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ABSTRACT

Understanding and predicting the structure and evolution of coronal mass ejections (CMES) inythe' heliosphere remains one
of the most sought-after goals in heliophysics and space weather research. A powerful teel.for,improving current knowledge
and capabilities consists of multi-spacecraft observations of the same event, which_take place when two or more spacecraft
fortuitously find themselves in the path of a single CME. Multi-probe events can not only supply useful data to evaluate 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 slow, streamer-blowout
CME that erupted on 23 September 2021 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 (OSPREI) modelling
suite in ensemble mode to predict the CME arrival and structure in‘a-hindcast fashion and to compute the “best-fit” solutions at
the different spacecraft individually and together. We find that the spfead in the predicted quantities increases with heliocentric
distance, suggesting that there may be a maximum (angular andiwradial) separation between an inner and an outer probe beyond
which estimates of the in-situ magnetic field orientation (parameterised 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: Sun: coronal mass ejections (CMES) — (Sun?) solar wind — Sun: heliosphere — Sun: activity — methods: data analysis
— methods: numerical

1 INTRODUCTION 2020, and references therein), CMEs leave the Sun as flux ropes (e.g.,
Forbes 2000; Green et al. 2018), which consist of bundles of twisted
magnetic fields that warp about a central axis. After a phase of rapid
acceleration and expansion in the lower corona (e.g., Patsourakos
et al. 2010; Balmaceda et al. 2022) due to their large internal pres-
sure compared to the surrounding environment (e.g., Attrill et al.
2007; Zhuang et al. 2022), CMEs tend to propagate in a self-similar
fashion (e.g., Démoulin & Dasso 2009; Subramanian et al. 2014)
until ~10-15 au, when they reach pressure balance with the ambient
solar wind (e.g., Richardson et al. 2006; von Steiger & Richardson
2006). However, the specific evolution of a given CME may devi-
ate substantially from this idealised scenario due to a multitude of
possible factors (e.g., Manchester et al. 2017; Luhmann et al. 2020).

One of the ultimate goals in héliephysics is to achieve a full char-
acterisation of the structureand eyolution of coronal mass ejections
(CMEs) from their eruption through their heliospheric propagation.
This is important notonly from a fundamental physics perspective,
but also for space.weather seience and operations, since CMEs are
well-known to generally be the drivers of the most intense geomag-
netic stormsd(e.g., Zhang et al. 2007; Temmer 2021). The overall
picture that hasyemerged after a few decades of research is that, ir-
respective of their pre-eruptive configuration (see Patsourakos et al.
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In most cases, in fact, CMEs do not propagate through a uniform
background, but through a structured medium that consists of dif-
ferent solar wind flows (e.g., Maunder et al. 2022; Palmerio et al.
2022b), slow—fast stream interaction regions (e.g., Wang et al. 2014;
Al-Shakarchi & Morgan 2018), the heliospheric current/plasma sheet
(e.g., Blanco et al. 2011; Liu et al. 2016), and even other CMEs (e.g.,
Lugaz et al. 2017; Trotta et al. 2024b). Outcomes of these interaction
processes include deflections (e.g., Lugaz et al. 2012; Zuccarello
et al. 2012), rotations (e.g., Vourlidas et al. 2011; Liu et al. 2018),
deformations (e.g., Liu et al. 2006; Savani et al. 2010), and ero-
sion (e.g., Ruffenach et al. 2015; Pal et al. 2020). As a result, the
magnetic configuration of an erupting flux rope at the Sun that is
inferred from remote-sensing observations (see Palmerio et al. 2017,
and references therein) may differ more or less dramatically from
the one that is then measured in situ (e.g., Yurchyshyn et al. 2007;
Palmerio et al. 2018; Xie et al. 2021). More so, the specific trajectory
through a given CME that is sampled by a spacecraft may not even
be representative of the structure as a whole because of local dis-
tortions (e.g., Owens 2020). To complicate things further, analyses
of the in-situ structure of CMEs are often performed with the aid of
flux rope fitting/reconstruction models, each based on a certain ge-
ometry and physical assumption. However, studies have shown that
different flux rope fitting technique can provide very different results
for the same CME (e.g., Riley et al. 2004; Al-Haddad et al. 2013),
albeit it appears that the level of agreement across models increases
for “simpler” CMEs that display little signatures of expansion and
generally more symmetric magnetic field profiles (e.g., Al-Haddad
et al. 2018).

The complexity of the myriad processes dictating CME evolu-
tion in interplanetary space, together with the known limitations of
the available analysis techniques, make it clear that determining the
global configuration of a CME from single-spacecraft measurements
is a particularly arduous task. For this reason, a number of studies
have attempted to obtain a more complete insight into CME structure
and evolution using fortuitous relative configurations of two or more
probes that have detected the same event in situ. A notable example is
the work of Burlaga et al. (1981), who reported observations of a sin-
gle CME in January 1978 by five spacecraft that were distributed over
~30° in longitude between ~1-2 au from the Sun. In fact, this.was
the first study to report that all observing probes detected a “magnetic
loop” structure that is now known as a magnetic cloud, i.€>an ejecta
that is characterised by enhanced magnetic field strength, smoothly
rotating magnetic field vectors, declining speed profiles, as,well as
depressed temperature and plasma beta—generally interpreted as the
in-situ signatures of a flux rope. The potential of multi-spacecraft ob-
servations has gained significant traction over recent years, so much
so thatitis possible nowadays to find a few dedicatéd catalogues in the
existing literature (e.g., Davies et al€£2022; Mostl et al. 2022). How-
ever, most multi-probe encounters are realised over arbitrary spatial
separations of the observers involvedsmaking it difficult to attribute
e.g. structural differences to temporal evolution, to local distortions,
or to both (e.g., Riley et:al=2003; Dumbovié et al. 2019). Addition-
ally, some events are‘measured over very large (i.e., of at least a few
au) radial separations between the observing probes, in which case
not even a near-longitudinal alignment would grant that the exact
same structure hassbeen detected due to repeated interactions with
the struetured background (e.g., Burlaga et al. 2001; Palmerio et al.
2021b). Nevertheless, some studies have attempted to isolate these
processes by focussing on events characterised by spacecraft close to
radial alignment (e.g., Good et al. 2019; Vr$nak et al. 2019; Salman
et al. 2020; Winslow et al. 2021), or with probes spread in longitude
at the same radial distance (e.g., Kilpua et al. 2009; Farrugia et al.
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Figure 1. Position of planets and spacecraft within*l au from the Sun on
23 September 2021 at 04:30 UT, i.e. around the CME eruption time. The
longitude of the CME source region is indicatéd with an arrow emanating
from the surface of the Sun. The four probesthat 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.

2011; Lugaz et al, 2022y Carcaboso et al. 2024), or where observa-
tions from twowelatively nearby locations are available (e.g., Lugaz
et al. 2018; Davies et al. 2021; Palmerio et al. 2024b; Regnault et al.
2024).

‘As an additional indication that a deep knowledge of CME struc-
ture’and evolution in the heliosphere is still to be achieved, it is worth
remarKing that multipoint space weather forecasts of CMEs—or, in
the case of heliophysics research, most often hindcasts—have been
centred largely on arrival times and/or arrival speeds at multiple
locations (e.g., Witasse et al. 2017; Palmerio et al. 2021a) rather
than on the magnetic field configurations upon impact (e.g., Asves-
tari et al. 2021; Sarkar et al. 2024). Truth to be told, this is usually
also the case for single-spacecraft encounters (e.g., Riley et al. 2018;
Kay et al. 2024) given the well-known challenges associated with
magnetic fields forecasts (e.g., Kilpua et al. 2019), but it is only nat-
ural to assume that difficulties (and uncertainties) in predicting CME
magnetic structure can only increase with the number of observers
available for model-data comparisons. On the other hand, the power
of multi-probe events is exactly that they allow for models to be val-
idated not at a single location (e.g., Earth), but throughout a specific
interval of a CME’s journey away from the Sun, permitting thus to
increase our understanding of how it evolves and/or of how its local
structure compares to the global one.

In this work, we analyse in detail the inner heliospheric evolution
of a CME that erupted on 23 September 2021. The remarkable na-
ture of this event resides in the fact that it was detected in situ by
four spacecraft that were close to radial alignment and more or less
uniformly spread between 0.4 and 1 au (see Figure 1), namely Bepi-
Colombo (Bepi; Benkhoff et al. 2021), Solar Orbiter (SolO; Miiller
et al. 2020), Parker Solar Probe (PSP; Fox et al. 2016), and Solar
Terrestrial Relations Observatory Ahead (STEREO-A; Kaiser et al.
2008). Our aim in studying this fortuitous encounter is to closely
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follow its evolution from the Sun through the inner heliosphere and
to perform a multi-probe hindcast of its structure—i.e., testing how
well our models can reproduce the propagation of CME flux ropes at
different points in space and time. This manuscript is structured as
follows. In Section 2, we provide an overview of the remote-sensing
observations associated with the 23 September 2021 eruption. In
Section 3, we present and analyse the interplanetary measurements
of the CME under study at the four different observers. In Section 4,
we perform hindcasts of the event using the Open Solar Physics Rapid
Ensemble Information (OSPREI; Kay et al. 2022a) analytical mod-
elling suite, with particular emphasis on the CME magnetic structure.
In Section 5, we discuss the 23 September 2021 event from both an
observational and a modelling perspective. Finally, in Section 6, we
summarise our findings and draw our conclusions.

2 OVERVIEW OF THE SOLAR OBSERVATIONS

The eruption and subsequent coronal propagation of the 23 Septem-
ber 2021 CME analysed in this work were observed in extreme ultra-
violet (EUV) and white-light (WL) imagery from two viewpoints,
i.e. Earth and the STEREO-A spacecraft. For Earth’s perspective,
we use solar disc imagery from the Atmospheric Imaging Assembly
(AIA; Lemen et al. 2012) onboard the Solar Dynamics Observa-
tory (SDO; Pesnell et al. 2012) as well as coronagraph data from
the C2 and C3 cameras part of the Large Angle and Spectrometric
Coronagraph (LASCO; Brueckner et al. 1995) onboard the Solar
and Heliospheric Observatory (SOHO; Domingo et al. 1995). From
STEREO-A, we employ images of the solar disc from the Extreme
Ultraviolet Imager (EUVI; Wuelser et al. 2004) and coronagraph
data from the COR2 camera, both part of the Sun Earth Connec-
tion Coronal and Heliospheric Investigation (SECCHI; Howard et al.
2008) suite. Additionally, we take advantage of magnetograph data
collected by the Helioseismic and Magnetic Imager (HMI; Scherrer
et al. 2012) onboard SDO.

2.1 Source region and eruption

An overview of the available EUV observations for this gvent i§
shown in Figure 2 and a full-disc animated version is ptovided in
Supplementary Video 1. The Sun appears rather activejaround' the
time of interest, with several eruptions lifting off the visibledisc as
well as the limb from both the Earth and STEREO=Arperspectives.
The eruptive event that is the main focus of this work.originates from
NOAA active region (AR) 12871 on 23“September 2021 around
04:30 UT, and is accompanied by an M2.8 flareipeaking at 04:42 UT.
In STEREO-A imagery (Figure 2(a-b)), the CME source region
is located on the southwestern quadrant,and the sequence of events
features the eruption itself from the western portion of AR 12871 (on-
disc arrow in Figure 2(a)), the lift-off of a large double-loop structure
(off-limb arrows in Figure2(a)),-and the subsequent appearance of an
additional set of post-eruption arcades (PEAs) in the eastern portion
of AR 12871 (arfow in"Figure 2(b)). These complex observations
can be further interpreted using imagery from Earth orbit, where
magnetograph,measurements complement the EUV data. From the
SDO viewpoint (Figure 2(c—d)), the CME source region is located
on the southeastern quadrant and on-disc signatures of the eruption
include loops opening and propagating northwards of AR 12871
(see Supplementary Video 1, marked with a yellow dashed curve in
Figure 2(c)) in addition to the PEA systems identified in STEREO-A
imagery (arrows in Figure 2(c—d)).
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Figure 2. Overview of some EUV observations available for the 2021 Septem-
ber 23 eruption, from the (a—b) STEREO-A and (¢—d) SDO (Earth) perspec-
tives. In the bottom panels, EUV.<observations are complemented by (c)
magnetogram contours saturated-at +150 G.(red: positive polarity; blue: neg-
ative polarity), and (d) the polarity inyersion line associated with AR 12871
(green contour), obtained from smoothed magnetograph data. Throughout
the panels, the various atrews andjthe dashed yellow line highlight interesting
features associated with the‘eruption (see the main text for details).

The magnetogram contours shown over the EUV data in Fig-
ure 2(c) reveal a complex structure of the local photosphere, with
different polarity patches forming nested flux systems—distinct re-
gions of closed flux embedded within the larger-scale flux system of
a coronal streamer (e.g., Longcope 2005; Karpen et al. 2024). Such a
configuration tends to result in curved polarity inversion lines (PILs),
with a separatrix dome at the interface between different polarities
(e.g., Wyper & DeVore 2016; Wyper et al. 2016), as is evident from
the PIL contours displayed in Figure 2(d). This is also a structure that
often generates circular-ribbon flares (e.g., Lee et al. 2020; Zhang
2024). The closed-field topology of AR 12871 lies beneath a hel-
met streamer that is largely east—west oriented, curves around the
approximately C-shaped PIL, and continues back toward the west.

In Supplementary Video 1, the first set of PEAs appears at 04:40—
04:45 UT with a simultaneous remote brightening at the footpoint of
the external spine line (reminiscent of the “EIT crinkles” of Sterling
& Moore 2001), followed by a clear dimming in AIA 211 A imagery
surrounding the dome and a whole loop-shaped region along the
external spine flux tube connecting the dome and the remote bright-
ening area. This coincides exactly with the eruption and expansion of
the overlapping off-limb loops in the EUVI 195 A data. The apparent
overlap of these loops results from emission of different structures in
the optically thin corona being summed during the line-of-sight inte-
gration, as these are two different parts of the same streamer belt flux
system making the U-turn. The second, more southern (in projection)
loop is more diffuse in emission, but expands and erupts essentially
in tandem with the more resolved, westward loop. The AIA 211 A
on-disc dimmings follow the EUVI 195 A off-limb erupting loops,
suggesting that the westward loop portion of the helmet streamer is
approximately “above” the circular-ribbon flare whilst the southern
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loop portion is approximately “above” the second set of PEAs along
the northern half of the C-shaped PIL. The external spine loop from
the initial eruption starts brightening again after ~07:00 UT (as in
Lee et al. 2020), which is followed thereafter by the dimming areas
above and below the second PEA gradually returning to their original
intensities. Regardless of the specific form of the large-scale helmet
streamer energisation, a sufficient expansion (gradual or rapid) of the
middle-to-outer layers of the streamer belt closed flux system has
been shown to erupt as a streamer-blowout CME (Lynch et al. 2016,
and references therein).

