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Abstract The Extreme Ultraviolet Imager (EUI) onboard Solar Orbiter ob-
served an eruption through both of its channels (17.4/30.4 nm) of its Full Sun
Imager, on 22 April 2021. At the time, the spacecraft was at 0.87 au from the Sun,
and 98◦ east of the Sun-Earth line. The eruption was slightly back-sided, emerg-
ing close to the southwest limb, starting at 04:24 UT, with the source located
at S20W103 from the Solar Orbiter perspective. The Solar Orbiter coronagraph,
Metis, observed the CME at 06:05 UT. The Spectrometer/Telescope for Imaging
X-rays (STIX) on Solar Orbiter sampled the associated X-ray flare, which was
partially occulted. This allowed the characterization of both the thermal plasma
and any potential contribution of non-thermal electrons in the tenuous coronal
source. The X-ray source location is compared to the extreme ultraviolet coronal
structures seen by EUI, and it is established that STIX imager only sees the top
part of the flaring loops, while most of the flare – in particular the non-thermal
foot points – remain occulted.
From the Earth’s perspective the eruption source region was observed at S20W05
(close to disk centre), the Atmospheric Imaging Assembly (AIA), onboard the
Solar Dynamics Observatory (SDO) and the SunWatcher using Active Pixel Sys-
tem detector and Image Processing (SWAP), onboard the PRoject for Onboard
Autonomy (PROBA2) observed dimmings and an associated large-scale coronal
wave starting around 04:07 UT. The Extreme Ultraviolet Imager (EUVI) on the
Solar-TErrestial RElations Observatory (STEREO-A), located 53◦ east of the
Sun-Earth line at the time, observed similar signatures of an eruption starting
around 04:17 UT, on-disk at S20W50. The corresponding CME was observed
as a partial halo CME shortly after (∼06:00 UT) by the C2 Large Angle and
Spectrometric Coronagraph (LASCO), from the Earth perspective onboard the
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The eruption of 22 April 2021 as observed by Solar Orbiter

SOlar and Heliospheric Observatory (SOHO), and by the STEREO-A/COR2
coronagraph as a clear structured CME around 05:23 UT.
The corresponding ICME arrived at Earth on 24 April 2021, it was driving a
shock and created minor geomagnetic storm conditions. We simulate the CME
with the 3D MHD heliospheric model EUHFORIA. We provide an analysis of
the eruption as observed by these various instruments from different vantage
points. The combination of data from Solar Orbiter as well as other space-based
assets with numerical modeling clearly showcases the scientific potential for the
science phase of Solar Orbiter, and the unique observations available.

Keywords: Coronal Mass Ejections, Low Coronal Signatures; Coronal Mass
Ejections, Initiation and Propagation; Prominences, Dynamics

1. Introduction

Coronal Mass ejections (CMEs) are among the most important transient events
in the solar system. They comprise huge amounts of plasma and magnetic fields
expelled from the Sun, with velocities typically in a range of 400 to 1000 km s−1

