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Synopsis

Coronal mass ejections (CMEs) are large eruptions from the Sun that propagate
through the heliosphere after launch. Observational studies of these transient phe-
nomena are usually based on 2D images of the Sun, corona, and heliosphere (remote-
sensing data), as well as magnetic field, plasma, and particle samples along a 1D
spacecraft trajectory (in-situ data). Given the large scales involved and the 3D na-
ture of CMEs, such measurements are generally insufficient to build a comprehensive
picture, especially in terms of local variations and overall geometry of the whole
structure. This White Paper aims to address this issue by identifying the data sets
and observational priorities that are needed to effectively advance our current un-
derstanding of the structure and evolution of CMEs, in both the remote-sensing and
in-situ regimes. It also provides an outlook of possible missions and instruments that
may yield significant improvements into the subject.
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1 Introduction

Coronal mass ejections (CMEs) are among
the most spectacular eruptions in the solar sys-
tem, consisting of copious amounts of plasma
and magnetic field that are regularly expelled
from the Sun. After erupting and as they travel
through interplanetary space, CMEs tend to
expand and interact with the ambient solar
wind, resulting in large structures [measur-
ing e.g. ~0.3 AU in radial size by the time
they reach 1 AU; Jian et al. 2018] that may
have lost their twisted outer layers [Pal et al.
2021] and/or coherence [Owens et al. 2017]
and are thus prone to deformations. The he-
liospheric evolution of CMEs may result in
rotations, deflections, deformations, erosion,
and re-configurations due to complex interac-
tions of the ejected plasma with its surround-
ings [e.g., Manchester et al. 2017], includ-
ing with other CMEs [e.g., Lugaz et al. 2017].
These aspects make CMEs extremely complex
to fully characterize in 3D, in terms of both
their morphology and magnetic configuration,
especially in light of the limited observations
that have been historically available.

For example, CMEs were first observed
through remote-sensing data from a single
viewpoint, i.e. Earth, with early observations
of the Sun and its corona—including transient
phenomena such as CMEs—made in the early
70s with e.g. OSO-7, Skylab, and ground-
based observatories. The following Solwind
and SolarMax (in the late 70s—early 80s) as
well as SOHO (in the 90s) satellites brought
significant improvements in the temporal and
spatial resolution of solar data, but it was not
until the launch of the STEREO mission in
the 2000s that the first remote-sensing im-
ages away from the Sun-Earth line would be
taken. STEREO consisted of twin spacecraft,
STEREO-A and STEREO-B (leading and trail-
ing Earth in its orbit, respectively), equipped
with solar disk, corona, and heliospheric im-
agers in their remote-sensing suite. The avail-
ability of multi-point observations of the Sun
and its environment has led to major advances
in CME research, including improving our un-
derstanding of CME morphology [e.g., Th-
ernisien et al. 2009; Wood & Howard 2009],

better constraining CME propagation direction
and speed through the solar corona as well
as interplanetary space [e.g., Colaninno et al.
2013; Mostl et al. 2015], and enabling ob-
servations of CMEs that are “stealthy” from
one viewpoint but evident from another [e.g.,
Nitta et al. 2021; Palmerio et al. 2021b].
Currently, remote-sensing imagers away from
the Sun-Earth line can be found onboard
STEREO-A (STEREO-B was lost in 2014), as
well as the more recently launched Parker So-
lar Probe (heliospheric imagers only) and So-
lar Orbiter (disk, corona, and heliospheric im-
agers). The latter two, however, do not have
their remote-sensing instruments operational
at all times, leaving STEREO-A a unique and
persistent viewpoint to support solar imagery
from near Earth.