2.2 Coronal evolution

An overview of the available WL observations for this event is shown
in Figure 3 and an animated version is provided in Supplementary
Video 2. In imagery from both viewpoints (i.e., STEREO-A and
SOHO), it is clear that multiple faint eruptions are concurrently
present at any time over the period of interest, making interpretation
of the different structures (and their origin) especially challenging.
In particular, the sequence of events evident in coronagraph data
include (in relation to the STEREO-A viewpoint): (1) a streamer
blowout originating from near the southeastern limb and emerging
around 06:00 UT, (2) a jet-like CME associated with the first set of
PEAs described in Section 2.1 and propagating towards the southwest
also around 06:00 UT, (3) a large-scale streamer blowout associated
with the second 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 CME related to a later (~15:30 UT) eruption from AR 12871
visible from around 16:30 UT. Hence, the eruptive event that is the
focus of this work is the result of a multi-stage nested-flux system
eruption of the Karpen et al. (2024) type, where the first dome-shaped
PEA and remote brightening creates a significant enough disturbance
in the streamer flux system that some previously-closed flux opens
and that erupting plasma makes it into the open field and solar wind.
This jet-like transient triggers a more traditional streamer-blowout
eruption above the adjacent PIL leading to the partial halo CME (see
Pal et al. 2022, for another example of a jet destabilising an energised,
multipolar flux system). Since both jets appear rather narrow as well
as southwards-directed and the first streamer blowout propagates
mainly off the eastern limb (its corresponding solar eruption’ can be
observed in Supplementary Video 1 off the southeasternquadrant
around 01:00 UT from STEREO-A’s perspective), in‘the following
we shall focus on the second streamer blowout, i.e:\the‘eruption
associated with the second set of PEAs described‘in"Section 2.1 and
that is expected to be encountered in situ by the four nearly-aligned
spacecraft shown in Figure 1.

To obtain a first-order assessment of the CME morphology and
kinematics through the solar coronajwe apply the Graduated Cylin-
drical Shell (GCS; Thernisien 2011) model to nearly-simultaneous
imagery from STEREO-A and 'SOHO. The technique consists of
manually fitting a parameterised| shell (with six free parameters)
onto coronagraph imagerysand results at one sample time are shown
in the right panels of\Figure 3. According to the performed recon-
structions, the CME propagates in the direction (6, ¢) = (—8°, —=37°)
in Stonyhurst coordinates with a moderate inclination (40° counter-
clockwise from solarwest) to the solar equatorial plane and a slow
(~400 kin-s~!) speed, as is often the case for streamer blowouts
(e.g.,.Yourlidas'& Webb 2018). We remark that, apart from uncer-
tainties intrinsic to coronal reconstruction methods performed “by
eye’ (e.g., Verbeke et al. 2023; Kay & Palmerio 2024), this specific
event is characterised by additional ambiguities due to both its faint
nature and its overlapping with other eruptions in projected plane-

(a) STEREQ/SECCHI/COR2-A (b) COR2-A 4 GCS

SK:L‘“';' .
2021-09-23 16:54 = 15:54 2021-09-23 16:54 = 15:54
(c) SOHO/LASCO/C3 (d) C3 + GCS

2021-09-23 16:54 = 15:54 2021-09-23 16:54 = 15:54

Figure 3. The faint 23 September 2021{CME, observed in WL imagery
from (top) STEREO-A and (bottom) “SOHO. The left panels show plain
coronagraph difference images, whilst the right'panels display the same data
with the GCS wireframe overlaid:

of-sky images. In factuit is especially difficult to clearly distinguish
the fronts of the two stredmet blowouts mentioned above, the second
of which is our CME of interest. We do not exclude that the two
eruptions may=have interacted via their flanks, but since their nose
trajectories differ by ~35° in longitude (determined after performing
separdte GCS reconstructions of both structures), it is expected that
the in=situ encounters presented in the next section were realised for
the most/part with the partial-halo CME.

3 ANALYSIS OF THE INTERPLANETARY DATA

Here, we analyse in detail the magnetic field and plasma measure-
ments of the 23 September 2021 CME at the four probes of interest,
i.e. Bepi, SolO, PSP, and STEREO-A. An overview of the in-situ
measurements collected by the four spacecraft is shown in Figure 4,
and their evolving heliospheric coordinates at the eruption time and
as the CME-driven shock impacted each observer are reported in
Table 1. Additionally, to evaluate the overall large-scale evolution of
the CME through the inner heliosphere and to confirm that the same
eruption likely impacted all the four targets, we have performed a
magnetohydrodynamic (MHD) simulation using the coupled Wang—
Sheeley—Arge (WSA; Arge et al. 2004) Enlil (Odstrcil 2003) model—
these results are summarised in Appendix A.

From each set of spacecraft measurements, we search for various
in-situ CME signatures (e.g., Zurbuchen & Richardson 2006; Kilpua
etal. 2017) and identify the passage times of the interplanetary shock,
sheath region, and CME ejecta. We also determine the boundaries
of the “core” flux rope, i.e. the period in the in-situ time series
characterised by clear magnetic cloud signatures such as smoothly
rotating magnetic field vectors and low plasma beta—and that may
or may not coincide with the extent of the CME ejecta as a whole
(e.g., Richardson & Cane 2010; Kilpua et al. 2013).

We also perform a local shock parameter estimation analysis for all
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Figure 4./In-situ measurements of the 23 September 2021 CME at (a) Bepi, (b) SolO, (c) PSP, and (d) STEREO-A. Each plot shows, from top to bottom:
magnetic fieldsmagnitude, 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 arrivals are marked with vertical areas, whilst 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 magenta curves 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 days of data.
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Table 1. Stonyhurst heliographic coordinates in terms of [r, 6, ¢] triplets (units of [au, deg, deg]) of the four spacecraft at the time of the eruption of the 23

September 2021 CME as well as at the times of the interplanetary shock arrival at each observer.

Eruption
2021-09-23T04:30

Shock at Bepi
2021-09-25T01:46

Shock at SolO
2021-09-25T18:25

Shock at PSP
2021-09-26T08:50

Shock at ST-A
2021-09-27T01:51

Bepi [0.46, —0.3, —=53.7] [0.44, —0.1, —49.3]
SolO [0.60, +1.7, =33.7] [0.61,+1.8, =31.1]
PSP [0.77, 4+3.5, —41.6] [0.78, +3.5, —42.3]
ST-A [0.96, +6.7, —40.1] [0.96, +6.8, —40.0]

[0.44, —0.1, —47.6]
[0.61,+1.9, =30.1]
[0.78, +3.5, —42.6]
[0.96, +6.8, —39.9]

[0.43, —0.0, —45.9]
[0.61, +1.9, —29.2]
[0.78, +3.5, —42.9]
[0.96, +6.8, —39.9]

[0.42, 40.1, —44.1]
[0.62, +2.0, —28.4]
[0.78, +3.5, —43.1]
[0.96, +6.9, —39.8]

Table 2. Shock parameters measured at each spacecraft. The parameters
shown are: shock normal vector (irTn), shock angle (6p,,), magnetic com-
pression ratio (rg), gas compression ratio (r,,), shock speed (Vg), as well
as fast magnetosonic and Alfvénic Mach numbers (Mfyg and M 4, respec-
tively). The shock normals are shown in the RTN frame of reference, with
Opn expressed in degrees. The shock speed vg, is expressed in km-s~! and
it is aligned with the shock normal.

fiRTN Ogn B thn  Ven Mg Ma
Bepi  [0.82, —0.36, —0.44] 18 1.7 — — — —
SolO [0.88, 0.10, —0.47] 27 1.5 33 299 1.7 1.5

PSP [0.91, 0.34, —0.23] 71 1.8 3.0 347 20 1.9
ST-A  [0.50, 0.83, —0.25] 13 28 — — — —

the spacecraft crossings, computing the shock normal (firTn), shock
normal angle (6 g,,), magnetic and gas compression ratios (r g and r,,
respectively), shock speed (Vi ), as well as the fast magnetosonic and
Alfvénic Mach numbers (Mg, and M 4, respectively). The latter two
are defined as the ratio between the shock speed and the upstream fast
magnetosonic and Alfvén speeds, respectively. When both magnetic
field and plasma data are available, we compute the shock normal
with the Mixed Mode Method 3 (MX3; Abraham-Shrauner & Yun
1976), and the shock speed along the shock normal and in the space-
craft reference frame with the mass—flux conservation. When the
magnetic field information is available, the shock normal angle is
computed using the magnetic coplanarity theorem (MCT; Colburn
& Sonett 1966). For a detailed description of these techniques, . we
refer the reader to Paschmann & Schwartz (2000). For the averaging
operation involved in the shock parameters, we use a collection of
upstream/downstream windows that we vary systematically from 1
to 8 minutes using the SerPyShock code (Trotta et al. 2022), Results
are summarised in Table 2.

Additionally, at each spacecraft, we perform a fit of the corre-
sponding core flux rope interval using an €xpansion-modified force-
free (EFF; e.g., Farrugia et al. 1993; Yu et al»2022) model, which
takes the classic constant-« force-free solution (e.g., Burlaga 1988;
Lepping et al. 1990) and adds a time-scale’parameter that describes
the self-similar CME expansion rate(zexp). The remaining quantities
retrieved by the fitting methed are axis orientation (0, ®g), field
magnitude along the axis=(Bg),flux rope chirality (or handedness,
H), and impact parameter'(pg, i.e., the crossing distance to the sym-
metry axis normalised by the cross-sectional radius). Since CME
expansion rate can bejindirectly estimated from the speed profile
(e.g., Owens et al»2005; Nieves-Chinchilla et al. 2018a), in addition
to the magnetic field components we include, where possible, the so-
lar wind speedamongst the flux rope proprieties constraining the fit.
The fluxrope fitting results at the four probes are reported in Table 3.
In the remainder of this section, we describe in detail observations
and analysis of the 23 September 2021 CME in-situ measurements
at each impacted spacecraft.

Table 3. Flux rope fitting results at each spacecraft. The parameters shown
are: latitudinal (®¢) and longitudinal (@) directions of the flux rope axis,
axial magnetic field magnitude (By), chirality (H ), normalised impact param-
eter over the flux rope’s radius (pg), expansion time (7exp), and normalised
goodness-of-fit measure (chi-squared) over the magnetic field compenents
(Xiir) as well as magnitude (/\/gmg).

Q) Py By H Po Teoxp. NG ) Nmag

82nT  +1 0.23 20h" =041 094
38nT  +1 0.06 740 0.06 0.43
23nT  +1 0.68 8h 0.15 0.06
15nT +1 (-028"57h 0.19 031

Bepi  39°  46°
SolO  68°  49°
PSP 69° 167°
ST-A  14° 11°

3.1 Observations at BepiColombo

In-situ measurements at Bepi, located at ~0.44 au during the event,
are displayed in Figtire,4(a).»Magnetic field data are supplied by
the Mercury Planetary\Orbiter Magnetometer (MPO-MAG; Heyner
et al. 2021), whilst,norplasma moments are available during the
period underinvestigation—and more generally during most of the
cruise phase. The first CME signatures appear at Bepi by means
of an”interplanetary shock passage on 25 September at 01:46 UT
(vertical line in Figure 4(a)), characterised by a moderate magnetic
field jump and a quasi-parallel nature (see Table 2)—we remark
thaty, due to the lack of plasma data, it is not possible to determine
with certainty whether this feature is a full-fledged shock. The fol-
lowing sheath region displays elevated magnetic field magnitudes
for approximately two-thirds of its duration and subsequently dips to
lower-than-ambient values. The identified CME ejecta period (dotted
and solid grey shading in Figure 4(a)) features a complex magnetic
field profile, characterised by two separate peaks—possibly the sig-
nature of an encounter that cuts first through the flank of the frontal
CME body and then through the leg (as expected from the WSA—
Enlil results shown in Appendix A) or the outcome of interaction of
the 23 September 2021 CME with the preceding streamer blowout
to its east (described in Section 2.2). In fact, Bepi is the easternmost
observer with respect to the CME nose amongst the four spacecraft
at the time of impact, hence both the encounter with a flank and/or
leg, as well as the detection of interaction signatures between the two
slow streamer-blowout CMEs, can be reasonably expected.

Within the overall CME ejecta interval (bounded by the dotted
areas in Figure 4(a)) we identify a region of smoother and rotat-
ing magnetic field vectors (especially in the north—south component;
solid area in Figure 4(a)), which we attribute to the core flux rope. Fit-
ting with the EFF model yields a right-handed, moderately inclined
rope with a rather low impact parameter (see Table 3). We remark,
however, that in this case the speed of the flux rope, being unavailable
at Bepi, is not used as a fit-constraining input, but is rather an output
of the fitting procedure—given the rather high (~500 km-s~!) result-
ing leading edge speed compared to the CME speed in the corona
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(~390 km-s~1), it is likely that a fit employing actual plasma data
would have generated somewhat different results.

3.2 Observations at Solar Orbiter

In-situ measurements at SolO, located at ~0.61 au during the event,
are displayed in Figure 4(b). Data are provided by the Magnetometer
(MAG; Horbury et al. 2020) for magnetic field and the Proton and
Alphaparticle Sensor (PAS) of the Solar Wind Analyser (SWA; Owen
etal. 2020) for plasma parameters. The interplanetary shock driven by
the 23 September 2021 CME is observed at SolO on 25 September at
18:25 UT (vertical line in Figure 4(b)) and is characterised by a quasi-
parallel nature and moderate strength (both Mach numbers are below
2, see Table 2). After the passage of the following sheath region,
which displays progressively increasing magnetic field magnitudes,
we identify a CME ejecta interval with clear flux rope signatures
(solid shading in Figure 4(b)). Unfortunately, a concurrent data gap
in the magnetic field and plasma measurements prevents us from
determining the trailing edge of the structure, but a likely upper limit
is indicated by the hatched area in in Figure 4(b))—i.e., we do not
expect the CME ejecta to extend past that point, displaying a flat
speed profile in contrast to the decreasing trend visible within the
flux rope interval.

