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Abstract

In-situ measurements carried out by spacecraft in radial alignment are critical to advance our knowledge on the
evolutionary behavior of coronal mass ejections (CMEs) and their magnetic structures during propagation through
interplanetary space. Yet, the scarcity of radially aligned CME crossings restricts investigations on the evolution of
CME magnetic structures to a few case studies, preventing a comprehensive understanding of CME complexity
changes during propagation. In this Letter, we perform numerical simulations of CMEs interacting with different
solar wind streams using the linear force-free spheromak CME model incorporated into the EUropean Heliospheric
FORecasting Information Asset model. The novelty of our approach lies in the investigation of the evolution
of CME complexity using a swarm of radially aligned, simulated spacecraft. Our scope is to determine under which
conditions, and to what extent, CMEs exhibit variations of their magnetic structure and complexity during
propagation, as measured by spacecraft that are radially aligned. Results indicate that the interaction with large-
scale solar wind structures, and particularly with stream interaction regions, doubles the probability to detect an
increase of the CME magnetic complexity between two spacecraft in radial alignment, compared to cases without
such interactions. This work represents the first attempt to quantify the probability of detecting complexity changes
in CME magnetic structures by spacecraft in radial alignment using numerical simulations, and it provides support
to the interpretation of multi-point CME observations involving past, current (such as Parker Solar Probe and Solar
Orbiter), and future missions.
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1. Introduction

Coronal mass ejections (CMEs) are large-scale eruptions of
magnetized plasma from the Sun (Webb & Howard 2012). Their
interplanetary counterparts (often termed ICMEs) can cause
severe space weather disturbances at Earth and other planets
(Zhang et al. 2007; Lee et al. 2017; Kilpua et al. 2017b; Winslow
et al. 2020) due to their large kinetic and magnetic energies
(Tsurutani et al. 1988; Farrugia et al. 1993). Of particular interest
for its role in controlling the solar wind-magnetospheric coupling
(Dungey 1961) is their internal magnetic field, often interpreted as
having a “flux-rope” structure (Vourlidas et al. 2013).

The CME properties at a given target location are the result
of a complex chain of events involving the formation of CMEs
at the Sun and their propagation through interplanetary space
(Manchester et al. 2017). While the existence of a relatively
extensive database of CME observations between 0.3 and 1 au
has enabled statistical studies of the radial evolution of CME
properties in the inner heliosphere (Richardson & Cane 2010;
Winslow et al. 2015; Good & Forsyth 2016; Jian et al. 2018;
Janvier et al. 2019), less is known about the evolution of
individual CMEs with heliocentric distance in response to
external perturbations (Good et al. 2019; Vr$nak et al. 2019;
Salman et al. 2020).

Observational and modeling studies have shown that during
their propagation, CMEs undergo a number of changes,
particularly as a consequence of the interaction with high-
speed streams (HSSs), stream/corotating interaction regions

(SIRs/CIRs), the heliospheric current/plasma sheet (HCS/
HPS), or other CMEs (e.g., Odstréil & Pizzo 1999; Manchester
et al. 2004; Jacobs et al. 2005; Winslow et al. 2016, 2021;
Lugaz et al. 2017). However, the typical evolutionary behavior
of interplanetary CME:s is still open for debate: previous studies
(e.g., Good et al. 2015, 2018, 2019; Winslow et al. 2016, 2021;
Davies et al. 2020a, 2020b; Lugaz et al. 2020a, 2020b) have
showcased a wide span of evolutionary behaviors, ranging
from essentially self-similar to strongly non-ideal. Furthermore,
the disentanglement of evolutionary effects from the intrinsic
spatial variability of CME structures (Lugaz et al. 2018)
requires spacecraft observations in near-radial alignment
(within less than 5°-10° of longitudinal separation), which
are currently only available for a very limited set of events.
The varying results obtained from previous studies raise the
question whether changes in CME structures are an inherent
consequence of their interplanetary propagation, or whether they
develop as a consequence of interactions with other structures.
Ultimately, investigating the evolution of CMEs in response to the
interaction with various interplanetary structures requires a multi-
tude of multi-point observations of individual events at different
heliocentric distances. Given the lack of such an extensive data set
to date, we simulate it using a numerical model and thousands of
radially aligned virtual spacecraft (previous efforts include, e.g., Al-
Haddad et al. 2019). We aim to answer the following two
questions. (i) What is the probability for an individual CME to
exhibit different magnetic structure types, and increase its
complexity, between two radially aligned spacecraft? (i) How
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Figure 1. Solar wind parameters at 0.1 au used as inner boundary conditions in EUHFORIA runs A (left) and B (right). (a), (c): number density; (b), (d): radial

magnetic field, with CME initial direction and cross section indicated in red.

does this probability depend on the presence of corotating solar
wind structures in the CME propagation space?