but these can also be higher than 2000 km s−1 (Hundhausen, Burkepile, and
St. Cyr, 1994; Dryer et al., 2012; Liou et al., 2014), they can arrive to the Earth
within 1-4 days. Upon arrival, its interaction with the Earth’s magnetosphere
can produce geomagnetic storms, depending on its internal magnetic field and
plasma configuration (e.g. Schwenn, 2006; Temmer, 2021; Kilpua et al., 2017;
Koskinen et al., 2017). When CMEs are detected in situ by a spacecraft, they
are termed Interplanetary CMEs (ICMEs) (e.g. Rodriguez et al., 2011; Kilpua,
Koskinen, and Pulkkinen, 2017a), and are recognized by a set of signatures
observed in the plasma and magnetic field data (Zurbuchen and Richardson,
2006). CMEs are often connected to flares and accompanied by magnetic energy
release and acceleration of electrons and ions, that produce electromagnetic
radiation across a broad spectral range, from X-rays to radio waves, making
observations with remote-sensing instruments possible (e.g., Fletcher et al., 2011;
Benz, 2017). When a CME propagates towards, or away, from the observer it
is observed in white-light coronagraph images as halos around the occulter, and
are therefore called halo CMEs. From the Earth’s perspective, such observations
indicate eruptions that may be travelling along, or close to, the Sun-Earth line (if
front sided), and as such, these ejections have significant importance for space
weather (Howard et al., 1982; Schwenn, 2006; Rodriguez et al., 2009). These
detections were done mostly made by the SOlar and Heliospheric Observatory
(SOHO; Domingo, Fleck, and Poland, 1995, located at the L1 Lagrangian point
of the Sun-Earth system) using the Large Angle and Spectroscopic COronagraph
(LASCO; Brueckner et al., 1995) to detect CMEs, and complementary EUV
observations, such as those made by the Extreme-ultraviolet Imaging Telescope
(EIT; Delaboudinière et al., 1995), to detect the associated signatures in the low
corona, like coronal dimmings, “EIT waves”, post-eruption arcades, erupting
filaments (e.g. Zhukov, 2007). However that was changed with the launch of the
Solar-TErrestial RElations Observatory (STEREO; Kaiser et al., 2008), which

SOLA: output.tex; 29 June 2022; 9:55; p. 3



L. Rodriguez et al.

provided a view from a location away from the Sun-Earth line using the COR
coronagraphs and the Extreme Ultraviolet Imagers (EUVI) of the Sun Earth
Connection Coronal and Heliospheric Investigation instrument suites (SECCHI;
Howard et al., 2008).

When STEREO was positioned away from the Sun-Earth line, especially
when it was near quadrature positions, it allowed the tracking of Earth-directed
CMEs from a side view (e.g. Davies et al., 2009; Möstl et al., 2011; Rodriguez
et al., 2020). The placement of spacecraft away from the Sun-Earth line pro-
vides a crucial viewpoint needed for an early characterization of Earth-directed
CMEs, in particular for determining the CME propagation direction, speed and
acceleration.

In 2010, the Solar Dynamics Observatory (SDO; Pesnell, Thompson, and
Chamberlin, 2012) was launched. It became an important tool in CME stud-
ies, in particular its Atmospheric Imaging Assembly (AIA; Lemen et al., 2012)
instrument, which provides high-cadence and high-resolution images of the so-
lar corona through EUV passbands, allowing further characterization of lower
coronal signatures. The PRoject for Onboard Autonomy (PROBA2) satellite
(Santandrea et al., 2013) also started its scientific mission in 2010 (launched
in 2009), carrying the Sun Watcher with Active Pixels and Image Processing
(SWAP; Seaton et al., 2013; Halain et al., 2013) imager. This single passband
(centred on 17.4 nm, around the Fe IX/X emission lines, corresponding to a
plasma temperature of log T ≈ 6.0 K) large field-of-view imager (FOV; 54×54 ar-
cmin; 1.8 Rs×1.8 Rs), 1024×1024 pixel (3.2 arcsec pixels). SWAP provides the
widest EUV observations of the Sun from the Earth perspective, extending into
the middle corona, and allows further characterisation of eruptions occurring
near the solar limb, especially during their impulsive phase.

More recently, in 2020, Solar Orbiter (SolO; Müller et al., 2020) was launched.
Even though it is not a mission dedicated to space weather monitoring, this
spacecraft provides an important perspective into the study of CMEs, with its
eccentric orbit that will bring it as close as 0.28 au to the Sun, as well as reaching
inclinations of 33◦ from the solar equator. In this paper, we showcase how SolO
instruments can be used to observe a CME and and associated flare in detail,
analyse them, and model the CME propagation all the way to the Earth.