The magnetic field profile within the ejecta features a “classic”
asymmetry in magnitude skewed towards the front of the rope, indi-
cating CME expansion during propagation (e.g., Démoulin & Dasso
2009; Nieves-Chinchilla et al. 2018a). In this case, the flux rope fit-
ting is performed throughout the CME ejecta, from its leading edge
up to the data gap, since flux rope signatures are displayed over the
whole interval. The EFF model yields a central encounter with a
right-handed, highly-inclined rope (see Table 3). Despite the fitting
results appearing visually “good” (Figure 4(b)), we remark that the
very trailing portion of the ejecta (of unknown duration) is not in-
cluded in the calculation, hence the real flux rope axial inclination
may have been somewhat different than in our results.

3.3 Observations at Parker Solar Probe

In-situ measurements at PSP, located at ~0.78 au during the event,
are displayed in Figure 4(c). Data are collected by the fluxgate:mag-
netometer part of the FIELDS (Bale et al. 2016) instrument and the
Solar Probe Cup (SPC; Case et al. 2020) part of the _Solar" Wind
Electrons Alphas and Protons (SWEAP; Kasperiet-al=2016) inves-
tigation. The sequence of events begins with a\clear interplanetary
shock passing the spacecraft on 26 Septémber 2021 at 08:50 UT
(vertical line in Figure 4(c)), characterised by a.quasi-perpendicular
nature and higher strength than at S6lO in terms of speed and Mach
numbers (see Table 2). The magnetic field' magnitude in the sheath
region displays the most symmetric'profile amongst the four space-
craft. Ejecta signatures (dofted and solid shaded area in Figure 4(c))
follow immediately aftersshowever, besides the central portion that
displays clear flux rope characteristics and a symmetric magnetic
field magnitude profile (solid shading in Figure 4(c)), the outer re-
gions appear to presefve the rotation in the north—south direction but
with highly-fluctuating fields, possibly due to erosion of the original
rope due’to reconnection with the ambient solar wind (e.g., Lavraud
et al..2011; Ruffenach et al. 2012).

Flux rope fitting of the core flux rope interval yields a right-handed,
highly-inclined rope that is crossed significantly far from its central
axis (see Table 3). We also note that the resulting rope axis is oriented
rather close to the Sun—spacecraft line, the separation between the
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two being only 13° in longitude. We remark that possible erosion
of the outer layers of the original ejecta, due to interactions with
e.g. the ambient solar wind, may have altered the overall flux rope
structure and orientation during transit. Finally, we note a region
of high-density solar wind (but rather low field magnitudes) right
after the passage of the ejecta trailing edge, possibly representing
the accumulation of post-CME flows (e.g., Webb & Vourlidas 2016)
given that there is no indication of a sector boundary crossing until
~12 h later (note the longitudinal direction of the magnetic field
being preserved before and after the CME passage).

3.4 Observations at STEREO-A

In-situ measurements at STEREO-A, located at ~0.96 au during
the event, are displayed in Figure 4(d). Time series come from the
Magnetic Field Experiment (MFE; Acuiia et al. 2008), part of the
In situ Measurements of Particles And CME Transients" (IMPACT;
Luhmann et al. 2008) suite, as well as the Plasma and Suprathermal
Ion Composition (PLASTIC; Galvin et al. 2008)_investigation. We
identify the interplanetary shock passage on 27 September 2021 at
01:51 UT (vertical line in Figure 4(d)), and-Characterise it of quasi-
parallel nature and associated with a moderate-to-high magnetic field
jump (see Table 2). The sheath region, similagly to SolO measure-
ments, displays and increasing profile in magnetic field magnitude.
We find flux rope signatures throughout“the CME ejecta interval
(shaded area in Figure 4(b)),but note that the magnetic field magni-
tude is characterised by a,double-peak profile and that the interface
between the two peaks displays sharp discontinuities in all magnetic
field components.

Flux rope fitting with'the’EFF model yields a right-handed, lowly-
inclined structure, with ‘its axis separated only by 11° in longitude
from the Sun=spacecraft line and that is encountered at intermediate
distances,from its central axis (see Table 3). We remark that this fit
is agsociated with the largest error in the magnetic field components,
likely due to the discontinuities mentioned above. Again, we note a
regionof high-density wind immediately following the CME ejecta,
whieh may correspond to the similar structure found in PSP data.

4 CME HINDCASTING WITH OSPREI

Here, we present our efforts to simulate the 23 September 2021
CME in a hindcast fashion with the OSPREI! modelling suite, which
consists of three coupled modules: the Forecasting a CME’s Altered
Trajectory (ForeCAT; Kay et al. 2015) that models CME deflections
and rotations in the corona, the Another Type of Ensemble Arrival
Time Results (ANTEATR; Kay et al. 2022b) that propagates the
CME through interplanetary space and includes the formation of a
CME-driven sheath, and the ForeCAT In situ Data Observer (FIDO;
Kay & Gopalswamy 2017) that generates synthetic in-situ profiles
(along a time-dependent spacecraft trajectory or any point of choice).
For more information on each module and additional technical details
regarding OSPREI, we refer the reader to Kay et al. (2022a). OSPREI
is a computationally-efficient analytical CME propagation model,
which means that, despite the simplified physics compared to e.g.
MHD calculations, it can be run with rapid turnaround in ensemble
mode (e.g., Kay & Gopalswamy 2018). Hence, in this work, we first
design the so-called ‘seed’ run and evaluate its predicted impacts at
the four probes, and then take advantage of a large ensemble (with 200

! https://github.com/ckay314/0SPRET
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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 overlaid
in shades of green. The magnetogram has been saturated to +£100 G, with
positive (negative) field shown in red (blue). The source region of the 23
September 2021 event is circled in black, and the Carrington longitude of
Earth at the time of the eruption (04:30 UT) is marked with a purple vertical
line. (b) Zoom-in on the source region of the 23 September 2021 CME, show-
ing PFSS contours (Rss = 2.5 Rp) of the radial magnetic field as well as the
location of the flux rope nose (purple dot) with its associated PIL (black line).

members) around this baseline run to evaluate the input parameters’
influence over the variation in the field and plasma profiles generated
at each spacecraft, both individually and together.

4.1 Designing the ‘seed’ run

The first step towards modelling the coronal and heliosphéric propa-
gation of CMEs with the OSPREI suite is to define the“photospheric
boundary conditions. Since the CME of interest erupted ~30° away
from the Sun—Earth line in longitude, we employ“in=this study the
pole-filled SDO/HMI synchronic map for 23 September 2021, which
is generated by replacing from a standard“Carrington map daily ob-
servations within +60° of the central meridian-as seen from Earth
(Hayashi et al. 2015). Using this input magnetogram, the coronal
conditions—i.e., the coronal magneticifield—are generated by ap-
plying the Potential Field Source Surface (PFSS; Wang & Sheeley
1992) model. Since it has béen shown that the choice of PFSS source-
surface radius (Rgg) canthave.more or less prominent effects on the
CME evolution modeélled by OSPREI (see Ledvina et al. 2023), we
select four sourc€ surfaces to test for significant differences in the
seed run—the “classic™2.5 Ro (Altschuler & Newkirk 1969) as well
as the lower heights.of 2.3, 2.1, and 1.9 R . The input magnetogram,
the location of the heliospheric current sheet (HCS) resulting from
the different PFSS source surfaces, as well as the source region of
the 23 September 2021 CME are shown in Figure 5(a).

Once the background conditions have been generated, we begin
defining the flux rope input parameters, which are listed in detail in
Table 4. In the current implementation, OSPREI employs the Elliptic-

Table 4. OSPREI input parameters for the seed run and variations employed
for the ensemble run. The parameters displayed are, from top to bottom:
eruption date and time, radial distance at which coronal propagation (Fore-
CAT) ends (Rpc), flux rope initial height (Ry), latitude (6p), Carrington
longitude (¢g), and tilt (), helicity sign (H), axial magnetic field strength
(BFr), CME mass (Mpr), CME temperature (TrRr), face-on (AW) and edge-
on (AW ) ) half-angular width, axial (§ax) and cross-sectional (Scgs) aspect
ratio, initial slow-rise speed (Vp), altitude at which kinematics transition from
slow rise to rapid acceleration (ag), maximum coronal speed (V7), altitude at
which kinematics transition from rapid acceleration to constant speed (ay),
flux rope adiabatic index (y), interplanetary expansion factor (fexp), helio-
centric distance used for the background wind description (Rsw), ambient
drag coefficient (Cy), as well as solar wind speed (Vgw ), magnetic field mag-
nitude (Bsw), density (Nsw), and temperature (Tsw).

Seed Ensemble
Date 2021-09-23 —
Time 04:30 UT —
Rrc 20Ro —
Ry 12Ro —
6y -29° +3°
&0 350° %5°
Yo 60° +10°
H +1 —
Brr 2.0 x 10° nT 0.5 x 103 nT
MR 1.0x 10 g +0.5x 1016 g
Ter 1.5 % 109K +0.5x 10° K
AW 36° +5°
AW | 15° £2°
OAX 0.7 +0.1
écs 0.9 +0.1
Vo 50 km-s~! +20 km-s~!
ap 1.7 Ro +0.1 Ro
Vi 390 km-s~! +50 km-s~!
a 8.0Ro +1.0R,
5 1.33 +0.1
foxp 0.5 +0.1
Rsw 213Ro —
Gy 1.0 +0.25
Vsw 340 km-s~! +40 km-s~!
Bsw 5nT +3nT
Nsw 10 cm™3 +5cm3
Tsw 6.0 x 10* K +1.0x 10*K

Cylindrical (EC; Nieves-Chinchilla et al. 2018b) flux rope model to
describe the CME morphology and magnetic configuration. We se-
lect the CME initial latitude (6(), longitude (¢), and tilt () based
on observations of the active region and its associated PIL (see Fig-
ure 5(b)). The helicity sign (or chirality, H) is assumed positive based
on remote-sensing observations of the eruption (see Palmerio et al.
2017), in particular from the right-skewness of the PEAs with respect
to the underlying PIL. Values for CME internal magnetic field (Bgr),
mass (MpgR), and temperature (7gR) are set based on best-guess ap-
proximations. Parameters describing CME morphology (AW, AW |,
0AX, and d¢g) are loosely based on the GCS reconstructions shown
in Figure 3 and include modifications necessary to grant stability of
the EC solution—for example, by elongating the CME half-width
along its central axis, yielding a more cylindrical structure against
the “rounded” ellipsoid employed for the WSA-Enlil run (see Ap-
pendix A). Properties characterising CME kinematics in the corona
Mo, ag, V1, and a) are selected based on off-limb WL observations
from SOHO/LASCO. Parameters governing CME propagation in in-
terplanetary space (y and fexp) are left to their default values. Finally,
the background solar wind conditions are defined at the STEREO-A
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(b) Heliospheric evolution

2021-09-26 06:09
Meridional plane

300 350 400 450 500 550 600
V [km-s™1]

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-centréd 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 onto the respective planes.

position (213 Rp) and scaled with heliocentric distance accordingly
to the other locations. The drag coefficient (Cg; e.g., Vr$nak et al.
2013) is kept at its default value of one. The values for magnetic field
(Bsw), density (Ngw), and temperature (Tsw) are taken directly
from in-situ measurements preceding the CME arrival, whilst the so-
lar wind bulk velocity (Vsw) is slightly lowered from its STEREO-A
values to compensate from the significantly lower speeds found at
SolO (note that we are considering a uniform, constant solar wind
background speed in this work).

We test the seed run input parameters reported in Table 4 using the
four Rgg values shown in Figure 5(a) for the PFSS solution, and find
no significant differences in the results. Hence, this particular con-
figuration does not appear to be affected by the PFSS source-surface
radius in a notable way, and in the following we shall consider only
the “classic” Rgg = 2.5 Rg. And overview of the coronal and helio-
spheric evolution of the 23 September 2021 CME modelledin the
seed run is presented in Figure 6 and in Supplementary,Video 3. In
the coronal domain (i.e., the region <20 Ry where ForeCAT oper-
ates), the CME is seen to deflect towards the northeastand:to rotate to
higher inclinations, its axial parameters changing from (6, ¢q, ¥0)
=(-29°, 350°, 60°) to (0, ¢, ¥) = (—24.8°4337.6°, 82.6°) as shown
in Figure 6(a). In fact, in interplanetary space the‘CME appears sig-
nificantly more extended in latitude than in longitude, as can be seen
in Figure 6(b) and Supplementary Video 3. The four spacecraft of
interest (Bepi, SolO, PSP, and STEREO-A) are all impacted by the
CME north of its nose, with\a closer-to-flank encounter at Bepi and
a more central one at the:remaining three probes.

The OSPREI synthetic\in-situ profiles compared to spacecraft
measurements at“each location are shown in Figure 7. The mod-
elled arrival times of‘'shocks/sheaths and ejecta leading edges are all
within a few hours.ef'the observed ones, i.e. within the well-known
uncertainties (~10 h) associated with predictions of CME propaga-
tion_(Kayset al:"2024). The magnetic field magnitude is underesti-
mated at Bepi and SolO, in agreement with in-situ measurements at
PSP, and'slightly overestimated at STEREO-A. The individual field
components appear to follow the overall west-to-east rotation in By
and the largely-positive nature of By, but display opposite sign in

Br compared to observations:. In,the next section, this seed run is
used as the basis for an ensemble run that evaluates the “best fit” at
each spacecraft both separately and when considered together.