This Letter is structured as follows. In Section 2, we introduce
the methods and numerical tools used to investigate CME
complexity and its changes with heliocentric distance. In
Section 3, we present and discuss the results of our analysis,
and we conclude in Section 4. The Appendices contain further
details on our methods, including about the spheromak magnetic
structure and the CME identification algorithm implemented.

2. Methods
2.1. Modeling Set-up

We perform three-dimensional (3D) magnetohydrodynami-
cal simulations of the inner heliosphere using the EUropean
Heliospheric FORecasting Information Asset (EUHFORIA;
Pomoell & Poedts 2018) model. Our simulation domain covers
heliocentric distances (r) between 0.1 and 2 au, £80° in the
latitudinal (6) direction, and +180° in the longitudinal (¢)
direction, employing a uniform grid composed of 512(r) x 80
(0) x 180 (¢) cells.

To evaluate the interaction of CMEs with different solar wind
structures, we simulate two background solar wind configurations
(Figure 1): the first one (hereafter “run A”) includes a low-
inclination HCS/HPS reaching up to 6 = +15°, and is character-
ized by a uniform solar wind of speed 450kms ™' (intermediate
between slow and fast solar wind; Cranmer et al. 2017)
everywhere else. The second one (hereafter “run B”) differs from
the one above by a HCS/HPS reaching up to § = 430°, and by
the inclusion of a HSS with circular cross section of half-width
(w/2) equal to 30° and radial speed (vg) equal to 675kms ',
located just above the HCS/HPS at longitude ¢ =0°. In both
cases, the HPS meridional profile is parametrized using the
description in Odstrcil et al. (1996), which results in a solar wind

speed as low as 300 km s~ ! near the HCS. At low latitudes, these
idealized configurations mimic the solar wind originating from an
equatorial streamer belt (in both runs) and a coronal hole (in
run B). However, they do not include any latitudinal dependence,
and are in this respect different from the latitudinal profile
observed in the real solar wind (McComas et al. 2008). This
choice has been made to ensure full control over the CME
propagation and interaction with solar wind structures, and the
comparability between different runs.

In both runs, CMEs are initialized at 0.1 au and modeled
using the linear force-free spheromak model (Verbeke et al.
2019). The following initial parameters are used: radial speed
equal to 800 km s~ '; initial half-width of 45°; positive chirality
(H = +1) with axial tilt () of 90° with respect to the northward
direction (corresponding to a SWN flux-rope type; see Bothmer
& Schwenn 1998); toroidal magnetic flux (¢,) equal to 10" Wb
(corresponding to a magnetic field strength of ~25nT at
1 au). Because of the pressure imbalance between the CME and
the surrounding solar wind upon insertion in the heliospheric
domain (leading to an expansion of the CME structure, as
shown by Scolini et al. 2019, 2021), the effective initial CME
speed is ~1100 km s~!. which results in a fast CME that drives
an interplanetary shock and sheath, as discussed in Section 3.
Such a combination of initial parameters is representative of
those of a typical fast CME with a reconnected flux of the order
of 10'"*Wb (Pal et al. 2018). The CME initial direction is
chosen to reproduce two end-member scenarios of interaction
with different solar wind structures (shown in panels (b) and (d)
in Figure 1): in run A, the CME is inserted across the HCS/
HPS at (0, ¢) =(0°, 0°);in run B, the CME is inserted across
the HSS at (4, ¢) = (5°, 0°), in a configuration similar to that of
CME:s originated from ‘“anemone” active regions (e.g., Lugaz
et al. 2011; Sharma & Cid 2020). The CME insertion time is
arbitrarily set on 2020 January 1 at 00:00 UT. A summary of
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Table 1
Summary of the Solar Wind and CME Parameters at 0.1 au Used in this
Work’s EUHFORIA Simulations

Solar Wind Parameters—Runs A and B

Vrsw = 450 km s 3

Brsw = 200 nT

Ngw = 675 cm™
Tow =3.5x 10° K

HSS Parameters—Run B Only

1 3

nyss = 300 cm ™
Thss = 0.8 x 10° K
WHSS/Z =30°

VRuss = 675 km s~
BR,HSS =300 nT
GHSS = 507 (/)HSS = OO

HCS/HPS Parameters—Run A (B)

VR,HSS Abps
9HCS(¢) = amax cos ¢

Alyps/2 = 4°

Pioyups = 19.2 nPa

Brups(0) = Br nss

Omax = 15°(30°)
(mvdmps = 1.4 x 100 m
Tups = 3.5 x 10° K

-1 -2
S

CME Parameters—Run A (B)

Ocme = 0°(5°), deme = 0°
vr.ome = 800 km s~
@uome = 10" Wb

Heye = +1

weme/2 = 45°

peme = 107" kgm™
Teme = 0.8 x 10° K
Yeme = 90°

3

Note. vy—radial speed; Bg—radial magnetic field; n—number density; p—
mass density; 7—temperature; P,—total (thermal+magnetic) pressure; 60—
latitude; ¢—Tlongitude; w/2—half-width; A#/2—latitudinal half-width;
—toroidal magnetic field; H—chirality; y—axial tilt.

the solar wind and CME parameters at 0.1 au used in this works
EUHFORIA simulations is provided in Table 1.