On the other hand, in-situ measurements
of the solar wind and interplanetary magnetic
field—including transient phenomena such as
the interplanetary counterparts of CMEs, also
known as ICMEs—have been performed away
from the Sun—Earth line already since the 60s
and 70s, via mission programs such as Pio-
neer, Helios, and Voyager. However, given
the large spatial scales involved, the likelihood
of obtaining multi-point measurements of the
same ICME is drastically reduced, so much
so that the first analysis of the internal mag-
netic structure of CMEs was published only in
the early 80s, using data from five different
spacecraft between 1 and 2 AU [Burlaga et al.
1981]. Since then, multi-spacecraft studies of
ICMEs have taken advantage of various he-
liophysics missions as well as planetary ones.
These have enabled studies, among other top-
ics, of the longitudinal variation [e.g., Farrugia
et al. 2011; Kilpua et al. 2011] and radial evo-
lution [e.g., Good et al. 2019; Salman et al.
2020] for selected ICME events. Neverthe-
less, such fortuitous spacecraft configurations
are rather rare, and most analyses showcasing
multi-point ICME measurements are charac-
terized by arbitrary relative spacecraft geome-
tries [e.g., Witasse et al. 2017; Palmerio et al.
2021a], which tend to complicate interpreta-
tion of an event, e.g. in discerning whether
certain features are due to CME evolution
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in interplanetary space or to local distortions
along the whole structure. Currently, in-situ
measurements of the inner heliospheric en-
vironment are available from Earth, partially
from Mars, as well as the STEREO-A, Parker
Solar Probe, BepiColombo, and Solar Orbiter
spacecraft. Given that each of these observers
follows its own orbit around the Sun, stud-
ies that can address the internal structure and
evolution of CMEs in interplanetary space via
multi-point measurements are limited to those
periods that are characterized by a propitious
spacecraft configuration.

After over five decades of CME research
(spanning over five solar cycles), we have
obtained significant statistics on the charac-
teristics and properties of CMEs from single-
point (both remote-sensing and in-situ) obser-
vations [see, e.g., the CME and ICME cata-
logs of Gopalswamy et al. 2009a; Richardson
& Cane 2010; Harrison et al. 2018; Jian et al.
2018; Nieves-Chinchilla et al. 2018]. Hence,
it is clear that it is extremely challenging to
reach a deeper insight on the intrinsic struc-
ture and evolution of CMEs based on a sin-
gle viewpoint. To improve and expand our
understanding in fundamental CME research,
we need a set of dedicated observations that
are aimed at treating CMEs as 3D structures
that are in constant evolution and interaction
with the ambient solar wind. In this White
Paper, our goal is to identify such specific ob-
servations, in both the remote-sensing and in-
situ regimes, and address their benefits for the
studies of CMEs and ICMEs in a holistic way.
We will also elaborate on possible missions
that would be able to meet the mentioned ob-
servational requirements and conclude by ad-
dressing our recommendations to the Helio-
physics 2024 Decadal Survey Committee.

2 Remote-Sensing Observations

In terms of remote-sensing measurements,
we will identify observational gaps that are
crucial for a more complete understanding of
CMEs and their heliospheric evolution in two
main areas, namely direct imaging (§2.1) and
radio probing (§2.2).

2.1 Direct Imaging

As mentioned in the Introduction, the
launch of the STEREO mission in 2006 rep-
resented a major advancement for CME sci-
ence from a remote-sensing perspective: For
the first time, the same eruption could be
observed on the solar disk from more than
one viewpoint (for a total of three, i.e.
Earth plus the twin STEREOs, depending
on the source region location), and three
coronagraph suites were concurrently opera-
tional, providing multi-point views of the so-
lar corona. Additionally, both STEREO space-
craft were equipped with heliospheric cam-
eras, constantly imaging the space between
the Sun and Earth (and beyond). This has en-
abled, for example, the development of cata-
logs and stereoscopic studies of CMEs imaged
by both STEREO probes in white light through
the solar corona [Vourlidas et al. 2017] and in-
terplanetary space [Barnes et al. 2020].

Despite the ground-breaking progress
brought by the multi-viewpoint capabilities
of the STEREO mission, all solar observa-
tions to date have been characterized by
one common factor, i.e. they have all been
performed from the vicinity of the ecliptic
plane. This issue will be partially addressed by
Solar Orbiter, which is planned to ultimately
reach a heliographic latitude of 33° during
its extended mission, in July 2029 [Miiller
et al. 2020]. However, even Solar Orbiter’s
maximum elevation with respect to the Sun’s
equator is significantly closer to the ecliptic
plane than to the solar poles, and thus the
full potential of a polar imager will not be
explored. Furthermore, the ever-changing
longitudinal separation between the STEREOs
(and Solar Orbiter) and Earth means that the
advantages and availability of these additional
viewpoints are inconsistent—especially after
the loss of STEREO-B in October 2014 and
with STEREO-A crossing the Sun-Earth line
in August 2023. The benefits of sustained
(fixed) observations from quadrature and
polar views for tracking the solar wind and its
transient phenomena (including CMEs) have
been reviewed by Gibson et al. [2018, see also
Figure 1].
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Figure 1: Overview of interesting vantage points away
from the Sun-Earth line. The yellow sphere indicates
the Sun, while the blue sphere represents Earth. The
red spheres mark the L1, L3, L4, and L5 points. The
blue patches represent quadrature views (intersecting
L4 and L5), the pink patch marks the far-side view,
and the green patches show the polar views. ‘PSP’
and ‘SO’ indicate the orbits of Parker Solar Probe and
Solar Orbiter, respectively. The dashed orange line
shows a sample “diamond” orbit with four spacecraft
(gray cubes) reaching heliolatitudes of 75° [see Vourli-
das et al. 2018]. From Gibson et al. [2018].