4.2 Ensemble modelling

A number of studies have shown that predictions of CME magnetic
configuration and/or arrival time can depend more or less strongly
on the choice of CME input parameters, even within a single model
(eg., Kay & Nieves-Chinchilla 2021; Palmerio et al. 2022a). To eval-
uate variations in the synthetic in-situ profiles due to inputs and to
determine differences between individual runs producing the best
matches at each spacecraft separately and together, we now consider
fluctuations around the seed simulation and run OSPREI in its en-
semble mode. We employ a relatively large (Neps = 200) number
of ensemble members, and the ranges of the variations applied on
the input parameters of the seed run are reported in Table 4. The
Nens = 200 choice is somewhat arbitrary, but reasonably samples the
assumed intervals of all the varied parameters. The allowed ranges
of variations for each parameter are set to be more conservative (i.e.,
larger) than what is usually assumed in OSPREI (e.g., Palmerio et al.
2021c; Kay et al. 2022a), to account for the inherent complexity in
characterising both the source region and coronal evolution for the
CME under study (see Section 2). In the post-processing phase of the
ensemble simulation, we use spacecraft observations at the four lo-
cations to compute metrics and thus obtain a “best fit” for each probe
considered both individually and collectively. The goodness-of-fit
score is defined as the sum of the fractional mean absolute error of
the hourly averages for each magnetic field and plasma parameter to-
gether with a timing error consisting of the absolute error in days for
all three CME bounds, i.e. shock, ejecta leading edge, and ejecta trail-
ing edge arrivals (see also Kay & Gopalswamy 2017). Within each
ensemble member, we also sum the goodness-of-fit scores across
each spacecraft to compute a “global” metric that aims to identify
the run that best reproduces the CME behaviour at the four locations
when considered together.

An overview of the coronal and heliospheric evolution of the en-
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Figure 7 Overview-of the OSPREI seed simulation run results shown against in-situ measurements of the 23 September 2021 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
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Figure 8. Overview of the (a) coronal and (b) heliospheric evolution of the (200-member) ensemble CME rumimodelled with OSPREI. (a) ForeCAT deflections
and rotations up to 20 R.. The seed run as well as the various best-fit runs are highlighted in different colotrs,/whilst the remaining ensemble members are
shown in grey. (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 pesitions|of the four spacecraft at their respective observed CME
arrival 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.

semble run is provided in Figure 8. The coronal evolution of the
different ensemble members (Figure 8(a)) shows an approximately
symmetric (+15°) dispersion in latitude around the seed run, whilst
the ensemble distribution in longitude and tilt have developed a dis-
tinct asymmetry by 20 R . The longitude has an extended tail‘below
the seed value and is condensed above it ([-20°, +10°]),"whereas
the tilt angle shows the opposite trend ([—20°, +40°]).. The)symme-
try found in the latitudinal evolution suggests that the seed is in a
relatively balanced location with respect to the magnetic.forces. We
would expect the global forces to push the CME mnorth towards the
HCS, and the local forces to depend on the exact location within
the AR. Small changes in the initial positionycan/affect the balance
between these forces either way. The persistent eastward motion is
likely in large part due to the strong negative polarity region of the
AR, but we would also expect some eastward motion from the global
forces since that is the direction ‘of the closest part of the HCS. In
terms of evolution of the best-fit runs with respect to the seed, we
note that all of them.are characterised by higher latitudes through-
out the ForeCAT .domain, whilst mixed patterns are visible in the
remaining two parameters. In the longitude, the global best-fit run
is slightly westwards of the seed, but the single-spacecraft best-fit
runs are allclustered a few degrees eastwards of the seed—note that
a singlerun.gives the best fit at both PSP and STEREO-A, hence
they are,considered together throughout this analysis. In the axial
tilt, the single-spacecraft best-fit ensemble members for SolO and
PSP+STEREO-A are clustered close to the seed, whilst the Bepi
and global best-fit run are less tilted than the seed by ~15°. The

distribution in coronal evolution evident from Figure 8(a) results in
the CME affecting slightly different angular wedges during its helio-
spheric propagation across the ensemble, as shown in the heat map
of Figure 8(b). Note that, in OSPREI, the CME size increases with
distance as a result of magnetic and thermal forces between the ejecta
and the solar wind background, hence the radial slice shown in the
figure is arbitrarily chosen at the corresponding impact time at PSP
for each ensemble member. The projected positions (at each corre-
sponding arrival time) of the four spacecraft over the CME angular
extent show that all probes are located in a region of high chance
of impact (>90%) and that all encounters take place north of the
CME nose, whilst the wider distribution in longitude indicates that
it depends on the specific run whether a probe crosses the CME east
or west of its highly-inclined symmetry axis.

The synthetic in-situ profiles resulting from the ensemble run are
shown in Figure 9, in the same colour-coding as Figure 8. First of
all, we note that most shock/CME arrivals take place within a few
hours of the seed but a few runs display larger differences (>12 h),
indicating that different combinations of CME initial speed, CME
acceleration profile, and/or drag coefficient may result in significantly
different predictions even in the case of a fixed, uniform solar wind
background. In terms of magnetic configuration, despite more or
less prominent differences in the field magnitude all runs tend to
follow the seed’s overall trend of negative Br, positive-to-negative
rotating Br, and mostly positive By . This is not surprising, since
the CME tilt over the ensemble is spread over approximately +30°
around the north direction (90°) and all encounters take place north
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Figure 9. Overview of the OSPREI (200-member) ensemble simulation run results shown against in-situ measurements of the 23 September 2021 CME at (a)
Bepi, (b).SolO, (c) PSP, and (d) STEREO-A. The seed run as well as the various best-fit runs are highlighted in different colours, whilst the remaining ensemble
members are shown in grey. All panels and parameters are shown in the same format as Figure 7.

$20Z JaquiaAoN zz uo 1sanb Aq £09906//909Z9B1S/SEIUW/SE0 | 01 /10P/2[0IIB-80UuBApPE/SEIUW/WOD dNoolwapeoe//:sdiy Woll papeojumod



of the CME nose. With respect to the seed, the single-spacecraft best-
fit runs tend to show a better alignment of the ejecta leading edge
with observations with the exception of PSP, where the additional
rotation in B and By preceding what we defined as the flux rope
interval (see Section 3.3 and Figure 4(c)) appears to be affecting
fitting results. The global best-fit profiles are remarkably similar
to the single-spacecraft ones at PSP and STEREO-A, whilst larger
differences are present at Bepi and SolO—this may be due to the two
outer probes being characterised by the same single-spacecraft best
fit, thus carrying a larger weight in the global best-fit calculation, but
also being located between the two inner probes in longitude, thus
“averaging out” differences due to angular separation. Overall, the
seed and best-fit runs do not show particularly stark differences at
any of the locations considered, and all appear approximately in the
middle of the ensemble distribution for each curve.

However, despite each best-fit run being comfortably within the
ensemble distribution at each of the four spacecraft individually, the
best-fit ensemble member for a particular inner spacecraft (Bepi and
SolO) has no guarantee of it being the best or even a reasonable
fit at any of the further spacecraft (PSP and STEREO-A). This is
clearly illustrated by the maroon and purple curves shown in Fig-
ures 9(c—d), which are the best-fit ensemble members for Bepi and
SolO propagated to the PSP and STEREO-A positions, respectively.
The set of best-fit profiles at Bepi and SolO show relatively minor
timing, shape, and magnitude differences between them whereas by
the radial distances of PSP and STEREO-A, both the Bepi and SolO
ensemble members produce magnetic field profiles that are more
prominent outliers in their respective distributions and represent the
observational in-situ data less adequately.

5 DISCUSSION

Observations of the 23 September 2021 CME (Sections 2 and 3) as
well as our modelling efforts with OSPREI (Section 4) have shown
that the event considered in this work presents many complex charac-
teristics that make both interpretation of the spacecraft measurements
and prediction of its heliospheric impact(s) particularly challenging?
Here, we synthesise the results and findings presented in the pre=
vious sections to build a comprehensive overview of the CME’s
Sun-to-1 au transit and large-scale structure whilst still highlighting
the complexities and disagreements where they arise.

5.1 The observational perspective

The 23 September 2021 eruption is characterised by a complex,
nested-AR source region (Karpen et al. 2024);multi-stage eruption
dynamics, and ambiguous WL signatures. The first (precursor) stage
involves a circular ribbon flare in the'closed flux region near the
edge of the helmet streamer belt (Wyper et al. 2016). The second
(main) stage of the eruption‘generates the CME with a classic two-
ribbon flare, which is alsesasseciated with simultaneous twin coronal
dimmings (Thompson, et al. 1998). The CME-producing PEA and
its underlying PIE’s north=south orientation gives an estimated CME
flux rope orientation of west—north—east (WNE; following Bothmer
& Schwenn 1998;Mulligan et al. 1998) for a right-handed flux
rope (se€ also Figure 5(b)), which is consistent with the large-scale
orientation of the overlying helmet streamer belt. It is not possible
to/observe in detail the CME deflecting and/or rotating in the corona
(e.g., Vourlidas et al. 2011) due to its faint appearance and because
of the presence of simultaneous eruptions in the available WL data.
Nevertheless, one significant point of interest of this event is that
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it was encountered in situ by four probes approximately equally
distributed in heliocentric distance between 0.4 and 1 au; hence, we
shall leverage these measurements to compare the estimated CME
structure at the Sun with that observed in situ, and at the same time
to evaluate similarities and differences amongst the four in-situ data
sets.

At each spacecraft, the first CME-related structure to be measured
is the CME-driven shock. Despite the evident difficulties in address-
ing the shock properties due to the fact that no plasma data (more
precisely, speed components) are available at Bepi and STEREO-A,
we recover a compatible set of parameters at the different observers,
with no strong variations in the compression ratios, shock speeds,
and Mach numbers (see Table 2). The shock appears subcritical at
both SolO and PSP, a property frequently observed in the case of
interplanetary shocks (e.g. Kilpua et al. 2015). We note a level of
variability in the local shock normals as shown in Table 2, indicating
that local shock properties may vary more or less strongly atdifferent
heliospheric locations for a single event. In this regard;‘the exploita-
tion of multiple heliospheric observers is an invaluable resource to
quantify local variability against large-scale eyolution effects (see
also Palmerio et al. 2024b; Trotta et al. 2024a, for recent efforts in
defining CME-driven shock properties in multi-spacecraft data).

The sheath region immediately following,the.shock displays dif-
ferent characteristics at the different ‘probes, first and foremost in
the profiles of the magnetic field magnitude“—increasing towards the
ejecta at SolO and STEREO-A, abruptly declining at Bepi, and more
plateau-like at PSP (see Figure'4). At least at the three spacecraft
for which plasma data are\available, the CME is embedded in the
slow solar wind, hencesthese difference do not appear to be related to
the eruption propagating’through profoundly different local environ-
ments. Nevertheless; previous studies have shown that the structure of
CME-driven sheaths may differ more or less significantly both at the
local and global, level even for multi-spacecraft encounters realised
in radial alignment or in close proximity of the probes involved (see,
e.g., Good et al. 2020; Kilpua et al. 2021). The measurements in-
vestigated here highlight further the importance of reaching a deeper
understanding of the complex dynamics between the shock driver
and the ambient medium responsible for sheath formation and evo-
lution, especially given their potential to drive severe space weather
effects (e.g., Pulkkinen et al. 2007).

Finally, all four probes are impacted by the CME ejecta, where we
identify several similarities as well as differences across the different
data sets. To aid in this analysis and discussion of its results, Figure 10
displays the four sets of ejecta magnetic field time series normalised
in time, scaled in magnitude, and superposed onto the STEREO-A
data (i.e., at the outermost spacecraft). It is clear that the By and
Bpn components follow a very similar trend across the four time se-
ries, whilst larger variability is present is Bg and |B|. Visually, the
positive-to-negative rotation in Br and the mostly-northwards By
(with some southwards fields at the ejecta front measured by Bepi
and STEREO-A) suggest an overall flux rope type close to the WNE
configuration estimated from remote-sensing observations. This is
consistent with previous studies, which have shown that the majority
of CMEs tend to maintain their axial orientation in interplanetary
space within +45° of their solar counterpart (e.g., Palmerio et al.
2018; Xie etal. 2021). Nevertheless, this agreement at the global level
is contrasted by some prominent local differences, the most striking
of which being the profile of the magnetic field magnitude within the
flux rope ejecta. The characteristic shape of the |B| curves—having
a distinct, often asymmetric peak offset towards the leading edge of
the ejecta—suggests more central encounters at SolO and PSP and
more complicated spacecraft crossings at Bepi and STEREO-A (cf.
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Figure 10. Ejecta magnetic fields of the 23 September 2021 CME as observed
by Bepi, SolO, PSP, and STEREO-A, normalised 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 (6p) and longitudinal (¢p) directions have
been scaled in magnitude as to superpose each spacecraft’s measurements
onto the STEREO-A ones. The scaling factor is obtained by normalising 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 Figure 4).

the more variable | B| profiles), or alternatively ‘a rope that is locally
distorted. Given the overall agreement in the largesscale trend of the
BT and By components at all four spacecraft, the’observed variabil-
ity in | B| appears to be largely due to,the differences in each probe’s
Bp profiles, e.g. large-scale Bg polarity changes, HCS proximity,
etc. This suggests that the Bg component may contain important in-
formation about the relative position of the spacecraft with respect to
the CME as well as the¢«CME’s orientation with respect to the inter-
planetary sector structure:Additionally, the flux rope fitting results
(Table 3), despite”all giving a westerly axial direction (+1' compo-
nent), suggest a high-inclination rope (of WNE type) at SolO and
PSP, but a low-inelindtion one (of south—west—north or SWN type)
at Bepiand STEREO-A. These fitting results reflect the difference(s)
in each event’s Bt and B}y profiles. For example, the low-inclination
encounters (Bepi and STEREO-A) have larger southern fields (more
negative,B v ) at the beginning of their CME intervals as well as shal-
lower negative B regions in the trailing half of the ejecta compared
to the higher-inclination encounters at SolO and PSP.

5.2 The modelling perspective

Analytical modelling of the 23 September 2021 CME provides
the rare opportunity to validate and compare results at four well-
separated locations in the sub-au heliosphere: Bepi (0.44 au), SolO
(0.61 au), PSP (0.78 au), and STEREO-A (0.96 au). Forward-
modelling of CME propagation and magnetic structure with analyti-
cal codes has thus far focussed largely on two-spacecraft encounters
realised in near-radial alignment (e.g., Mostl et al. 2018; Sarkar et al.
2024), with results suggesting that data collected by an inner probe
should be used to constrain models for more accurate predictions at
1 au (e.g., Kubicka et al. 2016; Laker et al. 2024). In this work, we
employed the OSPREI modelling suite to evaluate the coronal and
heliospheric evolution of the 23 September 2021 CME and to evalu-
ate its impact across interplanetary space via an ensemble approach.
After determining that the seed run largely captures the overall struc-
ture of the CME at the different probes (see Figure 7), wescomputed
goodness-of-fit metrics for each ensemble member toyextrapolate
single-spacecraft and global “best runs”.