In each simulation, we place virtual spacecraft spanning +90°
in longitude from the CME initial direction, and covering the full
range of latitudes in the domain. The virtual spacecraft are equally
distributed with longitudinal and latitudinal separations of 5°, and
are uniformly distributed in the radial direction between 0.11 and
1.61 au (i.e., from the model inner boundary to the orbit of Mars)
with a 0.1 au separation. Overall, a swarm of 18944 virtual
spacecraft (1184 per heliocentric distance) is placed in the model
domain in each simulation.

2.2. Identification and Classification of CME Structures

At each virtual spacecraft, the start of the CME-driven
perturbation (i.e., a shock-like discontinuity) is determined
through our algorithm by scanning the radial speed, density,
and magnetic field time series forward in time and applying
conditions similar to those typically used to detect fast-forward
interplanetary shocks at 1au (e.g., Vorotnikov et al. 2008;
Kilpua et al. 2015). The detailed identification criteria are
presented in Appendix B.1.

At locations where a CME-driven perturbation is detected,
time series are scanned in order to assess whether there is a
magnetic ejecta (ME) after the shock-like discontinuity. The
exact criteria used to determine the ME start and end times vary
with heliocentric distance and for different solar wind regimes
(as discussed in Appendix B.2), but are overall based on two
typical characteristics of MEs (Burlaga et al. 1981; Kilpua et al.
2017a): an enhanced magnetic field strength, and a low plasma
[ compared to the surrounding solar wind.

After having identified the nominal boundaries of the in situ
CME substructures (i.e., sheath, ME) at each virtual spacecraft,

Scolini et al.

we classify the ME signature using a classification scheme
inspired by Nieves-Chinchilla et al. (2019) and based on the
amount of rotation of the magnetic field components, i.e., Bg,
Br, and By, in the local radial-tangential-normal coordinate
system. This analysis provides information on the ME structure
that is later used in Section 3 to investigate how CME
complexity varies with distance, for various propagation
scenarios. Because our simulations employ a spheromak
magnetic structure for which rotations >180° are expected
for a large variety of spacecraft crossings (as shown in
Appendix A), we have adapted the original classification to
better distinguish rotations up to 360°. We also further assign a
numerical index (C) to each ME class in order to rank the level
of complexity of the detected structure. If an ME is detected at
a spacecraft located at coordinates (r, 6, ¢), the following
classification scheme is applied.

1. Fy;: ME signature with at least one component (i.e., Bg, By,
or By) rotating >270°; complexity index C(r, 6, ¢) = 0,
corresponding to the least complex state.

2. Figo: ME signature with at least one component rotating
>180° and <270°; complexity index C(r, 0, ¢) = 1.

3. Fyp: ME signature with at least one component rotating
>90° and <180°; complexity index C(r, 6, ¢) = 2.

4. F3o: ME signature with at least one component rotating
>30° and <90°; complexity index C(r, 0, ¢) = 3.

5. E:ME signature with no component rotating >30°;
complexity index C(r, 6, ¢) = 4, corresponding to the
most complex state.

Starting from the ME nominal boundaries, the ME start and end
times are varied by +25% of the total ME duration, in order to
assess the variability of the classification with respect to slight
variations of the boundaries (reflecting the uncertainties in the
boundary identification; Riley et al. 2004; Al-Haddad et al.
2013). The final ME classification is chosen as the most
probable classification obtained among all possible combina-
tions of boundaries. An example time series for a CME
classified as having an F,;9 ME signature, and the corresp-
onding magnetic hodograms, are shown in Figure 2. Additional
examples are provided in Appendix C.

We include two additional categories representing the non-
detection of an interplanetary shock-like perturbation (V ), and the
detection of an interplanetary shock-like perturbation, which was
not followed by a ME (S). In these cases, we do not assign a
complexity index to the observed signatures because of their
intrinsically different nature compared to ME signatures.

We tackle the known limitations of the spheromak model in
reproducing CME global magnetic structures (particularly with
respect to stretched “legs” rooted to the Sun; e.g., Scolini et al.
2019) by focusing the investigation of CME magnetic
complexity to central regions only (Sections 3.1 and 3.2).
Furthermore, we note that the primary aim of this exploratory
work is that of uncovering the complexity trends affecting
CME structures during propagation through different solar
wind structures, and that conclusive evidence for the applic-
ability of our results to real events and possibly other flux-rope
configurations will have to be provided in future studies.

