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ABSTRACT

Context. Coronal mass ejections (CMEs) are large-scale structures of magnetized plasma that erupt from the corona into interplanetary
space. The launch of Solar Orbiter (SolO) in 2020 enables in situ measurements of CMEs in the innermost heliosphere, at such
distances where CMEs can be observed remotely within the inner field of view of heliospheric imagers (HIs). It thus provides the
opportunity for investigations into the correspondence of the CME substructures measured in situ and observed remotely. We studied
a CME that started on 2022 March 10 and was measured in situ by SolO at ⇠0.44 au.
Aims. Combining remote observations of CMEs from wide-angle imagers and in situ measurements in the innermost heliosphere
allows us to compare CME properties derived through both techniques, validate the estimates, and better understand CME evolution,
specifically the size and radial expansion, within 0.5 au.
Methods. We compared the evolution of di↵erent CME substructures observed in images from the HIs on board the Ahead Solar
Terrestrial Relations Observatory (STEREO-A) and the CME signatures measured in situ by SolO. The CME is found to possess
a density enhancement at its rear edge in both remote and in situ observations, which validates the use of the signature of density
enhancement following the CMEs to accurately identify the CME rear edge. We also estimated and compared the radial size and
radial expansion speed of di↵erent substructures in both observations.
Results. The evolution of the CME front and rear edges in remote images is consistent with the in situ CME measurements. The
radial expansion (i.e., radial size and radial expansion speed) of the whole CME structure consisting of the magnetic ejecta and the
sheath is consistent with the in situ estimates obtained at the same time from SolO. However, we do not find such consistencies for
the magnetic ejecta region inside the CME because it is di�cult to identify the magnetic ejecta edges in the remote images.
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1. Introduction

Coronal mass ejections (CMEs) are large-scale transient and
energetic expulsion of mass and magnetic flux from the Sun.
They have been studied for decades using remote observations
and in situ measurements since they were discovered in the early
1970s (Tousey 1973). In white-light coronagraphs, CMEs often
appear as a classic three-part structure (bright front, dark cav-
ity, and bright core; see, e.g., Illing & Hundhausen 1985). It has
traditionally been supposed that the bright front corresponds to
the compressed and pileup material ahead of the eruptive struc-
ture, the dark cavity represents the magnetic flux rope (mag-
netically dominated) structure, and the bright core is related to
the filament material. With the SOlar and Heliospheric Obser-
vatory (SOHO; Domingo et al. 1995) and the twin Solar Terres-
trial Relations Observatory (STEREO; Kaiser et al. 2008) space-
craft, regular monitoring in the white light of CMEs from the
low corona to interplanetary space has become available, which
extends from 0.15 to ⇠1 au with the heliospheric imagers (HIs;
Howard et al. 2008) onboard STEREO.

In situ measurements of CMEs (a time series of CME param-
eters at a single point), provide the local properties of the CME

magnetic field and plasma information (see, e.g., Burlaga et al.
1981). CMEs detected in situ typically consist of (a) a mag-
netic ejecta and (b) a sheath with heated and compressed solar
wind plasma ahead of the magnetic ejecta (see the review paper,
Kilpua et al. 2017). About 80% of CMEs observed in situ are
found to have a sheath region (Salman et al. 2021). Sometimes,
the magnetic ejecta region shows magnetic flux rope signatures
such as (1) an enhanced magnetic field strength, (2) a smooth
rotation of the magnetic field components, and (3) a decrease in
the solar wind plasma temperature, and this subset is referred to
as a magnetic cloud (Burlaga et al. 1981; Lepping et al. 1990). In
this paper, we use the term CME to describe the entire structure
consisting of the ejecta and the sheath measured in situ as well as
the entire structure imaged remotely. We use the term magnetic
ejecta to indicate the CME magnetically dominated structure for
both remote and in situ observations.

Remote and in-situ observations have greatly enriched CME
studies, among which the radial expansion of CMEs is one
of the most outstanding aspects. This radial expansion can be
individually studied using (1) extreme-ultraviolet and white-
light observations in the corona (e.g., Patsourakos et al. 2010;
Balmaceda et al. 2020; Zhuang et al. 2022), (2) heliospheric
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imagers in interplanetary space (Savani et al. 2009; Möstl et al.
2010; Rouillard 2011; Howard & DeForest 2012), and (3) in
situ measurements provided by multiple spacecraft (either
for large samples at di↵erent distances or for the same
CME measured by multiple spacecraft in radial align-
ment; e.g., Bothmer & Schwenn 1998; Leitner et al. 2007;
Gulisano et al. 2010; Winslow et al. 2015, 2021; Lugaz et al.
2020a; Salman et al. 2020; Davies et al. 2021). However, simul-
taneous remote and in situ observations are rare, especially
in the innermost heliosphere where the CME dynamics are
relatively strong. Thus, there are few such comprehensive
studies on the CME radial expansion (Nieves-Chinchilla et al.
2012; Lugaz et al. 2020b). For example, Nieves-Chinchilla et al.
(2012) combined remote images and in situ measurements of
multiple spacecraft in radial conjunction from ⇠0.4 au to 1 au to
investigate the expansion of a CME. For their event, they found
that the CME radial sizes estimated in situ at di↵erent heliocen-
tric distances are consistent with the estimates obtained based on
remote observations. However, consistency of radial expansion
during the CME propagation from the corona to interplanetary
space is not a common finding.