One interesting finding of this analysis is_that the various best-
fit solutions show little spread at Bepi, and then progressively di-
verge with heliocentric distance up to STEREO-A, where the most
prominent differences are displayed (see Figure™9). This is intuitively
reasonable, since the effects of CME evolution on in-situ profiles
are expected to become more €vident with distance from the Sun.
Nevertheless, we remark that the CME modelled here with OSPREI
propagates through a constantyuniform solar wind background, hence
no additional rotations or deflections take place beyond the coronal
domain of the simulation==although the CME can still decelerate,
expand, and deform due to its interaction with the ambient medium.
Hence, the results\presented here show the importance of accurately
determining CME"input parameters from observations, since small
spreads-imypredictions closer to the Sun can result in broad uncer-
tainties at 1)au even when neglecting additional evolutionary effects
in the heliosphere. For example, this is evident when considering the
best fitat SolO propagated to STEREO-A, resulting in a CME ejecta
arrival ~12 h later than the best STEREO-A run and in magnetic
field magnitudes approximately twice as high. When considering
predictions at PSP and STEREO-A, on the other hand, we found
that the same ensemble run produces the best fit at both spacecraft.
The results shown here indicate that there may be a threshold (in
terms of radial and angular distance) to the usefulness of inner-probe
observations for 1-au predictions, beyond which correlations largely
cease—in this work, at their respective CME arrival times STEREO-
A is separated by 0.52 au and 12° from Bepi, 0.35 au and 11° from
SolO, and 0.18 au and 5° from PSP. Indeed, it has been shown that
even in in-situ CME reconstructions (rather than forward-modelling)
reconciling measurements taken at far-separated spacecraft is often
not possible under the assumption of self-similar expansion (e.g.,
Weiss et al. 2021; Davies et al. 2024).

Nevertheless, we remark that in this work we have employed a sim-
ple goodness-of-fit metric based on absolute errors between modelled
and observed quantities combined with timing errors. In the future,
we will consider more sophisticated metrics such as dynamic time
warping, which has been shown in recent works to be applicable
to solar wind (e.g., Samara et al. 2022; Kieokaew et al. 2024), solar
energetic particle (e.g., Palmerio et al. 2024a), and even geomagnetic
index (e.g., Laperre et al. 2020; Maharana et al. 2024) time series. It
is possible that different metrics highlight different solutions as the
“best run”, and more work is necessary in this direction to evaluate
how to best benchmark CME arrival time and magnetic field config-
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uration within a single, combined metric (see Verbeke et al. 2019,
for an overview of some initial efforts on the matter).

Finally, we noted that, even if the observed By and By com-
ponents were somewhat well captured by the seed and ensemble
member runs (Figures 7 and 9), the Bg component was predicted to
have the opposite sign for all cases. To verify whether this is indeed
aresult of all the simulated crossings taking place north of the CME
nose (see Figure 8(b)), we extract synthetic in-situ profiles from the
seed run by mirroring each spacecraft’s position in latitude with re-
spect to the apex (i.e., by considering the corresponding “minus”
Y-coordinates in Figure 8(b)), as shown in Figure 11. Indeed, all Bg
predictions inside the ejecta are significantly improved, indicating
that the CME may have been crossed, in reality, south of its nose
by all four probes. It is possible that the ForeCAT deflections in
the corona were underestimated by OSPREI (cf. the nose latitude
of only —8° estimated via the GCS reconstructions in Section 2.2
against the seed latitude of —25° in Section 4.1), and/or that the
CME further deflected northwards during its interplanetary propa-
gation (e.g., Isavnin et al. 2014), where we have instead assumed
constant trajectory. It is worth noting that OSPREI could also be run
in “interplanetary mode” only, where CME parameters in the outer
corona (estimated, e.g., from GCS reconstructions) are propagated
directly with ANTEATR+FIDO—thus, bypassing the ForeCAT por-
tion of the modelling suite. In the case of the event studied here,
such a run (not shown) yields Bg components that are still negative
but significantly closer to zero than in Figure 7, further suggesting
that the CME might have continued its northwards deflection after
leaving the solar corona.

6 SUMMARY AND CONCLUSIONS

In this work, we have taken advantage of an exceptional cluster-
ing of spacecraft between ~0.4 and ~1 au to perform analysis and
modelling of the 23 September 2021 CME from its eruption up to
its arrival at ~1 au. To our knowledge, this is the first report of an
event being observed in situ by four well-radially-separated probes
inside 1 au, providing a critical opportunity to evaluate CME evo-
lution across the different locations and to provide additional.val-
idation for multi-spacecraft CME propagation modelling. Overally
the picture that emerges from the synthesis of remote-sénsing and
in-situ observations of the 23 September 2021 CME s that of a
slow, moderate-sized event that propagated through a‘slowsambient
wind and that largely maintained its magnetic“orientation as esti-
mated from solar data. Nevertheless, the in-situ, profiles at the four
probes, whilst following similar trends, aréicharacterised by several
prominent differences—especially in the magnetic field magnitude
and in a number of discontinuities ptesent only at a subset of space-
craft (see Figure 10). Given that strong intefractions with a structured
solar wind are not expected to ‘havestaken place in this particular
event (since, as mentioned in Section 5.1, the CME is embedded
in the slow solar windeat=all,locations for which plasma data are
available), it is possible that distortions over the full CME body are
a remnant of thesintrinsie complexity of the CME eruption dynam-
ics (see Section 2.1) ‘and coronal evolution (see Section 2.2), which
involve a multipolas-Source region and multiple eruptions close in
time. Fot example; Bothmer & Mrotzek (2017) suggested that kinks
in the near-Sun flux rope configuration can propagate through its
inferplanetary evolution, resulting in a CME body characterised by
local deyiations from the global structure that may even appear to
feature different orientations from one in-situ encounter to the next.

Modelling of the 23 September 2021 CME with OSPREI showed
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that the seed run does an adequate job at predicting the various ar-
rival times (which are also consistent with WSA—Enlil+Cone results,
see Appendix A) as well as the multi-spacecraft in-situ profiles at
the large scale in a hindcast fashion (see Figure 7), but is naturally
not capable to reproduce the smaller-scale variability encountered in
the in-situ measurements. In this sense, Sun-to-1 au MHD modelling
(e.g.,Jinetal. 2017; Torok et al. 2018) is expected to be better-suited
to capture the complex evolution of CME magnetic fields during
interplanetary propagation. We noted that the seed run predicted
an opposite sign of Bg with respect to spacecraft observations and
showed that “mirroring” the encounters south of the CME nose yields
a better match (see Figure 11), suggesting that the CME deflected
further northwards than estimated in our simulations. This exercise
highlights the importance of leveraging modelling results to further
interpret observational data, where discrepancies in the compared
time series can be used to extrapolate and draw conclusions$, as to
the evolution dynamics of a CME. Ensemble modelling«with ©S-
PREI revealed that the “best-fit” runs across the different spacecraft
tend to diverge with heliocentric distance and/or angular separation,
indicating that using measurements at an inner’probe to-Constrain
predictions at an outer probe is a reasonable approach as long as
the two locations are not “too far apart”. In practical terms, given
that PSP (0.78 au) and STEREO-A (096 au) were characterised by
the same ensemble member resulting.insthe best-fit run, it appears
reasonable to assume that sub-au probes around Venus’s orbit might
be an optimal choice to constrain, 1 au predictions whilst allowing
for enough leading time (e.g., Szabo'et al. 2023).

Finally, analysis and modelling'of the 23 September 2021 CME has
been possible due to afortuitous relative configuration of four probes
inside 1 au: Bepi, SolO; PSP;and STEREO-A. Multi-spacecraft CME
encounters that involve more than two probes are understandably rare
and are oftefirrather complex to interpret, since it becomes increas-
ingly difficult 'to attribute differences in the measurements to he-
liospheric evolution (in time) and/or to local distortions (across the
CMEbody). A dedicated constellation with well-defined spatial and
angular séparations is expected to provide improvements towards
reselving such ambiguities (see Scolini et al. 2023, for a detailed
numerical study on the amount of probes necessary to fully charac-
terise CME complexity). Nevertheless, as discussed in Palmerio et al.
(2023a), this study represents yet another proof of the importance of
multi-spacecraft measurements and of taking advantage of as many
data sets as possible, including those from planetary missions (as
was the case for Bepi in this work), to bring further insights into the
varied aspects of CME evolution in the heliosphere.
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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 23 September 2021 CME at (a) Bepi, (b) SolO, (c) PSP, and (d) STEREO-A. All panels and parameters are shown in the same
fopmat as \Figure 7.
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DATA AVAILABILITY

Remote-sensing (EUV and white-light) data from SDO, SOHO,
and STEREO are openly available at the Virtual Solar Observatory
(VSO; https://sdac.virtualsolar.org), whilst full-Sun magnetograph
maps from SDO can be found at the Joint Science Operations Center
(JSOC; http://jsoc.stanford.edu). These data were visualised, pro-
cessed, and analysed trough SunPy (SunPy Community et al. 2020),
IDL SolarSoft (Freeland & Handy 1998), and the ESA JHelioviewer
software (Miiller et al. 2017). Bepi data from the mission’s cruise
phase will be released to the public in the future. SolO, PSP, and
STEREO-A data can be found at NASA’s Coordinated Data Analy-
sis Web (CDAWEeb; https://cdaweb.gsfc.nasa.gov) database. The OS-
PREI modelling suite is entirely available online and can be found at
https://github.com/ckay314/OSPREI. Finally, the WSA—Enlil+Cone
simulation run employed in this work can be accessed online at
https://ccmc.gsfc.nasa.gov/ungrouped/SH/Helio_main.php (run id:
Erika_Palmerio_072624_SH_1).

REFERENCES

Abraham-Shrauner B., Yun S. H., 1976, J. Geophys. Res., 81, 2097

Acuiia M. H., Curtis D., Scheifele J. L., Russell C. T., Schroeder P., Szabo
A., Luhmann J. G., 2008, Space Sci. Rev., 136, 203

Al-Haddad N., et al., 2013, Sol. Phys., 284, 129

Al-Haddad N., Nieves-Chinchilla T., Savani N. P., Lugaz N., RoussevInl.,
2018, Sol. Phys., 293, 73

Al-Shakarchi D. A., Morgan H., 2018, J. Geophys. Res. (Space/Phys.); 123,
2535

Altschuler M. D., Newkirk G., 1969, Sol. Phys., 9, 131

Arge C. N., Luhmann J. G., Odstrcil D., Schrijver C. J.,4zinY+5:2004,J. Atmos.
Solar-Terr. Phys., 66, 1295

Asvestari E., et al., 2021, A&A, 652, A27

Attrill G. D. R., Harra L. K., van Driel-GesztelyitL., Démoulin P., Wiilser
J. P., 2007, Astron. Nachrichten, 328,760

Bale S. D., et al., 2016, Space Sci. Rev.; 204, 49

Balmaceda L. A., Vourlidas A., Stenborg G.; Kwon R.-Y., 2022, ApJ, 931,
141

Benkhoft J., et al., 2021, Space Sci. Rev., 217, 90

BlancoJ. J., Hidalgo M. AqRodriguez-Pacheco J., Medina J., 2011, J. Atmos.
Solar-Terr. Phys., 73; 1339

Bothmer V., Mrotzek N., 2017./Sol. Phys., 292, 157

Bothmer V., Schwenn R%,1998, Ann. Geophys., 16, 1

Brueckner G.E., etal., 1995, Sol. Phys., 162, 357

Burlaga L<E., 1988, J. Geophys. Res., 93, 7217

Burlaga‘L., Sittler/E., Mariani F., Schwenn R., 1981, J. Geophys. Res., 86,
6673

Burlaga L. FZ, Ness N. F., Richardson J. D., Lepping R. P., 2001, Sol. Phys.,
204,399

Carcaboso F,, et al., 2024, A&A, 684, A90

Case A. W,, et al., 2020, ApJS, 246, 43

A CME encountered by four probes inside 1 au 17

Colburn D. S., Sonett C. P., 1966, Space Sci. Rev., 5, 439

Davies E. E,, et al., 2021, A&A, 656, A2

Davies E. E., Winslow R. M., Scolini C., Forsyth R. J., Mostl C., Lugaz N.,
Galvin A. B., 2022, ApJ, 933, 127

Davies E. E., et al., 2024, ApJ, 973, 51

Démoulin P., Dasso S., 2009, A&A, 498, 551

Domingo V., Fleck B., Poland A. 1., 1995, Sol. Phys., 162, 1

Dumbovi¢ M., et al., 2019, ApJ, 880, 18

Farrugia C. J., Burlaga L. F., Osherovich V. A., Richardson I. G., Freeman
M. P., Lepping R. P, Lazarus A. J., 1993, J. Geophys. Res., 98, 7621

Farrugia C.J., et al., 2011, J. Atmos. Solar-Terr. Phys., 73, 1254

Forbes T. G., 2000, J. Geophys. Res., 105, 23153

Fox N. J., et al., 2016, Space Sci. Rev., 204, 7

Freeland S. L., Handy B. N., 1998, Sol. Phys., 182, 497

Galvin A. B., et al., 2008, Space Sci. Rev., 136, 437

Good S. W., Kilpua E. K. J., LaMoury A. T., Forsyth R. J., Eastwood J. P.,
Mostl C., 2019, J. Geophys. Res. (Space Phys.), 124, 4960

Good S. W., Ala-Lahti M., Palmerio E., Kilpua E. K. J., Osmane"A., 2020,
ApJ, 893, 110

Green L. M., Torok T., Vr$nak B., Manchester W., Veronig'A., 2018, Space
Sci. Rev., 214, 46

Harvey J. W,, et al., 1996, Science, 272, 1284

Hayashi K., Hoeksema J. T., Liu Y., Bobra M. G¢ Sun X D., Norton A. A.,
2015, Sol. Phys., 290, 1507