3. Results

Figure 3 provides an overview of the solar wind conditions
and CME propagation in the heliocentric equatorial plane. As
visible in the left column (run A), if surrounded by a quiet and
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relatively homogeneous solar wind configuration, the CME
structure propagates radially outward without exhibiting any
significant deflection or deformation of its front. This remains
true even after the CME western portion enters a region of
slightly slower speed and higher density associated with the
HPS. Some deformation of the CME front is visible outside of
the ecliptic plane associated with the crossing of the HPS, but
as discussed in Sections 3.1 and 3.2, the effect on the detected
magnetic complexity remains limited.

The evolution of the CME large-scale structure appears
significantly different when interacting with a HSS and SIR
(Figure 3, right column). In run B, the CME is inserted in the
heliospheric domain across the HSS. In the early phase of
interplanetary propagation, the CME propagates through the
HSS, while the HCS/HPS is located west of it. The western
flank of the CME starts interacting with the SIR within 0.5 au,
and the interaction progressively encompasses larger portions
of the CME becoming dominant beyond 1 au. The large
pressure associated with the SIR blocks the westernmost part of
the CME front, deflecting the CME toward the east as visible in
panels (e) and (f) in Figure 3, consistent with expectations (e.g.,
Wang et al. 2004). Recent observational studies suggest this
configuration should lead to the development of a higher CME
magnetic complexity than run A, particularly due to the CME
interaction with the SIR (as shown by Winslow et al. 2021). It
is also important to mention that in run B, the CME is launched
north of the HCS/HPS (Figure 1(d)), while in run A, the CME
was inserted right across it (Figure 1(b)). Therefore, the HCS/
HPS is expected to affect the CME structure more in run A than
in run B (Winslow et al. 2016). The extent of the alterations
induced by these solar wind structures on the CME are

investigated more in-depth through statistical methods, and are
discussed in Sections 3.1 and 3.2.

3.1. Spatial Distribution of CME Complexity as a Function of
Distance

The results of the identification and classification analysis
introduced in Section 2.2 are provided in Figure 4, shown as
longitude-latitude maps colored by classification type, for
selected heliocentric distances.

As expected, immediately after insertion at 0.1 au, the extent
of the CME front in the two simulations is very similar, and it
matches well the nominal CME cross section expected from the
initial half angular width of 45° (Figure 4, top row). At this
very early stage, the spatial distribution of the shock-like and
ME classifications is also comparable between runs A and B,
and is qualitatively consistent with the results expected for a
spheromak structure (Figure 6).

At 0.3 au (Figure 4, second row) the CME cross section has
expanded to an effective half-width of ~60°, indicating an
over-expansion in the early stage of the propagation (Scolini
et al. 2019, 2021). By the time the CME reaches 0.3 au,
significant differences are visible in the CME cross section and
in the spatial distribution of the classification types between the
two runs. While run A preserves a relatively symmetric
classification distribution with respect to the spheromak main
axis (lying parallel to the ecliptic plane and the local HCS
direction), dominated by F3o and F,7o types, run B exhibits a
distorted cross section and increased E ejecta types. At this
stage, an increased detection of shock-only (S) signatures close
to the CME flanks indicates the formation of a CME-driven
shock and sheath region that is more extended than its driver
(Kilpua et al. 2017a).
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Figure 3. EUHFORIA-simulated scaled number density (n(r/1 au)?) in runs A (left) and B (right), in the heliocentric equatorial plane. The different time steps show
the CME fronts past Mercury’s orbit ((a), (d)), close to Earth’ orbit ((b), (e)), and close to Mars’ orbit ((c), (f)). The black dashed lines mark Bz = 0 nT contours,
including the position of the HCS. An animation including the results from both runs is provided. The animation starts at 2019 December 31 11:59 UT and ends at
2020 January 10 17:59 UT, and it shows the EUHFORIA-simulated scaled number density for run A in the left panel, and for run B in the right panel. The realtime
animation duration is 5 seconds.

(An animation of this figure is available.)

In both runs, the CME cross section at 1 and 1.6 au (Figure 4, Mercury’s orbit. On the contrary, beyond 0.3au the spatial
third and fourth rows) remains similar to that at 0.3 au, meaning distribution of the ME classification types becomes visibly less
the angular expansion of the CME is almost negligible beyond regular with heliocentric distance, especially for runB. The
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differences between runs A and B at this late stage of propagation
are remarkable: in run A, the CME cross section remains quasi-
circular, despite a shrinking in the detection of shock-like
signatures around its flanks. The classification in the CME core
region also remains largely unchanged (Figure 4(c) and (d)). In
run B (Figures 4(g) and (h)), a similar shrinking in the detection
of shock-like signatures is visible around the CME flanks,
particularly in the regions affected by the interaction with the HSS
(northeast) and HCS /HPS (southeast). However, a decrease of the
less complex ME types (Fy70 and Fgg classes) in favor of more
complex ones (Fo, F39, and E classes) is observed in the core
CME region. The irregular spatial distribution of ME types in this
region is also associated with a high probability for an inner and
outer spacecraft along a given (6, ¢) direction to detect different
ME types, as further discussed in Section 3.2. We note that this is
partly due to the formation of a CME-SIR merged interaction
region (Rouillard et al. 2010), which affects the efficiency of the
ME detection algorithm at larger distances. Similar difficulties are
likely to affect the identification of MEs from actual in situ data,
thereby making this limitation particularly instructive also with
respect to future observational applications.