These considerations are not only valid for
solar disk and coronal observations, but also
for heliospheric imaging. First of all, an im-
ager from Earth’s perspective has been lack-
ing since 2011, when the Solar Mass Ejec-
tion Imager onboard the Coriolis spacecraft
was deactivated [this issue will be addressed
by the PUNCH mission to be launched in
April 2025, Deforest et al. 2022]. As shown
by Amerstorfer et al. [2018], a heliospheric
imager can provide advantageous measure-
ments to track CMEs that are even directed
toward the observer itself (e.g., an imager at
L1 would be useful to study Earth-directed
CMESs). Additional heliospheric cameras from
quadrature and/or polar vantage points would
enable stereoscopic analysis of the evolution
of CMEs long after they have left the outer
corona. Moreover, the PUNCH mission will
be equipped with photometric capabilities, al-
lowing for studies of the 3D structure of the
solar wind and its transients. Given the dif-
ficulties in tracking CMEs through the helio-

sphere even with an optimally-placed imager
or a pair of imagers [Lugaz 2010], single-view
polarization measurements can assist in over-
coming the problems of stereoscopy by resolv-
ing the CME leading edge and identifying sub-
structures within CMEs. The benefits of po-
larized heliospheric imaging for CME research
have been discussed by DeForest et al. [2016].

Finally, a crucial capability that was not re-
alized on the STEREO suite of remote-sensing
instruments is represented by magnetographs.
In addition to being able to link CMEs and
their internal structure to the magnetic con-
figuration of their source regions [e.g., Palme-
rio et al. 2017], one of the largest sources
of uncertainty in heliophysics magnetohydro-
dynamic (MHD) modeling is the structure
and evolution of the coronal magnetic fields
[Wiegelmann et al. 2017]. In fact, all (realis-
tic) MHD models of the corona and inner he-
liosphere require the full-Sun surface-field as a
boundary condition. The development of flux
transport models [e.g., Hoeksema et al. 2020]
has been largely driven by the lack of mag-
netograph coverage away from the Sun-Earth
line. Being able to observe the full emergence,
evolution, and decay of active regions on the
far side of the Sun would be extremely ben-
eficial in terms of quantification of the mag-
netic flux, energy, and helicity budgets associ-
ated with CME magnetic source regions [e.g.,
Vourlidas et al. 2020b]. Additionally, an in-
creased/full coverage of solar surface mag-
netic field measurements would also improve
model performance on CME and CME-driven
shocks [Jin et al. 2022].

2.2 Radio Probing

An additional aspect of CME research is rep-
resented by remote-sensing observations that
do not consist of “images” in the strictest
sense. These measurements are usually real-
ized at radio wavelengths and enable prob-
ing of different characteristics of the interplan-
etary medium “from a distance” via ground-
based facilities or space-based missions.

The most widely used applications in this
sense comprise observations of CME-related
radio emissions in the form of noise storms
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and bursts [see the review by Vourlidas et al.
2020a]. In particular, so-called Type II radio
bursts are used to track CME-driven shocks
through the solar corona and inner helio-
sphere [e.g., Lara et al. 2003; Gopalswamy
et al. 2009b]. When radio spectra from
two separate locations are available, Type II
sources can be triangulated to reconstruct
shock fronts in 3D [e.g., Magdaleni¢ et al.
2014]. This technique, however, can have
large uncertainties that are dependent on the
signal-to-noise ratio (S/N), instrument cross-
calibration, and the broad angular width of
the radio emission—generally restricting its
use to near-Sun frequencies (MHz). Improve-
ments in detector S/N as well as the frequency
coverage and number of observing spacecraft
may increase the utility of the technique for
tracking ICME-driven shock propagation, es-
pecially if used in conjunction with simultane-
ous white-light coronal/heliospheric imagery.