The remote sensing instruments onboard SolO, used in this study include:
the Extreme Ultraviolet Imager (EUI; Rochus et al., 2020) which provides high-
resolution images of the lower corona through three EUV passbands; the Metis
coronagraph (Antonucci et al., 2020), which allows the observation of the helio-
sphere, and CMEs, in the visible light and in ultraviolet; and the Spectrome-
ter/Telescope for Imaging X-rays (STIX; Krucker et al., 2020), which provides
information on high energy flaring activity.

Since its launch in 2020, SolO has observed a number of CME and ICME
events. Andretta et al. (2021) described the first CME observed by Metis through
its visible and UV channels, on 16 January 2021. Möstl et al. (2022) reported on
the first search for multipoint in-situ and imaging observations of ICMEs in SolO
data up to April 2021. Telloni et al. (2021) studied the interaction of two CMEs
in June 2020. O’Kane et al. (2021) reported on a stealth CME (eruptions with
difficult to determine lower coronal signatures) sampled by SolO on 19 April
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The eruption of 22 April 2021 as observed by Solar Orbiter

2020. This same CME was observed by Bepi Colombo and the Wind spacecraft,
and triggered numerous studies by other authors: Weiss et al. (2021) used it
to test a flux rope model, Kilpua et al. (2021) studied the internal structure of
the CME sheath, Zhao et al. (2021) analysed turbulence in the vicinity of the
shock driven by the CME, Davies et al. (2021) used flux rope models to interpret
the large-scale structure of the ICME, and Freiherr von Forstner et al. (2021)
studied a Forbush decrease related to this CME.

The above mentioned SolO instrumentation were used to observe a CME
which erupted on 22 April 2021 in detail, when positioned 98◦ east of the Sun-
Earth line. This event was of particular interest from the point of view of the
associated flare, as it was partially occulted from the SolO perspective while it
was fully visible from the Earth. A combination of STIX and EUI observations
allowed us to establish the origin of the emission (Section 3). These observa-
tions are described here, together with observations of the arrival of the ICME
in situ at the Earth. A simulation of its propagation, performed with a 3D
MHD heliospheric model (EUHFORIA; Pomoell and Poedts, 2018), is included
to help characterise the eruptions kinematics. To obtain the input parame-
ters needed to run EUHFORIA, we combined data from SOHO/LASCO-C2,
STEREO-A/COR2 and SolO/Metis.

The paper is organized as follows. Section 2 presents observations of the CME
from SolO (EUI and Metis), Earth (AIA, SWAP, and LASCO) and STEREO
(EUVI and COR) perspectives. Section 3 describes the observation and analysis
of the flare using SolO/STIX. Then, in Section 4 we show the in situ observations
of the corresponding ICME as it arrived to the Earth. We then describe the EU-
HFORIA simulations of the ICME propagation in Section 5. Finally, conclusions
are drawn in Section 6.

2. CME Observations

The positions of the various spacecraft at the time of the eruption are shown in
Figure 1. The schematic highlights the direction of propagation, which can be
seen directed towards the Earth in heliospheric longitude (albeit to the south of
the ecliptic, not shown). From the SolO perspective the CME was a far-side event
(with the source region just behind the west limb). In the following subsections
we outline the observations from the various instruments.

2.1. SolO/EUI observations

The Extreme Ultraviolet Imager (EUI) onboard SolO consists of three tele-
scopes: the Full Sun Imager (FSI), which observes through two EUV bandpasses
(17.4 nm and 30.4 nm); and two High Resolution Imagers (HRIs). One of the
HRI telescopes, labelled ‘HRIEUV’, has a bandpass centred on 17.4 nm. The
second HRI telescope, labelled ‘HRILya’, has a bandpass centred at 121.6 nm
and is dominated by the Lyman-α hydrogen line.