Heyner D., et al., 2021, Space Sci. Rev., 217, 52

Horbury T. S., et al., 2020, A&A, 642, A9

Howard R. A, et al., 2008, Space Sci. Rev.;, 136567

Isavnin A., Vourlidas A., Kilpua E. KiJ., 2014, Sol. Phys., 289, 2141

Jin M., Manchester W. B., van der Holst B., Sokolov 1., Téth G., Vourlidas
A., de Koning C. A., Gombosi T-T;, 2017, ApJ, 834, 172

Kaiser M. L., Kucera T, A., Davila J. M., St. Cyr O. C., Guhathakurta M.,
Christian E., 2008, Space'Sei. Rev., 136, 5

Karpen J. T., Kumat,P., Wyper P. F., DeVore C. R., Antiochos S. K., 2024,
Apl, 966,27

Kasper J. C., etal.,;”2016, Space Sci. Rev., 204, 131

Kay C.,.Gopalswamy N., 2017, J. Geophys. Res. (Space Phys.), 122, 11,810

Kay,C., Gopalswamy N., 2018, J. Geophys. Res. (Space Phys.), 123, 7220

Kay C:Nieves-Chinchilla T., 2021, J. Geophys. Res. (Space Phys.), 126,
€28966

Kay,C¢; Palmerio E., 2024, Space Weather, 22, e2023SW003796

Kay'C., Opher M., Evans R. M., 2015, ApJ, 805, 168

Kay C., Mays M. L., Collado-Vega Y. M., 2022a, Space Weather, 20,
€2021SW002914

Kay C., Nieves-Chinchilla T., Hofmeister S. J., Palmerio E., 2022b, Space
Weather, 20, e2022SW003165

Kay C., et al., 2024, Space Weather, 22, e2024SW003951

Kieokaew R., et al., 2024, J. Space Weather Space Clim., 14, 19

Kilpua E. K. J., et al., 2009, Sol. Phys., 254, 325

Kilpua E. K. J., Isavnin A., Vourlidas A., Koskinen H. E. J., Rodriguez L.,
2013, Ann. Geophys., 31, 1251

Kilpua E. K. J., Lumme E., Andreeova K., Isavnin A., Koskinen H. E. J.,
2015, J. Geophys. Res. (Space Phys.), 120, 4112

Kilpua E., Koskinen H. E. J., Pulkkinen T. I., 2017, Living Rev. Sol. Phys.,
14,5

Kilpua E. K. J., Lugaz N., Mays M. L., Temmer M., 2019, Space Weather,
17, 498

Kilpua E. K. J., et al., 2021, A&A, 656, A8

Kubicka M., Méstl C., Amerstorfer T., Boakes P. D., Feng L., Eastwood J. P.,
Torminen O., 2016, ApJ, 833, 255

Laker R., et al., 2024, Space Weather, 22, ¢2023SW003628

Laperre B., Amaya J., Lapenta G., 2020, Front. Astron. Space Sci., 7, 39

Lavraud B., Owens M. J., Rouillard A. P., 2011, Sol. Phys., 270, 285

Ledvina V. E., Palmerio E., Kay C., Al-Haddad N., Riley P., 2023, A&A,
673, A96

Lee J., Karpen J. T., Liu C., Wang H., 2020, ApJ, 893, 158

Lemen J. R., et al.,, 2012, Sol. Phys., 275, 17

Lepping R. P., Jones J. A., Burlaga L. F., 1990, J. Geophys. Res., 95, 11957

$20Z JaquiaAoN zz uo 1sanb Aq £09906//909Z9B1S/SEIUW/SE0 | 01 /10P/2[0IIB-80UuBApPE/SEIUW/WOD dNoolwapeoe//:sdiy Woll papeojumod


www.serpentine-h2020.eu
https://ccmc.gsfc.nasa.gov
https://sdac.virtualsolar.org/
http://jsoc.stanford.edu/
https://cdaweb.gsfc.nasa.gov
https://github.com/ckay314/OSPREI
https://ccmc.gsfc.nasa.gov/ungrouped/SH/Helio_main.php
http://dx.doi.org/10.1029/JA081i013p02097
https://ui.adsabs.harvard.edu/abs/1976JGR....81.2097A
http://dx.doi.org/10.1007/s11214-007-9259-2
https://ui.adsabs.harvard.edu/abs/2008SSRv..136..203A
http://dx.doi.org/10.1007/s11207-013-0244-5
http://adsabs.harvard.edu/abs/2013SoPh..284..129A
http://dx.doi.org/10.1007/s11207-018-1288-3
https://ui.adsabs.harvard.edu/abs/2018SoPh..293...73A
http://dx.doi.org/10.1002/2017JA024849
https://ui.adsabs.harvard.edu/abs/2018JGRA..123.2535A
https://ui.adsabs.harvard.edu/abs/2018JGRA..123.2535A
http://dx.doi.org/10.1007/BF00145734
https://ui.adsabs.harvard.edu/abs/1969SoPh....9..131A
http://dx.doi.org/10.1016/j.jastp.2004.03.018
http://dx.doi.org/10.1016/j.jastp.2004.03.018
https://ui.adsabs.harvard.edu/abs/2004JASTP..66.1295A
http://dx.doi.org/10.1051/0004-6361/202140315
https://ui.adsabs.harvard.edu/abs/2021A&A...652A..27A
http://dx.doi.org/10.1002/asna.200710794
https://ui.adsabs.harvard.edu/abs/2007AN....328..760A
http://dx.doi.org/10.1007/s11214-016-0244-5
https://ui.adsabs.harvard.edu/abs/2016SSRv..204...49B
http://dx.doi.org/10.3847/1538-4357/ac695c
https://ui.adsabs.harvard.edu/abs/2022ApJ...931..141B
https://ui.adsabs.harvard.edu/abs/2022ApJ...931..141B
http://dx.doi.org/10.1007/s11214-021-00861-4
https://ui.adsabs.harvard.edu/abs/2021SSRv..217...90B
http://dx.doi.org/10.1016/j.jastp.2010.10.014
http://dx.doi.org/10.1016/j.jastp.2010.10.014
https://ui.adsabs.harvard.edu/abs/2011JASTP..73.1339B
http://dx.doi.org/10.1007/s11207-017-1171-7
https://ui.adsabs.harvard.edu/abs/2017SoPh..292..157B
http://dx.doi.org/10.1007/s00585-997-0001-x
https://ui.adsabs.harvard.edu/abs/1998AnGeo..16....1B
http://dx.doi.org/10.1007/BF00733434
https://ui.adsabs.harvard.edu/abs/1995SoPh..162..357B
http://dx.doi.org/10.1029/JA093iA07p07217
https://ui.adsabs.harvard.edu/abs/1988JGR....93.7217B
http://dx.doi.org/10.1029/JA086iA08p06673
https://ui.adsabs.harvard.edu/abs/1981JGR....86.6673B
https://ui.adsabs.harvard.edu/abs/1981JGR....86.6673B
http://dx.doi.org/10.1023/A:1014269926730
https://ui.adsabs.harvard.edu/abs/2001SoPh..204..399B
http://dx.doi.org/10.1051/0004-6361/202347083
https://ui.adsabs.harvard.edu/abs/2024A&A...684A..90C
http://dx.doi.org/10.3847/1538-4365/ab5a7b
https://ui.adsabs.harvard.edu/abs/2020ApJS..246...43C
http://dx.doi.org/10.1007/BF00240575
https://ui.adsabs.harvard.edu/abs/1966SSRv....5..439C
http://dx.doi.org/10.1051/0004-6361/202040113
https://ui.adsabs.harvard.edu/abs/2021A&A...656A...2D
http://dx.doi.org/10.3847/1538-4357/ac731a
https://ui.adsabs.harvard.edu/abs/2022ApJ...933..127D
http://dx.doi.org/10.3847/1538-4357/ad64cb
https://ui.adsabs.harvard.edu/abs/2024ApJ...973...51D
http://dx.doi.org/10.1051/0004-6361/200810971
https://ui.adsabs.harvard.edu/abs/2009A&A...498..551D
http://dx.doi.org/10.1007/BF00733425
https://ui.adsabs.harvard.edu/abs/1995SoPh..162....1D
http://dx.doi.org/10.3847/1538-4357/ab27ca
https://ui.adsabs.harvard.edu/abs/2019ApJ...880...18D
http://dx.doi.org/10.1029/92JA02349
https://ui.adsabs.harvard.edu/abs/1993JGR....98.7621F
http://dx.doi.org/10.1016/j.jastp.2010.09.011
https://ui.adsabs.harvard.edu/abs/2011JASTP..73.1254F
http://dx.doi.org/10.1029/2000JA000005
https://ui.adsabs.harvard.edu/abs/2000JGR...10523153F
http://dx.doi.org/10.1007/s11214-015-0211-6
https://ui.adsabs.harvard.edu/abs/2016SSRv..204....7F
http://dx.doi.org/10.1023/A:1005038224881
https://ui.adsabs.harvard.edu/abs/1998SoPh..182..497F
http://dx.doi.org/10.1007/s11214-007-9296-x
https://ui.adsabs.harvard.edu/abs/2008SSRv..136..437G
http://dx.doi.org/10.1029/2019JA026475
https://ui.adsabs.harvard.edu/abs/2019JGRA..124.4960G
http://dx.doi.org/10.3847/1538-4357/ab7fa2
https://ui.adsabs.harvard.edu/abs/2020ApJ...893..110G
http://dx.doi.org/10.1007/s11214-017-0462-5
http://dx.doi.org/10.1007/s11214-017-0462-5
https://ui.adsabs.harvard.edu/abs/2018SSRv..214...46G
http://dx.doi.org/10.1126/science.272.5266.1284
https://ui.adsabs.harvard.edu/abs/1996Sci...272.1284H
http://dx.doi.org/10.1007/s11207-015-0686-z
https://ui.adsabs.harvard.edu/abs/2015SoPh..290.1507H
http://dx.doi.org/10.1007/s11214-021-00822-x
https://ui.adsabs.harvard.edu/abs/2021SSRv..217...52H
http://dx.doi.org/10.1051/0004-6361/201937257
https://ui.adsabs.harvard.edu/abs/2020A&A...642A...9H
http://dx.doi.org/10.1007/s11214-008-9341-4
https://ui.adsabs.harvard.edu/abs/2008SSRv..136...67H
http://dx.doi.org/10.1007/s11207-013-0468-4
https://ui.adsabs.harvard.edu/abs/2014SoPh..289.2141I
http://dx.doi.org/10.3847/1538-4357/834/2/172
https://ui.adsabs.harvard.edu/abs/2017ApJ...834..172J
http://dx.doi.org/10.1007/s11214-007-9277-0
https://ui.adsabs.harvard.edu/abs/2008SSRv..136....5K
http://dx.doi.org/10.3847/1538-4357/ad2eaa
https://ui.adsabs.harvard.edu/abs/2024ApJ...966...27K
http://dx.doi.org/10.1007/s11214-015-0206-3
https://ui.adsabs.harvard.edu/abs/2016SSRv..204..131K
http://dx.doi.org/10.1002/2017JA024541
https://ui.adsabs.harvard.edu/abs/2017JGRA..12211810K
http://dx.doi.org/10.1029/2018JA025780
https://ui.adsabs.harvard.edu/abs/2018JGRA..123.7220K
http://dx.doi.org/10.1029/2020JA028966
https://ui.adsabs.harvard.edu/abs/2021JGRA..12628966K
https://ui.adsabs.harvard.edu/abs/2021JGRA..12628966K
http://dx.doi.org/10.1029/2023SW003796
https://ui.adsabs.harvard.edu/abs/2024SpWea..2203796K
http://dx.doi.org/10.1088/0004-637X/805/2/168
https://ui.adsabs.harvard.edu/abs/2015ApJ...805..168K
http://dx.doi.org/10.1029/2021SW002914
https://ui.adsabs.harvard.edu/abs/2022SpWea..2002914K
https://ui.adsabs.harvard.edu/abs/2022SpWea..2002914K
http://dx.doi.org/10.1029/2022SW003165
http://dx.doi.org/10.1029/2022SW003165
https://ui.adsabs.harvard.edu/abs/2022SpWea..2003165K
http://dx.doi.org/10.1029/2024SW003951
https://ui.adsabs.harvard.edu/abs/2024SpWea..2203951K
http://dx.doi.org/10.1051/swsc/2024018
https://ui.adsabs.harvard.edu/abs/2024JSWSC..14...19K
http://dx.doi.org/10.1007/s11207-008-9300-y
https://ui.adsabs.harvard.edu/abs/2009SoPh..254..325K
http://dx.doi.org/10.5194/angeo-31-1251-2013
https://ui.adsabs.harvard.edu/abs/2013AnGeo..31.1251K
http://dx.doi.org/10.1002/2015JA021138
https://ui.adsabs.harvard.edu/abs/2015JGRA..120.4112K
http://dx.doi.org/10.1007/s41116-017-0009-6
https://ui.adsabs.harvard.edu/abs/2017LRSP...14....5K
http://dx.doi.org/10.1029/2018SW001944
https://ui.adsabs.harvard.edu/abs/2019SpWea..17..498K
http://dx.doi.org/10.1051/0004-6361/202140838
https://ui.adsabs.harvard.edu/abs/2021A&A...656A...8K
http://dx.doi.org/10.3847/1538-4357/833/2/255
https://ui.adsabs.harvard.edu/abs/2016ApJ...833..255K
http://dx.doi.org/10.1029/2023SW003628
https://ui.adsabs.harvard.edu/abs/2024SpWea..2203628L
http://dx.doi.org/10.3389/fspas.2020.00039
https://ui.adsabs.harvard.edu/abs/2020FrASS...7...39L
http://dx.doi.org/10.1007/s11207-011-9717-6
https://ui.adsabs.harvard.edu/abs/2011SoPh..270..285L
http://dx.doi.org/10.1051/0004-6361/202245445
https://ui.adsabs.harvard.edu/abs/2023A&A...673A..96L
http://dx.doi.org/10.3847/1538-4357/ab80c4
https://ui.adsabs.harvard.edu/abs/2020ApJ...893..158L
http://dx.doi.org/10.1007/s11207-011-9776-8
https://ui.adsabs.harvard.edu/abs/2012SoPh..275...17L
http://dx.doi.org/10.1029/JA095iA08p11957
https://ui.adsabs.harvard.edu/abs/1990JGR....9511957L