Another way of probing CME properties at
radio wavelengths is realized via Faraday ro-
tation measurements, i.e. of the rotation of
the polarization plane when linearly polar-
ized radiation propagates through a magne-
tized plasma, e.g. from a CME [see the review
by Kooi et al. 2022]. In particular, Faraday
rotation can be used to remotely probe CME
magnetic fields [e.g., Wood et al. 2020, see
also Figure 2]. This technique, however, has
not been explored to its fullest potential yet,
since it requires the presence of a background
transmitter of (at least partially) linearly po-
larized light, which may be either a natural ra-
dio source (e.g., a pulsar, a nebula, and/or a
galaxy) or a spacecraft. This aspect poses limi-
tations to the availability of line-of-sight obser-
vations for a given CME. Given that it is impos-
sible to constrain the positions of galactic and
extra-galactic sources, utilizing spacecraft as
background radio sources may be a promising
opportunity. Past observations have suffered
from the lack of suitable probes in optimal po-
sitions and/or from the limited availability of
ground-based telescope operations; neverthe-
less, some studies have successfully detected
CME:s using radio signals from Pioneer 9 [Levy
et al. 1969], Helios [Bird et al. 1980], and
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Figure 2: Example of three CMEs (LE-1, LE-2, and LE-
3) observed by the SOHO/LASCO/C3 coronagraph in
August 2012 together with the positions of various radio
galaxies that were occulted by the eruptions, allowing
studies of their magnetic structure via Faraday rotation
measurements. From Kooi et al. [2017].

MESSENGER [Jensen et al. 2018]. These lim-
itations and challenges could be addressed
by a multi-spacecraft mission to be used as
a constellation of multi-frequency background
transmitters, allowing to remotely probe CME
magnetic fields along multiple lines of sight.

In fact, these considerations are valid also
for the interplanetary scintillation technique
[e.g., Manoharan 2010; Jackson et al. 2020],
which is used to study fluctuations in the in-
tensity of a radio source due to solar wind ir-
regularities, allowing e.g. to remotely probe
CME density [e.g., Lynch et al. 2002].

3 In-situ Measurements

In terms of in-situ measurements, we will
identify observational gaps that are crucial
for a more complete understanding of CMEs
and their heliospheric evolution in two main
research regimes, namely those dedicated to
studies of the large-scale (§3.1) and smaller-
scale (83.2) structure of ICMEs. Note that here
we consider “small scales” to correspond to an-
gular separations of less than ~6° at ~1 AU,
i.e. absolute distances of less than ~0.1 AU.
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Figure 3: Sketch showing the local orientation(s) of
an ICME measured at 1 AU by STEREO-A, Earth, and
STEREO-B in November 2007, projected onto the eclip-
tic plane. From Farrugia et al. [2011].

3.1 Large-Scale Studies

CMEs are extremely large heliospheric
structures, expanding to several times the size
of the Sun already when traveling through
the solar corona and reaching typical radial
widths of ~3 AU at heliocentric distances of
~15 AU [Richardson et al. 2006]. Accordingly,
studies that aim to address the global mor-
phology, magnetic configuration, and plasma
distribution of ICMEs tend to rely on multi-
spacecraft measurements over large helio-
spheric distances. However, only a handful
of dedicated heliophysics missions have been
launched away from Earth during the past ~5
decades (Helios, Ulysses, STEREO, Parker So-
lar Probe, and Solar Orbiter). Hence, the re-
search community has been taking advantage
of data from planetary missions (both during
cruise phase and after orbit insertion), such
as MESSENGER to Mercury, Venus Express to
Venus, MAVEN to Mars, Juno to Jupiter, and
Cassini to Saturn. This has led to a wealth
of multi-spacecraft studies utilizing measure-
ments “not originally meant for CME science”
[e.g., Mulligan et al. 1999; Nieves-Chinchilla
et al. 2012; Witasse et al. 2017; Good et al.
2019; Kilpua et al. 2019; Davies et al. 2020,
2021, 2022; Palmerio et al. 2021c] to accom-

pany those based more strictly on heliophysics
missions [e.g., Skoug et al. 2000; Farrugia
et al. 2011; Winslow et al. 2021; Lugaz et al.
2022, see also Figure 3], as well as studies fo-
cused on ICMEs at other planets than Earth
[e.g., Winslow et al. 2015; Lee et al. 2017].