On 22 April 2021, when the spacecraft was at 0.87 au from the Sun, EUI
was operating through a commissioning phase, and only the FSI telescope was
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Figure 1. Positions of the Earth, Solar Orbiter (SolO), and STEREO-A on 22 April 2021. An-
gles in black are in Carrington coordinates, and angles in green are in the Stonyhurst coordinate
system. The figure was created using SOLAR-MACH (https://solar-mach.github.io).

operating. FSI was primarily observing in a synoptic mode, taking images with
a cadence of 7.5 minutes with 10 seconds exposure time. The eruption was first
observed by EUI at 04:24 UT, through both of its channels (17.4 and 30.4 nm),
see Figure 2. The source was located close to the south-west limb, and was
partially backsided (S20W103) from the SolO perspective, with the footpoints
positioned beyond the limb. Movies are available in the online version of the
paper.

Figure 3 shows a sequence of EUI/FSI 17.4 nm images of the early stages of
the eruption, where bright magnetic loop structures above the source region are
observed to expand significantly in size, showing that the cavity arises coherently
through the corona. EUI’s exceptional field of view at this time allows the
eruption to be tracked in the EUV out into the middle corona. The absence
of core dimmings on disk (also visible in the online movies) provides an indica-
tion that the source region is at least partially backsided. This will be further
demonstrated by the STIX observations (see Section 3).

To analyse the kinematics of the eruption, we tracked the top of the loop at a
position angle (PA) of around 245◦. The derived heights and speeds versus time
are shown in the upper and middle panels of Figure 4 respectively. The speed
was calculated by fitting a second order polynomial to the height–time points.
We see that the speed is increasing from around 200 km s−1 to 450 km s−1 when
the CME propagated from ∼ 1.1 to 2.2 R⊙.

2.2. SolO/Metis observations

The Metis coronagraph onboard SolO provides images of the corona simulta-
neously in polarised broad-band visible light (VL) in the spectral interval of
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The eruption of 22 April 2021 as observed by Solar Orbiter

Figure 2. Base difference EUI/FSI observations of the eruption observed on 22 April 2021 at
∼04:00 UT through the 30.4nm (left panel) and 17.4nm (right panel) passbands. The white
arrows indicate the southern extent of the eruption. Movies are available in the online version.

580-640 nm, and UV narrow-band passband centered around the 121.6 nm H i

Ly-α line (Antonucci et al., 2020). The instrument square FOV is ±2.9◦ wide,
with an inner circular occulted area of radius 1.6◦. At the time of the observations
described in this paper, the instrument FOV covered plane-of-the-sky projected
radial distances from 5.2 to 9.4 R⊙, with an unbinned plate scale of 10.14′′/pixel
and 20.4′′/pixel in the VL and UV channels respectively.

The eruption was observed while the instrument was performing a test synop-
tic program; the data set comprises one VL polarized-brightness (pB) sequence
and three UV images every hour. The pB sequence consisted of four polarimetric
images each acquired with detector integration time of 30 s; the sequence was
repeated 15 times, and each set of 15 polarimetric frames was then averaged on
board. As a result, each polarimetric image sent to ground – and consequently
the corresponding pB image in the data set – was acquired over the course of
∼30 minutes. The three UV images were also the result of an on-board average
of 15 individual frames, each acquired with detector integration time of 60 s,
resulting in a total integration time of ∼15 minutes for each image. All images
were taken with a 4×4 pixel binning, corresponding to a spatial scale in the plane
of the sky (at 0.87 au from the Sun) of ∼ 25400 km/pixel for the VL channel
and ∼ 50000 km/pixel for the UV channel. The acquired data were processed
and calibrated following the procedure described in Romoli et al. (2021) and
subsequently updated as described in Andretta et al. (2021).

The CME first appears in Metis images at ∼05:30 UT, about 90 minutes
after the eruption was first observed by EUI (see Figure 5), at position angles of
about 240◦ – 250◦ (measured anti-clockwise from the north pole). The eruption
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Figure 3. Sequence of EUI/FSI 17.4 nm images of the eruption on 22 April 2021.

is observed to emerge to the South of the ecliptic plane, but most likely with a
component along the Sun-Earth line, which may arrive to the Earth (see Section
4).

