the CME
s expected to encounter Bepi through its very eastern flank, SolO
hrough its nose, and PSP as well as STEREO-A at intermediate
istances from the ape x. Ov erall, the WSA–Enlil + Cone simulation
howcased here demonstrates that our assessment and interpretation 
f the large-scale heliospheric evolution of the 2021 September 23 
vent is self-consistent. 
MNRAS 536, 203–222 (2025) 
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(d)(c)

(e) (f)

(b)(a)

Figure A1. Overview of the WSA–Enlil + Cone simulation run and comparison of the modelled results at the four spacecraft of interest. The top row shows 
views on the ecliptic plane of the solar wind (a) radial speed and (b) normalized number density within the simulation’s heliospheric domain (0.1–1.1 au), 
showing the CME (outlined with a solid contour) about to impact PSP. An animated version of panels (a) and (b) is featured in Supplementary Video 4. 
The remaining panels display WSA–Enlil simulation results presented against spacecraft measurements at (c) Bepi, (d) SolO, (e) PSP, and (f) STEREO-A. 
Observations are shown in thinner curves, while modelled time series are shown in thicker curves – where the solid line indicates the WSA–Enlil + Cone 
simulation run and the dashed line provides the corresponding WSA–Enlil ambient run (without the CME). The observed interplanetary shock arri v al at each 
location is marked with a vertical solid line. 
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