Based on ⇠40 CMEs measured by multiple spacecraft in
radial conjunction, Lugaz et al. (2020a) and Davies et al. (2022)
found that the CME global expansion estimated by the decrease
in the magnetic field strength inside magnetic ejecta with dis-
tance does not agree with the local expansion estimated based
on the decrease in the magnetic ejecta bulk speed near 1 au.
Recently, by combining the remote observations and in situ
measurements in radial conjunction of 22 CMEs, Zhuang et al.
(2023) further revealed that the CME radial size estimated
remotely in the corona is inconsistent with the in situ estimates,
especially when the CME propagates farther away from the Sun.
They suggested that these inconsistencies may be due to (1)
the decrease in the expansion rate during the CME propaga-
tion (Lugaz et al. 2020a) and/or (2) the uncertainties in identi-
fying the CME boundaries in both remote and in situ observa-
tions (Richardson & Cane 2010; Kilpua et al. 2013). The lack of
solar wind plasma measurements for the planetary missions in
the innermost heliosphere used in these studies is one key factor
for the di�cult boundary identification.

Moreover, past studies, focusing on comparing the CME sig-
natures and substructures between remote and in situ observa-
tions, had to rely on the spacecraft near 1 au (e.g., Davies et al.
2009; Möstl et al. 2010; Rouillard 2011; Howard & DeForest
2012), where the CME radial expansion may di↵er significantly
from that closer to the Sun. For example, Rouillard (2011)
found that two bright ridges associated with a CME observed
by STEREO heliospheric imager 2 (HI2) match the density
enhancement ahead of and behind the in situ magnetic ejecta at
1 au. Howard & DeForest (2012) focused more on the magnetic
ejecta structure and found that the cavity region in HI2 images
can be related to the magnetic ejecta structure observed at 1 au.
However, no quantification of the evolutions of the CME sub-
structures and the radial size are provided in these studies.

The novel close-to-the-Sun measurements by the Parker
Solar Probe (PSP; Fox et al. 2016; Raouafi et al. 2023) and Solar
Orbiter (SolO; Müller 2020) enable unprecedented comprehen-
sive studies on the CME structures and radial expansion in the
innermost heliosphere, specifically with solar wind plasma mea-
surements. For example, Winslow et al. (2021) investigated the
simultaneous in situ measurements of a CME from PSP and the
Ahead STEREO (STEREO-A), which were in radial alignment,
and revealed the complex evolution of the CME due to inter-
action with other large-scale transients. In this work, we stud-

ied a CME that erupted on 2022 March 10, with emphasis on
the evolution of the CME substructures and radial expansion,
and we give a comparison between the remote observations and
simultaneous in situ measurements from SolO. This CME was
continuously tracked by remote observations at STEREO and
also observed at SolO between March 11 and 12 in the inner-
most heliosphere. Laker et al. (2023) also studied this event but
focused on validating the ability to use SolO as an upstream
monitor to forecast space weather near Earth in real time. In
Sect. 2, we introduce the data and methods used and briefly intro-
duce this CME. Section 3 describes the results. Sections 4 and 5
present the discussion and conclusions.

2. Data, method, and event overview

2.1. Instrumentation and methods

To study the CME in remote observations, we use (a)
the Large Angle and Spectrometric Coronagraph (LASCO;
Brueckner et al. 1995) on board SOHO, (b) the coronagraphs
(COR1 and COR2) and the heliospheric imagers (HI1 and HI2;
Howard et al. 2008) on board STEREO-A (STA hereafter), and
(c) the Extreme Ultraviolet Imager (EUVI; Wuelser et al. 2004)
on board STA and the Atmospheric Imaging Assembly (AIA;
Lemen et al. 2012) on board the Solar Dynamics Observatory
(SDO). In order to compare the CME substructures and radial
expansion properties between remote observations and in situ
measurements, we focused on HI1, which has a 20� square field
of view (FOV) centered at 14� elongation, and HI2, which has a
70� -by-70� FOV centered at 53.7� elongation. The spatial reso-
lutions for HI1 and HI2 are around 0.02� and 0.07�, and tempo-
ral resolutions are 40 min and two hours, respectively. Figure 1
shows the FOVs of HI1 and HI2. It is noted that HI1 and HI2
measure elongation (✏) instead of heliocentric distance (rH). The
“harmonic mean” method (Lugaz et al. 2009) is used here for the
conversion between ✏ and rH according to Eq. (1):

rH =
2d sin ✏

1 + sin(✏ + �)
, (1)

where d is the distance from STA to the Sun (0.97 au) and
� is the angle between the CME trajectory and Sun-STA line.
Taking advantage of multi-viewpoint coronagraphs, we obtain
the CME three-dimensional (3D) geometric and propagation
parameters using the graduated cylindrical shell (GCS) model,
which assumes that the CME is a self-similarly expanding flux
rope structure (Thernisien et al. 2006, 2009). In this study, we
used the model tool in the Python environment developed by
von Forstner (2021).