A sequence of images showing the evolution of the eruption as seen in both
Metis channels is shown in Figure 6. The eruption front can be seen mainly
in the pB images of the second and third panels of Figure 6, trailed by a faint
compact feature seen in both channels, marked with an arrow in the figure,
perhaps of a similar nature to the blob described in detail by Bemporad et al.

(2022).
Compared with the events discussed by Andretta et al. (2021) and Bemporad

et al. (2022), the UV (Ly-α) observations seem less structured and display less
contrasted features than their pB counterparts. Those events, however, were
detected when SolO was situated at a closer distance from the Sun (less than
0.6 au in both cases): it could be speculated that the much reduced Ly-α emission
at the larger heliocentric distances observed by Metis in this case could help to
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Figure 4. Kinematics of the top of the loop as observed by EUI FSI 174. Upper panel:
projected height versus time. The continuous curve shows the second order polynomial fit to
the tracked points. Middle panel: Projected speed versus time. Lower panel: Position angle
versus time. The errors in the height-time plot correspond to a 5 pixel pointing localisation
(which translates to 0.019 Rs).

explain the small contrast of CME features in the UV channel over the back-

ground corona. In addition, because of the reduced coronal Ly-α emission, these

Metis UV images could even include a contribution by the relatively featureless

background interplanetary Ly-α emission (see values in the catalog of UVCS

CMEs by Giordano et al. 2013 and the average value of the interplanetary Ly-α

given by Kohl et al. 1997). Finally, the Doppler dimming effect at the estimated

speed of this event (Figure 4) would certainly be significant (e.g.: Dolei et al.,

2018; Bemporad, Pagano, and Giordano, 2018), thus further contributing to

reducing the Ly-α emission.
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Figure 5. A combined EUI and Metis image of the event. The Metis image was processed with
the Normalising Radial Graded Filter (NRGF, Morgan, Habbal, and Woo, 2006), a simple
filter often used to remove the strong gradient in coronal intensities and thus reveal coronal
structures.

Regarding the kinematics of the event, the Metis data set was not optimized
for observing transients: at a one hour cadence, CME features are seen in one or
two images only. Moreover, the long integration times may induces a significant
blur in moving features, especially during the 30 minutes needed to create a
single pB image. It is therefore difficult to give a reliable estimate of the event
speed from Metis images. Nevertheless, a simple estimate of the shift of the
CME front between the 06:20 and 07:20 pB images of Figure 6 seem to indicate
a speed compatible with the values shown in Figure 4.

2.3. The Earth and STEREO perspectives

The eruption was observed through the 17.4 nm EUV bandpass of the SWAP
instrument, where the source region was identified near solar disk center, at
S20W05, with an associated coronal dimming (Thompson et al., 1998; Dissauer
et al., 2018) and “EIT wave” (also called EUV wave; Zhukov, 2011; West et al.,
2011; Liu and Ofman, 2014; Warmuth, 2015; Long et al., 2017), see Figure 7 (a).
At the time of eruption, SolO was located towards the East of the Sun, from the
Earth’s perspective (see Figure 1), and the PROBA2 satellite was performing an
off-point campaign (pointing to the East) to support EUI observations and image
the extended solar corona in that direction. Therefore, the Sun is not centered
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The eruption of 22 April 2021 as observed by Solar Orbiter

Figure 6. Evolution of the CME as seen by Metis. Top row: pB images, processed with the
NRGF algorithm; middle row: pB running difference images; bottom row: UV images processed
with the NRGF algorithm. The arrows point to the feature mentioned in the text trailing the
CME front.

in the SWAP images. The coronal dimmings associated with the eruption were
also observed by AIA, as detected by Solar Demon1