The different CME evolutionary behaviors identified above
result in different probabilities to detect the various ME classes
and additional S and N signatures as a function of the heliocentric
distance in the two simulations performed. Considering only
spacecraft crossings within 45° from the CME initial direction
(i.e., well within the CME effective half angular width of ~60°
reached at 0.3 au, corresponding to relatively central impact
locations), we find that run A is dominated by the detection of
Fy0 and F3q ejecta types, and more than 90% of all spacecraft
detect the passage of an F type. Notably, these probabilities are
mostly independent from heliocentric distance, and remain
consistent with those expected for a spheromak structure (i.e.,
not interacting with the solar wind, as shown in Figure 6). In
run B, F5; detections dominate all heliocentric distances, while the
second most-detected ejecta type passes from F,7g to Fgy beyond
0.8 au. A more-than-doubled fraction of E, S, and N complex
types (>20%) is also observed. The probabilities for run B also
exhibit a strong dependence on the heliocentric distance: all
signature types are almost equally represented by the time the
CME reaches 1.6 au, as opposed to run A where a clearly bi-
modal distribution is preserved during propagation.

3.2. Probability of Detecting CME Complexity Changes with
Distance

To quantify the overall change in CME complexity with
heliocentric distance, we first consider a generic pair of heliocentric
distances, i.e., r; and r,, with r; < r». Then, we consider all pairs of
virtual spacecraft in radial alignment located within 45° from the
CME initial direction (justified by the CME initial half-width and
the need to restrict ourselves to central CME regions, so to limit the
impact of spheromak limitations around the flanks), and that
detected an ME signature at both distances. Moving along fixed
(@, ¢) directions satisfying the above criteria, we compute
the changes in CME complexity between the inner spacecraft
at r; and the outer spacecraft at r,, as AC(ry, ro, 0%, ¢*) =
C(ry, 0%, ¢*) — C(ry, 0%, ¢*). AC(ry, 1, 0%, &™) > .=, or <
0 indicates directions where an increased, unchanged, or decreased
CME complexity with heliocentric distance was detected. The
results of this procedure are provided in Figure 5 (top row) for the
notable case of radially aligned spacecraft at 0.3 au (consistent with
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the orbit of Mercury and Solar Orbiter’s perihelion), and at 1 au
(consistent with Earth’s orbit).

By counting how many directions detected a increased,
unchanged, or decreased complexity, we determine the overall
probability (normalized between 0 and 1) to detect complexity
changes between two spacecraft in radial alignment at distances
ry and r,. Finally, by applying the same process to all distance
pairs (r;, ), we construct global matrix plots, as shown in
Figure 5 (second and third rows).

The top row in Figure 5 exemplifies how the CME in run B
develops a higher complexity as it propagates, compared to
run A. In run A (panel (a)), a predominance of AC = 0 white
squares indicating a stable complexity is visible within 45°
from the initial CME direction. A quasi-symmetric distribution
of the classification changes beyond 45° is also visible, where
spacecraft pairs detecting an ME at the outer spacecraft only (in
green) reflect the slight ME expansion between 0.3 and 1 au.
Cyan squares are likely the results of spurious ME detection at
0.3au. RunB (panel (b)), on the other hand, shows a
predominance of AC > 0 red squares within the nominal
(45°) initial CME cross section. The presence of green squares
within a 60° range from the CME center indicates a slight CME
expansion in the northern hemisphere compared to 0.3 au,
while the presence of cyan squares immediately south of the
CME and HCS/HPS suggests some erosion of the ME flanks
during propagation from 0.3 to 1 au.