We also investigated the in situ properties of the CME
from SolO at ⇠0.44 au and from Wind at 1 au. Those in
situ measurements include (a) the Solar Wind Analyzer (SWA;
Owen et al. 2020) and the magnetometer (MAG; Horbury et al.
2020) on board SolO and (b) the Solar Wind Experiment (SWE;
Ogilvie & Desch 1997), the Magnetic Field Investigation (MFI;
Lepping et al. 1995), and the Three-Dimensional Plasma and
Energetic Particle Investigation suite (3DP, Lin et al. 1995) on
board Wind. The temporal resolution of all in situ data used in
this paper is one minute, except for 3DP, which is binned to a
two-minute resolution. We note that due to, for example, space-
craft interference, SolO encountering some minor issues during
and after commissioning related to instruments and digital pro-
cessing units in the first few years of the mission, or an instru-
ment turning-o↵ during the period of data downlink, there may
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Fig. 1. Locations of SolO, STA, and Earth relative to Sun in eclip-
tic plane in heliocentric Earth ecliptic (HEE) coordinate system. The
straight lines indicate the FOVs of STA HI1 (red) and HI2 (yellow), and
the solid arrow shows the longitude of the CME propagation direction
obtained from the GCS model.

be some data gaps. The locations of SolO, STA, and Earth rela-
tive to the Sun in the ecliptic plane at 18:00 UT on 2022 March
10 are shown in Fig. 1. At this time, SolO and Wind were in a
radial conjunction with a longitudinal separation of 7�. The heli-
ographic latitudes of SolO and Wind were �4� and �7�, respec-
tively. STA was ⇠34� to the east of Earth.

In the rest of this work, we estimate the radial size of a spe-
cific CME substructure from the in situ measurements as the
product of the average speed and duration of that substructure.
We also performed an expanding Lundquist flux rope model
(Farrugia et al. 1993; Yu et al. 2022) to obtain the in situ param-
eters for the magnetic ejecta only and found that the radial sizes
are similar between these two estimation methods (the fitted
results are not used thereafter).

2.2. Event overview

The CME of interest erupted at around 17:10 UT on 2022 March
10, based on STA EUVI observations from active region 12962
(N27W07). No major flare was reported based on the SolarMon-
itor website1. The CME appeared as a partial halo structure in
the SOHO LASCO FOV and was a limb event from the STA
viewpoint. Figure 2 shows the CME eruption observed using
SDO AIA at a wavelength of304 Å, STA EUVI at a wavelength
of 195 Å, STA COR1, SOHO LASCO-C2, and STA COR2 at
two time steps: SOHO LASCO-C3, STA HI1 and STA HI2,
respectively. These images were processed using the running-
di↵erence technique, except for the AIA image. We note that
the time intervals of HI1 and HI2 used for the running di↵erence
are 40 minutes and two hours, respectively. The SDO AIA image
shows post-eruption ribbons associated with the two hooks at the
far ends of the two ribbons (marked by the green circles), which
indicate the two footpoints of the CME (e.g., Janvier et al. 2014).
The remaining eight images display the CME eruption and prop-
agation in chronological sequence.

The most intriguing phenomenon here is that the CME dis-
plays two bright fronts observed quite clearly from the STA
viewpoint (also discernible in LASCO images). These two fronts
are visible during the CME propagation from the low corona in
EUVI to interplanetary space in HI2. We also checked the origi-

1
https://www.solarmonitor.org/

nal (without di↵erence-technique processed) images at STA and
found that the signatures of the two fronts hold. However, to
enhance the visibility of di↵erent substructures, we show them
here through running-di↵erence images.

Following its propagation in the inner heliosphere, the CME
reached SolO and then L1. Figure 3 shows the in situ observa-
tions of the CME-driven shock and the magnetic ejecta at SolO
(left) and Wind (right), including the magnetic field strength,
components in the spacecraft-centered radial tangential normal
(RTN) coordinate system, the solar wind proton number den-
sity, temperature and speed, and the pitch-angle distribution of
suprathermal electrons at ⇠265 eV (only at Wind). The CME-
driven shock arrived at SolO at 19:52 UT on March 11, and the
magnetic ejecta duration was between 22:55 UT on March 11
and 06:40 UT on March 12, at which point magnetic cloud prop-
erties were observed. At Wind, the shock and the ejecta front
arrived at 10:04 UT and 22:42 UT on March 13, respectively.
Even though magnetic cloud properties were also observed at
Wind, the identification of the ejecta rear boundary was not con-
clusive. Thus, we marked two potential boundaries delineated by
the third and fourth vertical lines at 17:15 UT on March 14 and
12:10 UT on March 15 (see the discussion in Sect. 4.1).

3. Event analysis

3.1. CME propagation based on the GCS model

Based on the GCS model, the CME propagated in the N24–
W08 direction (corresponding to a unit vector [X,Y,Z] =
[0.85, 0.12, 0.52] in the HEE coordinate system), with a half
angular width of 65�, an aspect ratio of 0.27, a tilt angle of
�55�, and a speed of ⇠800 km s�1 in the corona based on a lin-
ear fit to the height-time data in the GCS model. The solid arrow
in Fig. 1 shows the longitude of the CME propagation direc-
tion in the HEE coordinate system, which is almost along the
Sun-SolO line. The left and middle panels of Fig. 4 present the
reconstructed flux rope structure overlaid on the STA COR2 and
SOHO LASCO-C3 images at around 21:54 UT on March 10. We
note that the large tilt angle indicates the fact that the CME was
inclined with its axis quasi-perpendicular to the ecliptic plane.
Such an inclined structure in the GCS model is also consistent
with the expected layout of a flux rope based on the CME foot-
point locations on the solar surface as shown in the top left panel
of Fig. 2. Furthermore, considering the latitudes of SolO and
Wind, the spacecraft trajectories may cross the flank of the CME
instead of the core part.