Nevertheless, a handful of spacecraft
(whether intended for heliophysics or plan-
etary studies) each following its own orbit
around the Sun across the vast heliosphere
signifies that most multi-point CME encoun-
ters are fortuitous detections that are realized
over arbitrary relative separations of the
various observers, making it particularly chal-
lenging to systematically characterize CME
structure and evolution. For example, if two
in-situ locations are separated by ~1 AU in
heliocentric distance and ~30° in heliographic
longitude, it becomes nearly impossible to
attribute structural and compositional dif-
ferences to radial evolution, to longitudinal
variations, or to both. Several works have
analyzed the radial evolution of CMEs based
on a few encounters characterized by near-
radial alignment of the involved spacecraft
[Good et al. 2019; Vr$nak et al. 2019; Salman
et al. 2020], but most multi-point events
cannot rely on such rare configurations [e.g.,
Mostl et al. 2022]. Thus, measurements that
are aimed to directly address multi-point
observations of CMEs—e.g., via a series of
probes with well-defined separations in longi-
tude/latitude and heliocentric distance—are
likely to bring outstanding advancements in
the field of heliophysics.

Another important issue in CME in-situ re-
search is represented by the absence of signifi-
cant progress in many in-situ instrumentation
capabilities in the past thirty years. Measure-
ments and cadence provided by ACE and Wind
for more than 25 years are often considered to
be “good enough” for many studies, whereas
higher-cadence compositional and energetic
particle data, as well as advancements in radio
measurements as highlighted above are neces-
sary to make significant progress towards an-
swering withstanding science questions.
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3.2 Smaller-Scale Studies

Studies of the structure of CMEs over
smaller distances ($0.1 AU, corresponding to
<S6° at 1 AU) have been even less frequent.
Since the STEREO mission was launched dur-
ing solar minimum, only a couple of events
were observed in situ before the relative sep-
aration between the twin spacecraft (and be-
tween each of them with Earth) became too
large for analysis of the smaller-scale struc-
ture of CMEs [e.g., Liu et al. 2008; Kilpua
et al. 2009; Mulligan et al. 2013]. Some
works have taken advantage of the presence
of both the ACE and Wind spacecraft near
Earth. For example, Mostl et al. [2008] per-
formed an optimized flux rope reconstruction
for a CME detected in November 2003 using
data from both satellites, with ACE at L1 and
Wind in the dawn direction closer to Earth’s
magnetotail. During 2000-2002, Wind per-
formed prograde orbits, yielding separations
with ACE (at L1) of ~0.01 AU, which allowed
Lugaz et al. [2018] to study variations in the
ejecta magnetic field for 21 ICMEs, and Ala-
Lahti et al. [2020] to analyze differences in
the structure of CME-driven sheaths for 29
events. These works resulted in evaluation of
the typical scale lengths associated with vari-
ous solar wind structures (see Figure 4). For
example, Lugaz et al. [2018] concluded that
the scale length of longitudinal magnetic co-
herence inside CME ejecta lies around 0.25-
0.35 AU (14-20° at 1 AU) for the magnetic
field magnitude, but around 0.06-0.12 AU (3-
7° at 1 AU) for the magnetic field components.

These results highlight that there exists a re-
gion of the parameter space left largely unex-
plored, i.e. that corresponding to radial sepa-
rations of 0.005-0.050 AU and angular sepa-
rations of 1-12°. This ‘mesoscale’ region could
be researched further during mid-to-late 2023,
when STEREO-A will be positioned close to
the Sun-Earth line, or via orbital maneuvers
of the existing assets at L1, or via a dedicated
multi-spacecraft mission.

4 Improvements to Bridge Current Gaps

The critical “gaps” identified in both the
remote-sensing (Section 2) and in-situ (Sec-

0.4 =

Interplanetary Shock

02

![ 1cME Ejecta
(Flux Rope)

Yase [AV]
o

-0.21

Ygse/lAV]
oL o o N
\_

-0.4

0 2 4 6
Xgse [AU] %10

0.6 L I I I L L I I
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
XGSE [AU]

Figure 4: Representative sketch of an ICME near 1 AU
and the spatial scales involved. The zoomed-in inset
also shows the typical size of Earth’s dayside magneto-
sphere under nominal conditions. From Ala-Lahti et al.
[2020].

tion 3) observational regimes can be ad-
dressed with a conscious, focused commit-
ment on the part of NASA, NSE NOAA, and
other federal funding agencies to facilitate
multi-point and multi-spacecraft heliophysics
and planetary science missions, support for
multi-probe data analysis and modeling re-
search programs, and an innovative cross-
disciplinary approach to maximize the scien-
tific return from missions beyond their pri-
mary scientific objectives.