Overall, run A supports the idea that CMEs propagating
through a quiet heliosphere tend to maintain their complexity
relatively unchanged. The most likely scenario is that the ME
classification made at an inner spacecraft remains the same at a
radially aligned outer spacecraft (Figure 5(b)), regardless of
their radial separation (average probability of 69%, minimum
probability of 48%). All the most notable alignment config-
urations (i.e., involving Mercury, Venus, spacecraft at 1 au, and
Mars) have a probability between 58% (for a Mercury—Mars
conjunction) and 75% (for a 1 au—Mars conjunction) to detect
exactly the same ME type at both distances. Unsurprisingly, the
larger the radial separation between the spacecraft, the lower
this probability. Furthermore, the larger the heliocentric
distance of the inner spacecraft, the higher the probability to
detect the same complexity level at outer distances, indicating
that changes are more likely to occur closer to the Sun. The
opposite trend is observed in Figure 5(c), showing that
although the probability to detect a complexity increase for
run A becomes larger with larger radial separations, it remains
quite modest (average probability of 15%, maximum prob-
ability of 25%). Complexity decreases (not shown) are
similarly unlikely (average probability of 16%, maximum
probability of 34%).

Conversely, in run B the indicators used to evaluate CME
complexity changes show that, on average, CMEs propagating
through a structured solar wind still tend to preserve their
complexity (average probability of 54%; Figure 5(e)), but their
probability to transition to a more complex configuration is
more than doubled compared to run A (average probability of
31%; Figure 5(f)). Results vary with distance, as indicated by a
minimum (maximum) probability of 33% (51%) to detect an
unchanged (increased) magnetic complexity. Furthermore, the
probability to detect the same ME type at two different
distances is >50% for only three of the notable radial
alignments considered: Mercury—Venus, Venus—1au, and
1 au—Mars. In all other cases, the most likely scenario is that
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Figure 5. (a), (d): Distribution of magnetic complexity changes between 0.3 au and 1 au in runs A (left) and B (right). The color scale quantifies AC(ry, 17, 0, ¢)
along directions detecting an ME at both distances. Green (cyan) squares indicate directions where only the inner (outer) spacecraft detected an ME. (b), (c), (e), (f):
Probability of detecting an unchanged or increased CME complexity at spacecraft in radial alignment, for different distance pairs. Only spacecraft pairs within 45°
from the initial CME direction, and that detected an ME at both distances, are considered. The “averaged probability” is the sum of all matrix elements normalized by

the number of elements, i.e., 120.

two locations detect different ME types. Specifically, the
probability to detect a complexity increase ranges from 27% for
a Venus—1au conjunction, to 48% for a Mercury—Mars
conjunction. Furthermore, in the case of run B, complexity
increases are more prominent when considering the alignment
of a spacecraft located within 0.4 au from the Sun, with one

beyond 1 au, reflecting the interaction of the CME with the
preceding SIR over a longer distance range, as shown in
Figure 3(e), (f). Finally, the probability to detect complexity
decreases in run B remains similar to run A.

Based on our numerical investigation, we conclude that the
interaction with solar wind structures, and particularly SIRs,
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can double the probability for a CME to increase its magnetic
complexity. Most importantly (as illustrated in Figures 4 and
5), this result does not depend on the distance of the spacecraft
crossing from the ME center. As such, changes of magnetic
complexity detected by spacecraft that are in exact radial
alignment are likely signs of interaction with other structures,
rather than inherent to the CME evolution even if crossed far
from the center.

4. Discussion and Conclusions

We performed a numerical study of CMEs interacting with
different solar wind configurations, with the scope of
determining under which conditions and to what extent CMEs
exhibit variations of their magnetic structure and complexity
during propagation through interplanetary space. We employed
a novel modeling approach to assess the probability to detect
changes in CME magnetic complexity by using a swarm of
simulated spacecraft in radial alignment given the absence/
presence of corotating structures. We restricted our attention to
the central part of the CME structure in order to limit the effect
of known limitations arising from the use of a spheromak CME
model.

From the comparative analysis of non-interacting /interacting
scenarios, distinct evolutionary behaviors characterizing CMEs
propagating through different ambient conditions have
emerged. Our results provide evidence that the interaction
with such structures, and particularly with SIRs, can double the
probability for a CME to increase its magnetic complexity
during propagation. This result is independent from the CME
impact angle, suggesting that the detection of complexity
changes is likely an indication of interactions with other
structures, rather than the result of a crossing far from the CME
center. The present work provided first evidence that CME
structures propagating through different solar wind back-
grounds develop different complexity evolutionary patterns,
based on numerical simulations employing a spheromak flux-
rope model. Conclusive evidence that similar trends apply to
real events and different flux rope models should be assessed in
future studies.

Another way to look at the development of CME magnetic
complexity during propagation involves consideration of the
coherence of the magnetic structure as a function of
heliocentric distance (Owens et al. 2017; Lugaz et al. 2018).
In our simulations, we find that the Alfvén speed in the ME
at lau is ~120kms~ ' (~97kms™') in run A (B). While a
detailed investigation of CME coherence goes beyond the
scope of this work, we note that these values are comparable to
those reported in Figure 2(c) by Owens et al. (2017), and that
the higher Alfvén speed retrieved in run A may indicate a more
coherent evolution of the ME structure than in runB, in
agreement with our results of the complexity changes high-
lighted in Figures 4 and 5. Future works extending beyond this
first exploratory investigation are needed in order to draw more
general conclusions on this topic.