We also estimated the CME transit times from the Sun to
SolO and from SolO to Wind. Considering an average between
the speeds of the GCS model intersected in the ecliptic plane
and the front of the magnetic ejecta at SolO (680 km s�1), the
CME is predicted to arrive at SolO at around 20:02 UT on March
11, which is quite consistent with the real detection (22:55 UT
on March 11). From SolO to Wind, we focused on the mag-
netic ejecta front and used two methods to calculate the CME
transit time, which are (a) averaging between the ejecta front
speeds measured at SolO and Wind and (b) the drag-based
model (DBM), which considers the CME-solar wind interaction
(Vršnak et al. 2013). Based on the first method, starting at 22:55
UT on March 11 at SolO with an average speed of 535 km s�1

(620 km s�1 at SolO and 450 km s�1 at Wind), the CME could
arrive at Wind at 18:22 UT on March 13, which is ⇠4 h earlier
than the true detection. Based on the second method, combin-
ing an adjusted drag coe�cient (0.34) with a constant solar wind
speed of 340 km s�1 (an average value before the arrival of the
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Fig. 2. 2022 March 10 CME observations from SDO, STA, and LASCO. From left to right and from top to bottom: SDO AIA at a wavelength of
304 Å, STA EUVI at a wavelength of 195 Å, STA COR1, SOHO LASCO-C2, STA COR2 at two time-steps: SOHO LASCO-C3, STA HI1 and
STA HI2. These images were processed using the running-di↵erence technique, except the first AIA image. The green circles in the top left panel
indicate the locations of the CME feet. The orange concentric circles show the elongation angles, and the radial lines show the position angles in
the STA HI1 and STA HI2 images.

CME at SolO, which is the same as that estimated at Wind), the
CME starting at SolO is predicted to arrive at Wind at 20:38 UT
(⇠2 h earlier than the true detection) on March 13 with an impact
speed of 450 km s�1. The predicted arrival time and impact speed
based on the DBM model are quite consistent with the in situ
measurements at Wind.

3.2. CME substructures in J map

A J map (elongation-time map; Sheeley et al. 1999) is helpful
for showing the evolution of the CME substructures and eas-
ily tracking the features of interest. The top panel of Fig. 5
shows the J map combining the running-di↵erence images of
COR2, HI1, and HI2 along the central horizontal line, while
the central line in HIs with the position angle of about �3� is
close to the Sun-SolO line in the heliographic latitude of �4�.
The CME appears as two bright ridges (called first and sec-
ond ridges hereafter), which are related to the appearance of
the two fronts in Fig. 2. The two bright ridges are not dis-
cernible at elongations greater than 40�. The horizontal pink
line indicates the elongation of SolO (using Eq. (1) to change

the SolO heliocentric distance to elongation with � = 41� and
rH = 0.44 au), and the three vertical pink lines correspond to
the shock and magnetic ejecta boundaries identified at SolO.
We note that the in situ signatures of the CME are quite consis-
tent with the remote signatures: (a) the shock boundary roughly
matches the uppermost ridge edge, (b) the ejecta duration at
SolO corresponds to the low-brightness region between the R2
(or R3) and R4 ridges (see the definitions of R1 to R4 below),
and (c) the plasma density enhancement at the ejecta rear is
related to the second bright ridge. Section 4.2 discusses the
implication of point (c) in accurately identifying the CME rear
edge. These consistencies are based on visual comparisons in the
J-map image. In the next two subsections, we present quantita-
tive estimates.

3.3. Comparison of the CME radial size

We focused on investigating the evolution of the CME radial size
from the corona (based on the GCS model) to the interplanetary
space (based on HI1 and HI2) and compare it with the radial size
estimated by the in situ measurements, especially for the CME

A107, page 4 of 10



Zhuang, B., et al.: A&A, 682, A107 (2024)

Fig. 3. In situ measurements at SolO (left) and Wind (right). The magnetic field strength; components in RTN coordinates; the solar wind proton
number density, temperature, and speed; and the pitch-angle distribution of suprathermal electrons at ⇠265 eV (only at Wind) are shown. At SolO,
the three vertical dashed lines indicate the shock boundary and the front and rear boundaries of the magnetic ejecta. At Wind, the first two dashed
lines indicate the shock boundary and the ejecta front boundary, while the third and fourth lines correspond to two potential rear boundaries (see
text for details).

2022-03-10 21:54

Fig. 4. 3D reconstruction of 2022 March 10 CME. Left and middle panels: Reconstructed flux rope structure from the GCS model (blue) overlaid
on the STA COR2 and SOHO LASCO-C3 running-di↵erence images at around 21:54 UT. Right panel: CME structure from GCS model intersected
in ecliptic plane. The pink line corresponds to the Sun-SolO line, and the two red dots mark the locations of the intersected points between the
CME and the Sun-SolO line.

at SolO at a distance where the size can also be derived from
remote observations.