First of all, it is evident from the discus-
sion in the previous sections that CME science
(but more generally solar and heliospheric
physics) has been largely lacking support for
dedicated multi-spacecraft capabilities. The
first such mission in the inner heliosphere is
HelioSwarm, which was selected for flight as
recently as 2022 to study turbulence in the so-
lar wind (and is expected to launch no ear-
lier than 2028), while spacecraft constella-
tions have been employed for magnetospheric
studies for over two decades (e.g., with Clus-
ter, THEMIS, and MMS). Missions and assets
that can enable systematic, multi-point stud-
ies of CMEs and related phenomena in both
the remote-sensing and in-situ regimes will be
a prerequisite for breakthrough science and
understanding to be achieved over the next
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decade. This much-needed progress can be
realized via a multitude of observing strate-
gies, such as coordinated spacecraft at the La-
grange L4 and L5 points (or even including the
L3 point), constellations in heliocentric orbits
and/or in solar polar orbits, and “swarms” of
smaller probes (e.g., cubesats) clustered up-
steam of Earth and/or other planets. A num-
ber of mission concepts relevant to these goals
have been proposed over the past few years
[e.g., Vourlidas et al. 2018, 2020b; Bemporad
2021; Allen et al. 2022; Telloni 2022].

Other practical ways to maximize science
return include the incorporation of simulta-
neous remote-sensing and in-situ capabilities
on all heliophysics flagship missions that are
set to fly through the solar wind, wherever
possible. This would allow for an increased
coverage of the solar atmosphere and/or ex-
tended corona in terms of imaging, and for
the presence of an additional in-situ moni-
tor scattered throughout the heliosphere. The
temporal cadence of each instrument should
reflect the timescales of the processes they
are supposed to shed light upon: For exam-
ple, coronagraph imagery from SOHO/LASCO
(12-min cadence) and STEREO/COR2 (15-
min cadence) is often of limited use espe-
cially in the case of fast CMEs, which can
evolve dramatically over much shorter time-
frames, particularly in the range ~1-10R,.
The selection of new missions should aim to
explore presently unknown regions (e.g., the
solar poles) and enable novel science method-
ologies (e.g., using a spacecraft network as ra-
dio transmitters) but should, at the same time,
guarantee continuity of the existing assets and
data products.

Furthermore, synergies between helio-
physics and planetary science should be
facilitated and even encouraged. In addition
to the multi-point CME studies enabled by
planetary missions mentioned in Section 3.1,
there are e.g. several recent examples of novel
planetary science results made with Parker
Solar Probe data during its flybys of Venus
[e.g., Collinson et al. 2021; Pulupa et al.
2021; Wood et al. 2022]. Another example is
the community-driven, heliophysics working

group formed to analyze the in-situ magnetic
field and particle data being returned during
BepiColombo’s cruise phase [Mangano et al.
2021]. Such cross-disciplinary studies may be
even more successful (and less fortuitous) if
NASA (and other agencies) prioritize devel-
oping multi-spacecraft and multi-viewpoint
capabilities at the highest levels of mission
selection, funding, planning, and implemen-
tation. Two relatively straightforward action
items that have the potential to maximize
future scientific returns are (1) the inclusion
of magnetometer, solar wind plasma, and
energetic particle instruments on upcoming
and future planetary science missions, and
(2) to provide the funding and support for
making science-quality cruise phase data
readily available to the science community.

5 Summary and Recommendations

In this White Paper, we have outlined the
current status of CME observational research
and identified the current gaps that need to be
filled in order to reach a more complete un-
derstanding of their internal structure, prop-
erties, and evolution. Our recommendations
for the Heliophysics 2024-2033 Decadal Sur-
vey Committee are:

* Prioritize multi-point inner heliospheric
observations via coordinated spacecraft
and/or constellations of probes

* Improve simultaneous remote-sensing and
in-situ coverage over the solar atmo-
sphere/corona and the inner heliosphere

* Observe the Sun and its environment from
novel viewpoints, e.g. away from the ecliptic

* Encourage CME studies that target helio-
spheric evolution over a range of radial and
longitudinal separations

* Address observational gaps in the CME
‘mesoscale’ region

* Enable higher-cadence remote and in-situ
measurements relevant to CME science

* Select new missions with the aim to explore
new regions, but without losing continuity
of the existing assets

* Include heliophysics-relevant instrumenta-
tion on planetary missions, to maximize
cross-disciplinary studies and science return
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