This work represents the first attempt to quantify complexity
changes in CME magnetic structures using numerical simula-
tions. Our simulations assumed very idealized solar wind
conditions and did not include any latitudinal dependence of its
properties, enabling us to quantify the effect of the presence of
a HSS and SIR on CME complexity, and the comparability of
different runs. Therefore, the results presented here shall be
interpreted as lower limits, as ubiquitous distortions of the local
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solar wind properties (e.g., Torok et al. 2018) are likely to
induce higher complexity changes in real CMEs both in the
absence and presence of SIRs along their path. Investigations
exploring a broader range of CME—solar wind interactions, the
spatial dependence of CME complexity and its changes, and
the comparison with observations for real events, will be
explored in future studies.

Our results shed new light on the evolution of CME
magnetic structures, helping the identification and interpreta-
tion of CME conjunction observations involving both past and
current missions (such as Parker Solar Probe, Solar Orbiter, and
BepiColombo), and providing guidelines for the planning of
future missions involving alternative alignment configurations.
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Appendix A
Spheromak Magnetic Structure

Figure 6 provides an overview of the nominal, standalone
magnetic field structure of the linear force-free spheromak
model used in runs A and B, i.e., without accounting for any
interaction with the solar wind. As visible from panels (a)—(c),
all magnetic field lines are confined within a spherical surface.
Panel (a) provides a frontal view of the structure, similar to the
one that would have been seen by an observer located near the
ecliptic plane along the Sun—Earth line in run A before the
insertion of the CME into the heliospheric domain. Panels (b)
and (c) provide additional side and angled views of the
structure. By crossing the spheromak structure in the radial
direction at various impact angles (varying the crossing
directions by Af = A¢ = 1° incremental steps) and calculating
the rotations of the magnetic field components along each
direction, we generate a longitude—latitude 2D spatial distribu-
tion map of the ejecta classifications introduced in Section 2.2
(Figure 6(d)). The distribution is symmetric with respect to the
spheromak main axis, oriented along the equatorial plane, and
is dominated by a central core of F,;q ejecta types surrounded
by Fj¢ classifications in the north and south flank regions.
Minor contributions from Figy and Fyg types are visible in the
core-to-flank transition region, while E types are detected only
by crossings at the very edge of the structure. Figure 6(e)
summarizes the probability to the detect the different ME types
over the totality of crossings considered. The detection
probability is highest for Fgg (44%) and F3o (33%) types,
and significantly lower for the remaining types (11%, 8%, 3%
for E, Fop, Figo types, respectively).
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Figure 6. Spheromak magnetic structure used in this work’s simulations. Top: 3D visualization of selected magnetic fields from three perspectives: front view (a), side
view (b), angled view (c). Different colors mark field lines characterized by different morphologies. (d): Longitude—latitude 2D map showing the spatial distribution of
the ME signature classifications introduced in Section 2.2, obtained by radially crossing the structure at various impact angles. (e): Probability to detect the different
ME signatures considering all possible radial crossings throughout the structure.

Appendix B
Interplanetary CME Identification Algorithm

B.1. Shock-like Signatures lIdentification Algorithm

At each virtual spacecraft in the simulation domain, we
determine the arrival time of the shock-like CME-driven
perturbation by scanning the radial speed, density, and magnetic
field time series (having a cadence of At = 10 minutes) forward in
time, and applying the following conditions:

VRt t; + 1 hr) — vg(t; — 1 hr: t;)
>20kms~! A @@+ 1hr)
>n(t;— 1hr: ;) A E(ti: ti+ 1hr) > E(li — 1hr: 1),
(B1)

where #; is a generic time in the time series, and X (¢;: t;) is the
average of quantity X calculated between time ¢ and time #. The
arrival time of the CME-driven perturbation, #y,, is determined as
the first time #; at which the system of Equation (B1) is satisfied.
These conditions, which we have verified visually for selected
spacecraft at different heliocentric distances from the Sun, are
adapted versions of the speed, density, and magnetic field
conditions used to detect fast-forward interplanetary shocks
from in situ solar wind measurements at 1 au employed by the
Database of Heliospheric Shock Waves (http://www.ipshocks.fi;
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Kilpua et al. 2015) and by the ACE Real-Time Shock database
(http: / /www.srl.caltech.edu/ACE/ASC/DATA /Shocks /shocks.
html; Vorotnikov et al. 2008).