We first present the in situ estimation. At SolO, the radial
sizes of the magnetic ejecta and the whole CME are estimated
to be 0.096 au and 0.145 au, respectively. The duration and
average speed of the ME are 7.8 h and 513 km s�1, while the
duration and average speed of the sheath region are three hours
and 606 km s�1. At Wind, the two potential rear boundaries
lead to two ejecta parts (a shorter one and a longer one), and
thus we estimate four radial sizes of (a) the shorter ejecta (the
duration and average speed are 18.6 h and 427 km s�1), (b) the
shorter ejecta adding the sheath (the duration and average speed
of the sheath are 12.6 h and 470 km s�1), (c) the longer ejecta
(the duration and average speed are 37.4 h and 406 km s�1),

and (d) the longer ejecta adding the sheath. These four esti-
mated radial sizes are 0.19, 0.32, 0.37, and 0.52 au, respec-
tively. We note that the ejecta size of 0.19 au is comparable to
the average radial size of magnetic clouds at 1 au of 0.21 au
(see, e.g., Bothmer & Schwenn 1998), while the total size using
the first rear boundary is comparable to that of CMEs at 1 au
(Richardson & Cane 2010). The larger size using the second rear
boundary is significantly larger than typical observations.

In the GCS model, we estimate the size of the flux rope inter-
sected in the ecliptic plane and along the Sun-SolO line, as indi-
cated in the right panel of Fig. 4. Due to the northward propa-
gation of the CME with a large tilt angle, SolO only crossed the
CME flank. We calculated the radial size between the two red
dots, while the pink line is the Sun-SolO line. We note that the
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R1

R2

R3 R4

Fig. 5. J-map image combining running-di↵erence images of COR2, HI1, and HI2 along the central horizontal line. The horizontal pink line
indicates the elongation of SolO converted using Eq. (1), and the three vertical pink lines correspond to the shock and magnetic ejecta boundaries
identified at SolO(see main text for more details). The two bottom panels show the running di↵erence (left) and base di↵erence with the base time
at 00:08 UT on March 11 (right) overlaid with the selected data points (the four colors are consistent with the colors of R1 to R4 as shown in the
top panel of this figure) at 07:28 UT on March 11 in HI1 FOV.

Sun-Wind line does not intersect the CME volume; thus, the in
situ detection at Wind indicates that the CME may have expe-
rienced deflection, rotation, and/or non-self-similar expansion
during its propagation (e.g., Vršnak et al. 2019; Zhuang et al.
2019; Regnault et al. 2023), or that there are uncertainties in the
GCS parameters (Thernisien et al. 2009). Compared to SolO,
Wind may have more of a grazing incidence encounter of the
CME based on the propagation direction and orientation of the
CME.

In HI1 and HI2 FOVs, we first calculate the heliocentric
distances of di↵erent substructures based on the J-map image
(Fig. 5) and Eq. (1). In Eq. (1), we have � = 47� by considering
the mean longitude of the CME propagation direction obtained
from the GCS model and the HELCATS website2. We selected

2
https://www.helcats-fp7.eu/catalogues/event_page.

html?id=HCME_A__20220310_01

the data points of di↵erent parts of the bright ridges, includ-
ing (1) the front of the first ridge that may correspond to the
shock (R1), (2) the sharp ridge inside and the rear of the first
ridge (R2 and R3) when the identification of the magnetic ejecta
front in HI1 FOV is not clear, and (3) the front of the second
ridge indicating the rear of the ejecta (R4). The data groups are
indicated using di↵erent colors in Fig. 5. In HI2, we consid-
ered R3 based on the edge between the extremely bright and
faint regions. Uncertainties in pinpointing R1–R4 in running-
di↵erence images are discussed in Sect. 4.1.

We then estimate the radial sizes between (a) R1 and R4,
(b) R2 and R4, and (3) R3 and R4 based on the assumption that
R1 to R4 shared the same propagation direction. The di↵erence
between R1 and R4 indicates the radial size of the whole CME.
However, the estimation of the magnetic ejecta radial size is not
clear: either using R2 to R4 or using R3 to R4 (see discussion
in Sect. 4.1). The top panel of Fig. 6 shows the variation of the

A107, page 6 of 10

https://www.helcats-fp7.eu/catalogues/event_page.html?id=HCME_A__20220310_01
https://www.helcats-fp7.eu/catalogues/event_page.html?id=HCME_A__20220310_01


Zhuang, B., et al.: A&A, 682, A107 (2024)

Fig. 6. Comparison of CME radial size, propagation speed, and expansion speed measured remotely and in situ. Top: Evolution of radial sizes of
di↵erent CME substructures along with the heliocentric distances of the CME substructure fronts estimated using the GCS model and in STA HIs
associated with the in situ estimates at SolO in pink (the whole CME and magnetic ejecta) and Wind in light blue (only the shorter ejecta size is
shown). The dashed lines indicate the (two-band) power-law fits of the data points in remote observations. Bottom: Propagation and expansion
speeds of di↵erent substructures of CME obtained in HI images and at SolO.

di↵erent estimates of the CME radial size along with the radial
distance by combining the GCS model, HI1 and HI2 images,
and in situ measurements. The estimated radial distances of R1,
R2, and R3 are used for the green, blue, and red data points,
respectively. The uncertainties in the GCS model (estimated by
combining the errors on the fit height and aspect ratio; see dis-
cussion in Thernisien et al. 2009) and HI1 images are too small
to be seen. In HI2 (also HI1), the uncertainty in the distance esti-
mation is the product of the half of the temporal resolution and
the CME speed of ⇠660 km s�1, and the radial size error is based
on a measurement error of four pixels in the images.