18  E. Palmerio et al.

Liu Y., Richardson J. D., Belcher J. W., Wang C., Hu Q., Kasper J. C., 2006,
J. Geophys. Res., 111, A12S03

Liu Y. D., Hu H., Wang C., Luhmann J. G., Richardson J. D., Yang Z., Wang
R., 2016, ApJS, 222,23

LiuY. A, Liu Y. D, Hu H,, Wang R., Zhao X., 2018, ApJ, 854, 126

Longcope D. W., 2005, Living Rev. Sol. Phys., 2, 7

Lugaz N., Farrugia C. J., Davies J. A., Mostl C., Davis C. J., Roussev 1. I,
Temmer M., 2012, ApJ, 759, 68

Lugaz N., Temmer M., Wang Y., Farrugia C. J., 2017, Sol. Phys., 292, 64

Lugaz N., Farrugia C. J., Winslow R. M., Al-Haddad N., Galvin A. B.,
Nieves-Chinchilla T., Lee C. O., Janvier M., 2018, AplJ, 864, L7

Lugaz N., et al., 2022, ApJ, 929, 149

Luhmann J. G, et al., 2008, Space Sci. Rev., 136, 117

Luhmann J. G., Gopalswamy N., Jian L. K., Lugaz N., 2020, Sol. Phys., 295,
61

Lynch B. J., Masson S., Li Y., DeVore C. R., Luhmann J. G., Antiochos S. K.,
Fisher G. H., 2016, J. Geophys. Res. (Space Phys.), 121, 10677

Maharana A., Cramer W. D., Samara E., Scolini C., Raeder J., Poedts S.,
2024, Space Weather, 22, €2023SW003715

Manchester W., Kilpua E. K. J.,, Liu Y. D., Lugaz N., Riley P., Torok T.,
Vr$nak B., 2017, Space Sci. Rev., 212, 1159

Maunder M. L., Foullon C., Forsyth R., Barnes D., Davies J., 2022, Sol. Phys.,
297, 148

Mays M. L., et al., 2015, ApJ, 812, 145

Mostl C., et al., 2018, Space Weather, 16, 216

Mostl C., et al., 2022, ApJ, 924, L6

Miiller D., et al., 2017, A&A, 606, A10

Miiller D, et al., 2020, A&A, 642, Al

Mulligan T., Russell C. T., Luhmann J. G., 1998, Geophys. Res. Lett., 25,
2959

Nieves-Chinchilla T., Vourlidas A., Raymond J. C., Linton M. G., Al-haddad
N., Savani N. P., Szabo A., Hidalgo M. A., 2018a, Sol. Phys., 293, 25

Nieves-Chinchilla T., Linton M. G., Hidalgo M. A., Vourlidas A., 2018b,
AplJ, 861, 139

Odstrcil D., 2003, Adv. Space Res., 32, 497

Odstrcil D., 2023, Front. Astron. Space Sci., 10, 1226992

Owen C. J., et al., 2020, A&A, 642, A16

Owens M. J., 2020, Sol. Phys., 295, 148

Owens M. J., Cargill P. J., Pagel C., Siscoe G. L., Crooker N. U., 2005,
J. Geophys. Res., 110, A01105

Pal S., Dash S., Nandy D., 2020, Geophys. Res. Lett., 47, e2019GL086372

Pal S., Lynch B. J., Good S. W., Palmerio E., Asvestari E., Pomoell J., Stevens
M. L., Kilpua E. K. J., 2022, Front. Astron. Space Sci., 9, 903676

Palmerio E., Kilpua E. K. J., James A. W., Green L. M., Pomoell J¢ Isavnin
A., Valori G., 2017, Sol. Phys., 292, 39

Palmerio E., et al., 2018, Space Weather, 16, 442

Palmerio E., et al., 2021a, Space Weather, 19, e2020SW002654

Palmerio E., et al., 2021b, J. Geophys. Res. {(SpacePhys.), 126,
€2021JA029770

Palmerio E., Kay C., Al-Haddad N., Lynch B. J¢, Yu W, Stevens M. L., Pal
S.,Lee C. O.,2021c, ApJ, 920, 65

Palmerio E., et al., 2022a, Space Weather, 20, e2021SW002993

Palmerio E., et al., 2022b, Space Weather;;20, €2022SW003215

Palmerio E., et al., 2023a, BAAS, 55, 307

Palmerio E., Maharana A., Lynch B}\J.;/Seolini C., Good S. W., Pomoell J.,
Isavnin A., Kilpua E. K. J7, 2023b, ApJ, 958, 91

Palmerio E., et al., 2024a,d=Space Weather Space Clim., 14, 3

Palmerio E., et al., 2024b, ApJ, 963, 108

Paschmann G., Schwartz"S. J.; 2000, in Harris R. A., ed., ESA Special
Publication Vol. 449;Cluster-1I Workshop Multiscale / Multipoint Plasma
Measurementsy,p. 99

Patsourakoes:S., Vourlidas A., Kliem B., 2010, A&A, 522, A100

Patsourakos S., et al., 2020, Space Sci. Rev., 216, 131

Pesnell'W. D., Thompson B. J., Chamberlin P. C., 2012, Sol. Phys., 275, 3

Pulkkinen T/ 1., Partamies N., Huttunen K. E. J., Reeves G. D., Koskinen
H. E/J., 2007, Geophys. Res. Lett., 34, L02105

Regnault F., Al-Haddad N., Lugaz N., Farrugia C. J., Yu W., Zhuang B.,
Davies E. E., 2024, ApJ, 962, 190

Richardson I. G., Cane H. V., 2010, Sol. Phys., 264, 189

Richardson J. D., Liu Y., Wang C., Burlaga L. F., 2006, Adv. Space Res., 38,
528

Riley P., Linker J. A., Miki¢ Z., Odstrcil D., Zurbuchen T. H., Lario D.,
Lepping R. P., 2003, J. Geophys. Res., 108, 1272

Riley P, et al., 2004, J. Atmos. Solar-Terr. Phys., 66, 1321

Riley P, et al., 2018, Space Weather, 16, 1245

Ruffenach A, et al., 2012, J. Geophys. Res., 117, A09101

Ruffenach A., et al., 2015, J. Geophys. Res. (Space Phys.), 120, 43

Salman T. M., Winslow R. M., Lugaz N., 2020, J. Geophys. Res. (Space
Phys.), 125, e2019JA027084

Samara E., Laperre B., Kieokaew R., Temmer M., Verbeke C., Rodriguez L.,
Magdalenié J., Poedts S., 2022, ApJ, 927, 187

Sarkar R., Srivastava N., Gopalswamy N., Kilpua E., 2024, ApJS, 273, 36

Savani N. P, Owens M. J., Rouillard A. P., Forsyth R. J., Davies J. A., 2010,
Apl, 714,128

Scherrer P. H.,, et al., 2012, Sol. Phys., 275, 207

Scolini C., Winslow R. M., Lugaz N., Poedts S., 2023, ApJ, 944,46

Sterling A. C., Moore R. L., 2001, ApJ, 560, 1045

Subramanian P., Arunbabu K. P., Vourlidas A., Mauriya A%;20145,Ap]J, 790,
125

SunPy Community et al., 2020, ApJ, 890, 68

Szabo A., Ho G., Jian L., Lario D., Nieves-Chinchilla T.;;2023, BAAS, 55,
384

Temmer M., 2021, Living Rev. Sol. Phys.,(18, 4

Thernisien A., 2011, ApJS, 194, 33

Thompson B. J., Plunkett S. P., Gurman J. B., Newmark J. S., St. Cyr O. C.,
Michels D. J., 1998, Geophys: ResuLett., 25, 2465

Torok T., et al., 2018, ApJ, 856, 75

Trotta D., et al., 2022, Front. Astron. Space Sci., 9, 1005672

Trotta D., et al., 2024a, ApJ, 962147

Trotta D., et al., 2024b, ApJ, 971, L35

Verbeke C., et al., 2019, Space Weather, 17, 6

Verbeke C., etal;,2023, Adv. Space Res., 72, 5243

Vourlidas A., Webb D. E,, 2018, ApJ, 861, 103

Vourlidas Ay Colaninno R., Nieves-Chinchilla T., Stenborg G., 2011, ApJ,
733,123

Vrs$nak By€t al., 2013, Sol. Phys., 285, 295

VrSnak B., et al., 2019, AplJ, 877, 77

Wang Y. M., Sheeley N. R. J., 1992, ApJ, 392, 310

Wang Y., Wang B., Shen C., Shen F., Lugaz N., 2014, J. Geophys. Res. (Space
Phys.), 119, 5117

Webb D. F., Vourlidas A., 2016, Sol. Phys., 291, 3725

Weiss A. 1., et al., 2021, A&A, 656, A13

Winslow R. M., Scolini C., Lugaz N., Galvin A. B., 2021, ApJ, 916, 40

Witasse O., et al., 2017, J. Geophys. Res. (Space Phys.), 122, 7865

Wauelser J.-P,, et al., 2004, in Fineschi S., Gummin M. A., eds, Society of
Photo-Optical Instrumentation Engineers (SPIE) Conference Series Vol.
5171, Telescopes and Instrumentation for Solar Astrophysics. pp 111-
122, doi:10.1117/12.506877

Wyper P. F., DeVore C. R., 2016, ApJ, 820, 77

Wyper P. F., DeVore C. R., Karpen J. T., Lynch B. J., 2016, ApJ, 827, 4

Xie H., Gopalswamy N., Akiyama S., 2021, ApJ, 922, 64

Yu W., Al-Haddad N., Farrugia C. J., Lugaz N., Regnault F., Galvin A., 2022,
ApJ, 937, 86

Yurchyshyn V., Hu Q., Lepping R. P., Lynch B. J., Krall J., 2007, Adv. Space
Res., 40, 1821

Zhang Q., 2024, Rev. Mod. Plasma Phys., 8, 7

Zhang J., et al., 2007, J. Geophys. Res., 112, A10102

Zhuang B., Lugaz N., Temmer M., Gou T., Al-Haddad N., 2022, ApJ, 933,
169

Zuccarello F. P, Bemporad A., Jacobs C., Mierla M., Poedts S., Zuccarello
F., 2012, Apl, 744, 66

Zurbuchen T. H., Richardson I. G., 2006, Space Sci. Rev., 123, 31

von Steiger R., Richardson J. D., 2006, Space Sci. Rev., 123, 111

$20Z JaquiaAoN zz uo 1sanb Aq £09906//909Z9B1S/SEIUW/SE0 | 01 /10P/2[0IIB-80UuBApPE/SEIUW/WOD dNoolwapeoe//:sdiy Woll papeojumod