B.2. Magnetic Ejecta Identification Algorithm

At locations where a CME-driven perturbation is detected,
time series are scanned in order to assess the presence of a ME
after the shock-like discontinuity. To do so, we first define the
average interplanetary magnetic field (Bg,) and solar wind
plasma (3 (Gs,,) in the 6 hr prior to the arrival time of the shock-
like CME-driven perturbation, as

By = E(tsh — 6 hr: tsh),

ﬁsw = B(tsh — 6 hr: 7). (B2)
Depending on the 3, recovered at a given spacecraft position
(which depends on its heliocentric distance and on the local
solar wind conditions), we then consider separately the cases of
a magnetically dominated (Gs, < 1) and a plasma-dominated
(Bsw > 1) environment.

Low-f3 solar wind—For a magnetically dominated [, < 1
solar wind, we scan the magnetic field and plasma [ time series
forward in time starting from 7y, and apply the following
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conditions:

B(t:t;+ 1hr)

>15By A Bt + 1hr) < Bew. (B3)

The start time of the ME, t.,,, is determined as the first time ¢;
at which Equation (B3) is satisfied. Only if an ME start is
detected at a given location, do we continue with the
determination of the ME end time. To do so, we scan the
magnetic field time series forward in time starting from fy,
and apply the following conditions:

B(t — 1hr: t)

>15Byw A B(t:ti + 1hr) < 1.5 By, (B4)

to detect when the magnetic field drops below 1.5 B, which
we have taken as threshold condition to characterize the
boundary of the ME in both Equations (B3) and (B4). This
threshold value was chosen after having tested values between
1.2 By, and 1.6 B, and having verified visually that it
provided the best compromise, i.e., minimizing the number
of false positive/negative ME detections. The end time of
the ME, t.,4, is determined as the first time ¢#; at which
Equation (B4) is satisfied. We verified visually that
Equations (B3) and (B4) gave reasonable and consistent results
throughout the whole range of heliocentric distances sampled
by the virtual spacecraft in the model domain. A low [
condition to determine the end of the ME was also tested, but
was found to perform less reliably than Equation (B4), which is
uniquely based on the magnetic field strength.

High-3 solar wind—For a plasma-dominated [, > 1 solar
wind, we scan the magnetic field and plasma ( time series
forward in time starting from fy,, and impose high magnetic
field and low § conditions to identify the start of the ME:

E([l‘l t; + 1 hr)

>15Byw A Bt ti+ 1hr) < 1. (BS)
The start time of the ME, f.,, is determined as the first time ¢;
at which Equation (B5) is satisfied. Only if an ME start is
detected at a given location via Equation (B5), do we continue
with the determination of the ME end time. As the
determination of the end time proved to be a more complex
task than the identification of the start time, two alternative
conditions based on the magnetic field and plasma 3 are
applied, to account for the variety of plasma properties
encountered. In particular, we scan the magnetic field time
series forward in time starting from fy,,, and apply the
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following conditions:
E([ii t; + 1 hr)
<15Bg A B(ti—1hr:t) <1, (B6)
or, alternatively,
E(l‘l‘ — 1hr: 1)
>15By A Bt ti+ 1hr) > 1. B7)

Equation (B6) identifies the end boundary of the ME based on a
low magnetic field condition, while Equation (B7) is based on a
high ( condition. The end time of the ME, f.,4, is determined as
the first time #; at which Equations (B6) or (B7) are satisfied. We
verified visually that Equations (B5)-(B7) gave reasonable and
consistent results throughout the whole range of heliocentric
distances sampled by the virtual spacecraft in the model domain.

A further visual inspection of the results assessed there were
cases where the ejecta could be recognized to cross a virtual
spacecraft by eye, but which the conditions in Equations (B5)-(B7)
failed to identify due to the CME plasma (3 being lower than ([,
but higher than 1. To account for these additional cases, a
secondary identification of the ME start time is performed by
applying the following criteria:

E(lil t; + 1 hr)

>15Bg A B t; + 1hr) < B (B8)

Only if an ME start is detected at a given location via
Equation (BS8), do we continue with the determination of the
ME end time. Similarly to the case above, two alternative
conditions based on the magnetic field and plasma (3, are
applied to detect the trailing edge of the ME:

B(t: t; + 1 hr)

<15By A Bt — 1hr: 1) < Bows (B9)
or, alternatively,
B(t — 1hr: t)
>15By A Bt ti + 1hr) > By (B10)

Also in this case we visually inspected the classification resulting
from the application of Equations (B8)—(B10) verifying their
reliability and consistency throughout the whole range of
heliocentric distances sampled by the virtual spacecraft in the
model domain.

Appendix C
Example Time Series

Examples of the various ME and shock signatures identified
at different virtual spacecraft located at lau in run A are
provided in Figure 7 (Fig90 ME class), 8 (Fog ME class), 9 (F3g
ME class), 10 (E ME class), and 11 (S class).
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Figure 10. Example of ME identification and classification from run A at r = 1 au, 6 = 30°, ¢ = —45° (E class). The panels show the same quantities as in Figure 2.
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