We used a power-law equation to fit the data points of radial
size versus heliocentric distance. However, the red data points of
the R3–R4 region appear to have two slopes, which indicates that
di↵erent CME radial expansion rates during the CME propagate
from the corona to interplanetary space (e.g., Lugaz et al. 2020a;
Zhuang et al. 2023). Therefore, we fit them with two power-law
bands divided by a specific heliocentric distance (rH0). rH0 is
obtained by minimizing the value of �2

1 + �
2
2, where the reduced

�2
1 and �2

2 error statistics correspond to the fits of the two bands.
We find that, as for the magnetic ejecta of the region between R3
and R4, the power-law index (↵) is estimated to be 1.49 within
0.21 au and 1.09 beyond 0.21 au, where rH0 = 0.21 au and the
sum of the reduced chi-squares of the two-band fit is smaller
than the reduced chi-square of the one-band power-law fit. ↵ of
the whole CME between R1 and R4 (green) is estimated to be
0.89, and ↵ of the R2–R4 region (blue) is estimated to be 1.03.
We note that ↵ in the GCS model is one, due to the self-similar

expansion assumption. We then discuss these ↵ values together
with the radial size estimates.

First, the radial size of the whole CME estimated in HI
images is consistent with that estimated in situ at SolO (the
top pink square). Second, the ejecta size measured in situ at
SolO (bottom pink square) is smaller than that obtained from the
remote images between R2 and R4, but larger than that between
R3 and R4. However, the di↵erences are relatively small: 12%
for the R2–R4 size and 15% for the R3–R4 size compared to the
in situ estimate. The ↵ fit from remote images greater than one
of the magnetic ejecta part within ⇠0.2 au indicate that the CME
may overexpand instead of expanding self-similarly (if ↵ = 1).
The radial expansion rate of the ejecta is found to decrease as the
CME propagates farther away from the Sun, which is indicated
by the lower ↵ fit beyond 0.21 au. This is further confirmed by
the decrease in the estimated expansion speed (also for the whole
CME) in the next subsection.

Third, the radial size of the shorter magnetic ejecta with the
first rear edge estimated at Wind is consistent with that as derived
from the HI image between R3 and R4 and extrapolated to 1 au.
However, the estimated radial sizes of the longer ejecta with the
second rear edge and the whole CME (with shorter or longer
ejecta) at Wind are significantly larger than the radial sizes esti-
mated by remote observations. We note that these comparisons
may be influenced by (a) the lack of direct remote observations
at the distance of 1 au (i.e., we used an extrapolation of the fit
results) and (b) unclear identification of the rear boundaries of
the magnetic ejecta at Wind.
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Last, the estimated radial size based on the GCS model
for the CME in the corona (gray dashed line) is larger than
the magnetic ejecta size estimated in the HI images (blue and
red data points) or at SolO (bottom pink square). However, the
gray dashed line with the radial distance <0.4 au is consistent
with the green data points of the radial size of the whole CME,
which indicates that the reconstruction of the GCS model, which
always tracks the CME bright front in use, may consider a part
of the sheath region (Fig. 4).

3.4. Comparison of the radial expansion speed

We calculated the propagation speeds of R1, R3, and R4 based
on the HI images and compare them with the in situ measure-
ments at SolO in the bottom left panel of Fig. 6. To make the data
points more easily visible, the error of the propagation speed is
not shown here. Based on the four-pixel-uncertainty assumption
(Sect. 3.3), the related error values are around 80 km s�1 and
95 km s�1 in HI1 and HI2 images, respectively. The pink squares
from top to bottom indicate the measured plasma speed at the
shock, ejecta front, and ejecta rear boundaries. We note that the
speeds at the shock and ejecta front measured at SolO are almost
the same (Fig. 3). The speeds of the shock and ejecta rear edge
estimated remotely and in situ are consistent. However, it is not
clear about the ejecta front because (1) there are not enough data
points to determine the speed of the R2 front, and (2) the speed
of R3 is lower than the front speed at SolO.

We then compared the radial expansion speeds based on
the size estimates between R1 and R4 and between R3 and R4
with the in situ estimate in the bottom right panel. We note
that the errors on the expansion speed are around 110 km s�1

and 130 km s�1 for the HI1 and HI2 images (error bar is not
shown here either). Even though this error is larger than the esti-
mated expansion speeds, we still discuss the comparisons here.
It should be noted that this error in speed is directly related to
the estimate of the error in the position of four pixels; however,
it is unlikely that the position error is random; it is more likely
to be a bias, which would result in smaller errors in speed. We
find that the expansion speed of R1–R4 at the distance of SolO
estimated in the HI2 J-map image is quite consistent with that of
the whole CME estimated at SolO, while the expansion speed of
R3–R4 is lower than the in situ estimates of the ejecta part. The
consistency of the expansion speed when focusing on the whole
CME can also be confirmed from the consistency of the propa-
gation speed if we approximate the expansion speed using half
the speed di↵erence between the CME front and rear. Addition-
ally, we find that the expansion speeds of both the whole CME
and the magnetic ejecta decreased during the CME propagation,
which is consistent with expectations. Combining the two bot-
tom panels of Fig. 6, the decrease in the expansion speed of this
CME appears to be due primarily to the decrease in the propaga-
tion speed of the CME front, as the speed of the rear boundary
is approximately constant. The inconsistency of the expansion
speed between the R3–R4 region and the ejecta region measured
at SolO is likely due to the di�culty in identifying the exact
magnetic ejecta front in remote images.