http://dx.doi.org/10.1029/2006JA011890
https://ui.adsabs.harvard.edu/abs/2006JGRA..11112S03L
http://dx.doi.org/10.3847/0067-0049/222/2/23
https://ui.adsabs.harvard.edu/abs/2016ApJS..222...23L
http://dx.doi.org/10.3847/1538-4357/aaa959
https://ui.adsabs.harvard.edu/abs/2018ApJ...854..126L
http://dx.doi.org/10.12942/lrsp-2005-7
https://ui.adsabs.harvard.edu/abs/2005LRSP....2....7L
http://dx.doi.org/10.1088/0004-637X/759/1/68
https://ui.adsabs.harvard.edu/abs/2012ApJ...759...68L
http://dx.doi.org/10.1007/s11207-017-1091-6
https://ui.adsabs.harvard.edu/abs/2017SoPh..292...64L
http://dx.doi.org/10.3847/2041-8213/aad9f4
https://ui.adsabs.harvard.edu/abs/2018ApJ...864L...7L
http://dx.doi.org/10.3847/1538-4357/ac602f
https://ui.adsabs.harvard.edu/abs/2022arXiv220316477L
http://dx.doi.org/10.1007/s11214-007-9170-x
https://ui.adsabs.harvard.edu/abs/2008SSRv..136..117L
http://dx.doi.org/10.1007/s11207-020-01624-0
https://ui.adsabs.harvard.edu/abs/2020SoPh..295...61L
https://ui.adsabs.harvard.edu/abs/2020SoPh..295...61L
http://dx.doi.org/10.1002/2016JA023432
https://ui.adsabs.harvard.edu/abs/2016JGRA..12110677L
http://dx.doi.org/10.1029/2023SW003715
https://ui.adsabs.harvard.edu/abs/2024SpWea..2203715M
http://dx.doi.org/10.1007/s11214-017-0394-0
https://ui.adsabs.harvard.edu/abs/2017SSRv..212.1159M
http://dx.doi.org/10.1007/s11207-022-02077-3
https://ui.adsabs.harvard.edu/abs/2022SoPh..297..148M
http://dx.doi.org/10.1088/0004-637X/812/2/145
https://ui.adsabs.harvard.edu/abs/2015ApJ...812..145M
http://dx.doi.org/10.1002/2017SW001735
https://ui.adsabs.harvard.edu/abs/2018SpWea..16..216M
http://dx.doi.org/10.3847/2041-8213/ac42d0
https://ui.adsabs.harvard.edu/abs/2022ApJ...924L...6M
http://dx.doi.org/10.1051/0004-6361/201730893
https://ui.adsabs.harvard.edu/#abs/2017A&A...606A..10M
http://dx.doi.org/10.1051/0004-6361/202038467
https://ui.adsabs.harvard.edu/abs/2020A&A...642A...1M
http://dx.doi.org/10.1029/98GL01302
https://ui.adsabs.harvard.edu/abs/1998GeoRL..25.2959M
https://ui.adsabs.harvard.edu/abs/1998GeoRL..25.2959M
http://dx.doi.org/10.1007/s11207-018-1247-z
https://ui.adsabs.harvard.edu/abs/2018SoPh..293...25N
http://dx.doi.org/10.3847/1538-4357/aac951
https://ui.adsabs.harvard.edu/abs/2018ApJ...861..139N
http://dx.doi.org/10.1016/S0273-1177(03)00332-6
https://ui.adsabs.harvard.edu/abs/2003AdSpR..32..497O
http://dx.doi.org/10.3389/fspas.2023.1226992
https://ui.adsabs.harvard.edu/abs/2023FrASS..1026992O
http://dx.doi.org/10.1051/0004-6361/201937259
https://ui.adsabs.harvard.edu/abs/2020A&A...642A..16O
http://dx.doi.org/10.1007/s11207-020-01721-0
https://ui.adsabs.harvard.edu/abs/2020SoPh..295..148O
http://dx.doi.org/10.1029/2004JA010814
https://ui.adsabs.harvard.edu/abs/2005JGRA..110.1105O
http://dx.doi.org/10.1029/2019GL086372
https://ui.adsabs.harvard.edu/abs/2020GeoRL..4786372P
http://dx.doi.org/10.3389/fspas.2022.903676
https://ui.adsabs.harvard.edu/abs/2022FrASS...9.3676P
http://dx.doi.org/10.1007/s11207-017-1063-x
https://ui.adsabs.harvard.edu/abs/2017SoPh..292...39P
http://dx.doi.org/10.1002/2017SW001767
https://ui.adsabs.harvard.edu/abs/2018SpWea..16..442P
http://dx.doi.org/10.1029/2020SW002654
https://ui.adsabs.harvard.edu/abs/2021SpWea..1902654P
http://dx.doi.org/10.1029/2021JA029770
https://ui.adsabs.harvard.edu/abs/2021JGRA..12629770P
https://ui.adsabs.harvard.edu/abs/2021JGRA..12629770P
http://dx.doi.org/10.3847/1538-4357/ac25f4
https://ui.adsabs.harvard.edu/abs/2021ApJ...920...65P
http://dx.doi.org/10.1029/2021SW002993
https://ui.adsabs.harvard.edu/abs/2022SpWea..2002993P
http://dx.doi.org/10.1029/2022SW003215
https://ui.adsabs.harvard.edu/abs/2022SpWea..2003215P
http://dx.doi.org/10.3847/25c2cfeb.ba5ccef8
https://ui.adsabs.harvard.edu/abs/2023BAAS...55c.307P
http://dx.doi.org/10.3847/1538-4357/ad0229
https://ui.adsabs.harvard.edu/abs/2023ApJ...958...91P
http://dx.doi.org/10.1051/swsc/2024001
https://ui.adsabs.harvard.edu/abs/2024JSWSC..14....3P
http://dx.doi.org/10.3847/1538-4357/ad1ab4
https://ui.adsabs.harvard.edu/abs/2024ApJ...963..108P
http://dx.doi.org/10.1051/0004-6361/200913599
https://ui.adsabs.harvard.edu/abs/2010A&A...522A.100P
http://dx.doi.org/10.1007/s11214-020-00757-9
https://ui.adsabs.harvard.edu/abs/2020SSRv..216..131P
http://dx.doi.org/10.1007/s11207-011-9841-3
https://ui.adsabs.harvard.edu/abs/2012SoPh..275....3P
http://dx.doi.org/10.1029/2006GL027775
https://ui.adsabs.harvard.edu/abs/2007GeoRL..34.2105P
http://dx.doi.org/10.3847/1538-4357/ad1883
https://ui.adsabs.harvard.edu/abs/2024ApJ...962..190R
http://dx.doi.org/10.1007/s11207-010-9568-6
https://ui.adsabs.harvard.edu/abs/2010SoPh..264..189R
http://dx.doi.org/10.1016/j.asr.2005.06.049
https://ui.adsabs.harvard.edu/abs/2006AdSpR..38..528R
https://ui.adsabs.harvard.edu/abs/2006AdSpR..38..528R
http://dx.doi.org/10.1029/2002JA009760
https://ui.adsabs.harvard.edu/abs/2003JGRA..108.1272R
http://dx.doi.org/10.1016/j.jastp.2004.03.019
https://ui.adsabs.harvard.edu/abs/2004JASTP..66.1321R
http://dx.doi.org/10.1029/2018SW001962
https://ui.adsabs.harvard.edu/#abs/2018SpWea..16.1245R
http://dx.doi.org/10.1029/2012JA017624
https://ui.adsabs.harvard.edu/abs/2012JGRA..117.9101R
http://dx.doi.org/10.1002/2014JA020628
https://ui.adsabs.harvard.edu/abs/2015JGRA..120...43R
http://dx.doi.org/10.1029/2019JA027084
http://dx.doi.org/10.1029/2019JA027084
https://ui.adsabs.harvard.edu/abs/2020JGRA..12527084S
http://dx.doi.org/10.3847/1538-4357/ac4af6
https://ui.adsabs.harvard.edu/abs/2022ApJ...927..187S
http://dx.doi.org/10.3847/1538-4365/ad5835
https://ui.adsabs.harvard.edu/abs/2024ApJS..273...36S
http://dx.doi.org/10.1088/2041-8205/714/1/L128
http://adsabs.harvard.edu/abs/2010ApJ...714L.128S
http://dx.doi.org/10.1007/s11207-011-9834-2
https://ui.adsabs.harvard.edu/abs/2012SoPh..275..207S
http://dx.doi.org/10.3847/1538-4357/aca893
https://ui.adsabs.harvard.edu/abs/2023ApJ...944...46S
http://dx.doi.org/10.1086/322241
https://ui.adsabs.harvard.edu/abs/2001ApJ...560.1045S
http://dx.doi.org/10.1088/0004-637X/790/2/125
https://ui.adsabs.harvard.edu/abs/2014ApJ...790..125S
https://ui.adsabs.harvard.edu/abs/2014ApJ...790..125S
http://dx.doi.org/10.3847/1538-4357/ab4f7a
https://ui.adsabs.harvard.edu/abs/2020ApJ...890...68S
http://dx.doi.org/10.3847/25c2cfeb.7fb78e78
https://ui.adsabs.harvard.edu/abs/2023BAAS...55c.384S
https://ui.adsabs.harvard.edu/abs/2023BAAS...55c.384S
http://dx.doi.org/10.1007/s41116-021-00030-3
https://ui.adsabs.harvard.edu/abs/2021LRSP...18....4T
http://dx.doi.org/10.1088/0067-0049/194/2/33
https://ui.adsabs.harvard.edu/abs/2011ApJS..194...33T
http://dx.doi.org/10.1029/98GL50429
https://ui.adsabs.harvard.edu/abs/1998GeoRL..25.2465T
http://dx.doi.org/10.3847/1538-4357/aab36d
https://ui.adsabs.harvard.edu/abs/2018ApJ...856...75T
http://dx.doi.org/10.3389/fspas.2022.1005672
https://ui.adsabs.harvard.edu/abs/2022FrASS...905672T
http://dx.doi.org/10.3847/1538-4357/ad187d
https://ui.adsabs.harvard.edu/abs/2024ApJ...962..147T
http://dx.doi.org/10.3847/2041-8213/ad68fa
https://ui.adsabs.harvard.edu/abs/2024ApJ...971L..35T
http://dx.doi.org/10.1029/2018SW002046
https://ui.adsabs.harvard.edu/abs/2019SpWea..17....6V
http://dx.doi.org/10.1016/j.asr.2022.08.056
https://ui.adsabs.harvard.edu/abs/2023AdSpR..72.5243V
http://dx.doi.org/10.3847/1538-4357/aaca3e
https://ui.adsabs.harvard.edu/abs/2018ApJ...861..103V
http://dx.doi.org/10.1088/2041-8205/733/2/L23
https://ui.adsabs.harvard.edu/abs/2011ApJ...733L..23V
http://dx.doi.org/10.1007/s11207-012-0035-4
https://ui.adsabs.harvard.edu/abs/2013SoPh..285..295V
http://dx.doi.org/10.3847/1538-4357/ab190a
https://ui.adsabs.harvard.edu/abs/2019ApJ...877...77V
http://dx.doi.org/10.1086/171430
https://ui.adsabs.harvard.edu/abs/1992ApJ...392..310W
http://dx.doi.org/10.1002/2013JA019537
http://dx.doi.org/10.1002/2013JA019537
https://ui.adsabs.harvard.edu/abs/2014JGRA..119.5117W
http://dx.doi.org/10.1007/s11207-016-0988-9
https://ui.adsabs.harvard.edu/abs/2016SoPh..291.3725W
http://dx.doi.org/10.1051/0004-6361/202140919
https://ui.adsabs.harvard.edu/abs/2021A&A...656A..13W
http://dx.doi.org/10.3847/1538-4357/ac0439
https://ui.adsabs.harvard.edu/abs/2021ApJ...916...40W
http://dx.doi.org/10.1002/2017JA023884
https://ui.adsabs.harvard.edu/abs/2017JGRA..122.7865W
http://dx.doi.org/10.1117/12.506877
http://dx.doi.org/10.3847/0004-637X/820/1/77
https://ui.adsabs.harvard.edu/abs/2016ApJ...820...77W
http://dx.doi.org/10.3847/0004-637X/827/1/4
https://ui.adsabs.harvard.edu/abs/2016ApJ...827....4W
http://dx.doi.org/10.3847/1538-4357/ac23cc
https://ui.adsabs.harvard.edu/abs/2021ApJ...922...64X
http://dx.doi.org/10.3847/1538-4357/ac88c3
https://ui.adsabs.harvard.edu/abs/2022ApJ...937...86Y
http://dx.doi.org/10.1016/j.asr.2007.01.059
http://dx.doi.org/10.1016/j.asr.2007.01.059
https://ui.adsabs.harvard.edu/abs/2007AdSpR..40.1821Y
http://dx.doi.org/10.1007/s41614-024-00144-9
https://ui.adsabs.harvard.edu/abs/2024RvMPP...8....7Z
http://dx.doi.org/10.1029/2007JA012321
https://ui.adsabs.harvard.edu/abs/2007JGRA..11210102Z
http://dx.doi.org/10.3847/1538-4357/ac75d4
https://ui.adsabs.harvard.edu/abs/2022ApJ...933..169Z
https://ui.adsabs.harvard.edu/abs/2022ApJ...933..169Z
http://dx.doi.org/10.1088/0004-637X/744/1/66
https://ui.adsabs.harvard.edu/abs/2012ApJ...744...66Z
http://dx.doi.org/10.1007/s11214-006-9010-4
https://ui.adsabs.harvard.edu/abs/2006SSRv..123...31Z
http://dx.doi.org/10.1007/s11214-006-9015-z
https://ui.adsabs.harvard.edu/abs/2006SSRv..123..111V

APPENDIX A: CME PROPAGATION WITH WSA-ENLIL

To verify that the expected in-situ impacts from the 23 September
2021 event are reasonable in terms of arrival times at the different
locations, we model the inner heliospheric propagation of the CME
using the coupled WSA-Enlil model. WSA operates in the so-called
coronal domain of the simulation and employs magnetic field maps of
the solar photosphere to generate the ambient conditions in the range
1-21.5 R . Enlil operates in the so-called heliospheric domain of the
simulation and uses WSA outputs at 21.5 Ry (or 0.1 au) to model
the solar wind and interplanetary magnetic field up to a user-defined
heliocentric distance—in this work, we set our outer boundary to
1.1 au. Within this framework, CMEs can be inserted at the interface
between the WSA and Enlil domains, i.e. 0.1 au, corresponding to the
outer corona. The employed CME ejecta morphology consists of a
tilted ellipsoid (see Mays et al. 2015) and lacks an internal magnetic
field—we shall refer to this set up as Enlil+Cone. A CME ejecta
described as a hydrodynamic pulse is not appropriate for modelling
and reproducing its magnetic field configuration; nevertheless, the
WSA-Enlil+Cone framework has been shown to be adequate for
evaluating multi-spacecraft CME arrival times (Odstrcil 2023).

The photospheric maps that we use as input for WSA are daily-
updated zero-point-corrected synoptic magnetograms from the Na-
tional Solar Observatory (NSO) Global Oscillation Network Group
(GONG; Harvey et al. 1996). The input parameters for the cone CME
are taken directly from the GCS reconstructions presented in Sec-
tion 2.2 and Figure 3, and the formulas to convert GCS dimensional
parameters into semi-minor and semi-major axes of the ellipsoidal
CME cross-section can be found in Palmerio et al. (2023b, Ap-
pendix A). The CME is inserted through the inner boundary of Enlil
on 23 September 2021 at 17:08 UT with a propagation direction (6,
¢) = (—8°, —37°) in Stonyhurst coordinates, a tilt y = 40° (measured
counterclockwise from the solar west direction), half-widths (Rmax,
Rumin) = (30°, 20°), and initial speed Vg = 390 km-s~!. An overview
of the simulation results is displayed in Figure Al and an animation
is provided in Supplementary Video 4.

Itis evident from the (modelled-versus-observed) time series com-
parisons shown in Figure A1(c—f) that the 23 September 2021 CME
is expected to impact all four spacecraft considered in this work, i‘e.
Bepi, SolO, PSP, and STEREO-A. The simulated arrival timesvat
each location are remarkably close to the corresponding spacecraft
measurements, the modelled impacts being ~1 h late at'Bepi, «3/h
early at SolO, ~4 h late at PSP, and ~3 h late at STEREO-A=<-all’com-
fortably within the current CME arrival time uncertainties of >10 h
(Kay et al. 2024). Additionally, it is possible tomote in Figure Al(a—
b) and Supplementary Video 4 that the CME is expected to encounter
Bepi through its very eastern flank, SolO through/its nose, and PSP
as well as STEREO-A at intermediate distances from the apex. Over-
all, the WSA-Enlil+Cone simulationishoweased here demonstrates
that our assessment and interpretation of the large-scale heliospheric
evolution of the 23 September 2021 event is self-consistent.

A CME encountered by four probes inside 1 au
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Figure A1. Overview ofthe WSA-Enlil+Cone simulation run and comparison of the modelled results at the four spacecraft of interest. The top row shows views
on the ecliptie{plane of the solar wind (a) radial speed and (b) normalised number density within the simulation’s heliospheric domain (0.1-1.1 au), showing
the CME lined with a black contour) about to impact PSP. An animated version of panels (a) and (b) is featured in Supplementary Video 4. The remaining
~Enlil simulation results presented against spacecraft measurements at (c) Bepi, (d) SolO, (e) PSP, and (f) STEREO-A. Observations are
whilst modelled time series are shown in blue—where the solid line indicates the WSA—Enlil+Cone simulation run and the dashed line provides
onding WSA-Enlil ambient run (without the CME). The observed interplanetary shock arrival at each location is marked with a vertical grey line.
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