The underestimations of the propagation speed of R3 and
expansion speed of the R3–R4 region in HI images further reflect
the lower radial size estimate between R3 and R4. We discuss the
propagation speed here. In general, the R3–R4 radial size can
be estimated using the ejecta duration multiplied by the speed
di↵erence between R3 and R4. Since the speeds between R4
and the ejecta rear edge at SolO are consistent, the underesti-
mation of the ejecta radial size is due to the lower R3 speed esti-

mate. In addition, we can provide further findings based on the
speed comparison in this event. In the left panel of Fig. 3 of the
SolO measurements, the speed inside the sheath region only has
a slight decrease, and thus the ejecta front speed is close to the
shock speed (see also the bottom left panel of Fig. 6). Therefore,
the expansion speed of the whole CME is close to that of the
ejecta part, as shown in the bottom right panel of Fig. 6. It indi-
cates that the expansion speed of the whole CME estimated in
remote images can be used to indicate the real expansion speed.
The fact that the speed inside the sheath region remains constant
is quite common for CMEs measured near 1 au with a moder-
ately high speed relative to the local solar wind (Regnault et al.
2020). Furthermore, the speed variation of the sheath may be
influenced not only by the speed di↵erence between the solar
wind and ejecta, but also by the solar wind plasma density, as
well as the ejecta internal magnetic field strength (Salman et al.
2021).

4. Discussion

4.1. Uncertainties

In this section, we discuss the uncertainties in (1) convert-
ing from elongation to heliocentric distance, (2) measuring the
elongation along the bright-to-dark edge and the selected data
points in running-di↵erence images, and (3) a potential CME-
CME interaction. First, when converting elongation to helio-
centric distance, we assumed that all CME substructures share
the same propagation direction and used the “harmonic mean”
method. Based on Eq. (1), di↵erent propagation directions (lon-
gitudes) lead to di↵erent radial size conversions. However, fitting
the propagation direction of di↵erent substructures, for exam-
ple, using the GCS model, may bring additional uncertainties,
because the substructures (except the front one) are quite hard to
identify in SOHO LASCO images. Moreover, the deflection of
CMEs during their propagation may further bring uncertainties,
and such an e↵ect cannot be quantified here.

We calculated the uncertainty in the estimated heliocentric
distance by considering errors of ±5� in the estimated longitude
of the CME propagation direction and three di↵erent methods,
which are the “point-p”, “fixed-�”, and “harmonic-mean” meth-
ods (Kahler & Webb 2007; Howard et al. 2007; Rouillard et al.
2008; Lugaz et al. 2009; Wood et al. 2009). Based on the STA
location at the CME eruption time, the uncertainty in the helio-
centric distance estimate increases from 0.0075 to 0.015 au with
elongation between 4� and 12� (within HI1 FOV) and then
decreases to 0.0025 au with the elongation at 40� (the focused
HI2 range in this study). Di↵erent methods do not significantly
a↵ect the distance estimation for the elongation within 40�, as
previously noted. We consider that our approach of consider-
ing that all substructures propagate in the same direction and
using the “harmonic mean” method is appropriate, at least for
R1 and R4, as it yields consistent results between in situ mea-
surements and remote observations for the radial size and propa-
gation speeds (Fig. 6). The assumption for the propagation direc-
tion is consistent with the study from Lugaz et al. (2012), where
the direction of propagation of di↵erent tracks for two CMEs
was found to be nearly identical using stereoscopic methods
making use of the two STEREO spacecraft.

Second, as mentioned by Lugaz et al. (2012), the bright-to-
dark edge with high contrast is easy to track, even though the
relationship between the dark edge and the exact physical part
of the CME front is unclear. Since the exact identification of the
magnetic ejecta front in remote images is di�cult, we use both
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R2 and R3 and compare the related radial size with the in situ
estimates. In Fig. 6, the results of (a) the radial size between
R3 and R4 being slightly smaller than the ejecta size at SolO
and (b) the bulk speed along R3 being lower than the ejecta
front speed at SolO indicate that the true ejecta front is located
inside the ridge between R1 and R3 (specifically between R2 and
R3), which is equivalent to the statement that the bright ridge in
running-di↵erence remote images includes not only the sheath
region, but also part of the ejecta structure. Remote images from
COR2 to HI1 in Fig. 2 show that the width of the CME bright
front is larger than or comparable to the dark cavity width, while
the sheath size is only half the ejecta size at SolO. However, it is
not clear why the ejecta part, which is supposed to be associated
with lower density, can appear bright in remote images. The den-
sity enhancement near the ejecta front boundary at SolO may be
one explanation, but the data gap in solar plasma measurements
during the event brings uncertainties.

Using the bright-to-dark edge may lead to underestimations
of the radial size and expansion speed, though the dark edge is
useful for studying the CME propagation (Lugaz et al. 2012).
In addition, as shown in the bottom panels of Fig. 5, we com-
pared the selected data points of R1 to R4 in the running-
di↵erence and base-di↵erence images at the same time. We find
that these two image-processing techniques do not significantly
influence the selection of the data points along R2 and R4 rela-
tively to the CME apparent substructures (R1 is not visible in the
base-di↵erence image), while R3 determined from the running-
di↵erence image is located even closer to the bright front R2
compared to R2–R3 in the base-di↵erence image. Therefore, if
considering the dark cavity as the magnetic ejecta region, the
radial size derived from base-di↵erence images is smaller than
that derived from running-di↵erence images.

Last, Lavraud et al. (2022) discussed a CME-CME interac-
tion during this event and the fact that the measurements at
Wind indicate the existence of two CMEs (e.g., the much longer
magnetic ejecta duration). Such an interaction makes the ejecta
boundary identification at Wind di�cult. They suggested that
the density enhancement at the CME rear edge is caused by this
interaction when the CME of our interest is the preceding one.
We have checked remote observations to find the eruption of the
second CME. However, no eruption responsible for the second
CME was found that could explain the timing of the interac-
tion. While there was another CME that impacted BepiColombo
(0.43 au) at 13:04 UT on March 11 and STEREO-A at 21:13 UT
on March 12, (a) the speed di↵erence of ⇠500 km s�1, (b) the
eruption time of around 19 hours before that of the CME of focus
in this work, and (c) the angular separations of 39� in latitude
and of 46� in longitude between the propagation directions of
the two CMEs make it highly unlikely that these two CMEs are
interacting. As such, there may not be CME-CME in the inner
heliosphere (if there is any, it will have occurred in the very low
corona, which does not a↵ect our conclusions in this paper), at
least in the direction of SolO and Wind.

4.2. CME rear edge identification

The accurate identification of the CME boundaries, especially
the rear edge and in both remote and in situ observations,
is important for better analyzing the CME radial expansion
and propagation (Zhuang et al. 2022, 2023), investigating the
CME flux balance and CME erosion (Ru↵enach et al. 2012;
Lavraud et al. 2014), and reconstructing the CME global con-
figuration using CME models and in situ fitting techniques
(Riley et al. 2004; Thernisien et al. 2006, 2009). However, the

identification of the CME rear edge can be di�cult, as dis-
cussed in Zhuang et al. (2023; see their Fig. 11). Such di�-
culty leads to the inconsistency of the radial size between the
remote estimation and in situ estimation (Zhuang et al. 2023).
In remote images, some observational signatures were seen that
could be used to identify the CME rear edge, for example, the
higher-density region (Rouillard 2011; Wood et al. 2021), the
V-shape structure (Wood et al. 2021), and/or the current sheet
(Webb & Vourlidas 2016) behind the CME.

The simultaneous remote and in situ observations for the
2022 March event show that the high-density region at the CME
rear observed in the STEREO HI images is consistent with
the density enhancement right behind the ejecta rear bound-
ary measured at SolO, and they further support the use of den-
sity enhancement to identify the CME rear edge. The density
enhancement can be due to the pileup of solar wind materi-
als behind the CME associated with the CME radial expan-
sion (Rouillard 2011), which can facilitate comparison between
remote and in situ observations. It was also present for the well-
studied 2008 December CME (Howard & DeForest 2012), but
this does not occur for all CMEs. In addition, the identification
of the CME rear edge based on the trailing density enhancement
is helpful for the CME 3D reconstruction. In the GCS model,
the aspect ratio is adjusted to make the CME radial size as con-
sistent as possible with the size between R1 and R4 in COR2
images after correcting for the projection e↵ect using the “har-
monic mean” method.

5. Conclusions

We studied the CME that erupted on 2022 March 10 by combin-
ing remote observations from LASCO and STA and in situ mea-
surements at SolO in the inner heliosphere of 0.44 au between
March 11 and 12. The CME can be continuously tracked from
the low corona by STA EUVI, COR1, and COR2 to interplane-
tary space by STA HI1 and HI2, while SolO was in the FOV of
HI2.

We focused on the CME radial expansion and compared the
CME radial size and radial expansion speed of the CME sub-
structures (i.e., magnetic ejecta only and whole CME consist-
ing of the ejecta and the sheath). We find that the radial size
of the whole CME region estimated in remote images is con-
sistent with that estimated in situ at SolO. However, there is no
such consistency when comparing the radial size of the magnetic
ejecta region in remote and in situ measurements. We estimated
the CME propagation speed and radial expansion speed remotely
and in situ. The expansion speed is found to decrease during the
propagation of the CME, and this appears to be caused primar-
ily by the decrease in the propagation speed of the CME front.
Moreover, the remote and in situ speed estimates are consistent
for the whole CME but inconsistent for the magnetic ejecta. The
inconsistencies of the ejecta region may be due to the fact that
the identification of the ejecta front boundary in remote images
is di�cult.

We also focused on the long-standing question of where the
CME rear edge in remote images is. Even though the front edge
of the ejecta is di�cult to identify for this event, the identifi-
cation of the rear edge can be done confidently based on the
signature of an enhancement of the solar wind plasma density
behind the CME. The consistencies of the whole CME radial
size and the bulk speeds at the front and rear between the remote
and in situ estimations further support the identification of the
ejecta rear edge based on the density enhancement at the end
of the CME. This event sheds light on the importance of using

A107, page 9 of 10



Zhuang, B., et al.: A&A, 682, A107 (2024)

both remote observations and in situ measurements with solar
wind plasma parameters measured in the inner heliosphere to
study the evolution of the CME substructures and their radial
expansion.
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