In Figure 8, we present AIA observations through the 13.1 nm and 19.3 nm
bandpasses, at selected times. The AIA 13.1 nm observations sample the Fe xx–
Fe xxiii lines at temperatures greater than 1×107 K (top row), and show the
eruption of a hot sigmoid (Figure 8, top row), which is generally taken as an
indication of a flux rope (e.g., review by Green et al., 2018). The inclination
of the erupting sigmoid/flux rope is small, i.e., its main axis is aligned close
to the equatorial plane. This is in line with the Graduated Cylindrical Shell
(GCS) model (Thernisien, 2011) reconstruction of the associated CME that gave
a small tilt of 12◦ (cf. Table 1 and Figure 9), see below for a more detailed
discussion. It is also interesting to note that there are three distinct dimming
footpoints associated with the eruption, well seen through the AIA 19.3 nm
passband (Figure 8, bottom row). Two are located on the two ends of the hooked
flare ribbons, and the third one (which is actually the strongest) is located further
remote to the West of the active region at one end of the erupting sigmoid.

1https://www.sidc.be/solardemon, see Kraaikamp and Verbeeck (2015).
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(a) (b)

(c) (d)

Figure 7. Observations of the eruption observed on 22 April 2021 from the PROBA2, SOHO,
and STEREO-A vantage points. (a) PROBA2/SWAP 17.4 nm running difference image (pre-
vious image subtracted) of the associated post-eruptive arcade and coronal dimming (inside
the green oval). (b) Running difference image of the CME as seen by SOHO/LASCO-C2 in
the southeast, with an SDO/AIA image observed through the 17.1 nm passband overlaid in
the centre. (c) STEREO-A/EUVI 19.5 nm running difference image of the eruption showing
coronal dimmings (blue circle) near the west limb. (d) STEREO-A/COR2 image of the CME,
seen travelling mostly to the west. An image taken by EUVI in the 19.5 nm passband is shown
overlaid in the centre. The images were created with JHelioviewer (Müller et al., 2017).

The accompanying CME was observed by LASCO as a faint partial halo

directed towards the southeast (Figure 7 (b)). It had an angular width of around

130◦ and a plane-of-the-sky projected speed of 308 km s−1 as measured by the

CACTus automated CME detection software 2, see Robbrecht and Berghmans

(2004).

2https://wwwbis.sidc.be/cactus/
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Figure 8. SDO/AIA observations of the 22 April 2021 event. The top panels show a sequence
of AIA 13.1 nm images highlighting the erupting sigmoid and the flaring arcade. The bottom
panels show AIA 19.3 nm images featuring the coronal dimming and flare ribbons.

STEREO-A was located 53◦ to the east of the Earth (see Figure 1), which

allowed observations of the CME and propagation close to the limb, as opposed

to the centered view from the SOHO, PROBA2, and SDO perspective. Figure 7

(c) shows the CME source region through the EUVI 19.5 nm EUV passband.

The eruption can be identified emerging to the south west, together with an

EIT wave propagating along the limb and across the disk and coronal dimmings

located at the source region. Figure 7 (d) shows the CME as it emerges out

through the COR2 coronagraph FOV, this can be compared to Figure 5 which

shows the eruption from the SolO/Metis perspective. The CME propagated to

the south west, with a component travelling along the ecliptic plane. The COR2

image shown is actually indicative of a flux-rope structure inside the CME (see

e.g., Cremades and Bothmer, 2004), in line with the sigmoid eruption observed

by AIA.

The three dimensions (3D) geometric parameters of the CME can be con-

strained using the coronagraph data and applying a GCS model. The GCS model

allows observations from different vantage points of the CME front to be fitted

with a 3D shape resembling the outer envelope of a magnetic flux rope. For

this process we used images from LASCO-C2, Metis, and COR2. The derived

parameters are provided in Table 1. Figure 9 shows representative running dif-

ference images of the CME taken at three times (bottom ), the top panels show

the reconstructed 3D shape overlaid as a green mesh. This event is captured as

a very faint partial halo CME by LASCO C2, with no clear signature in the

C3 FOV. From the STEREO-A spacecraft perspective the event can clearly be

seen above the west limb. Metis captured the initial phase of the eruption, but

the CME exited the FOV after one frame. The results in Table 1 indicate that

the CME propagated towards the Earth in the Heliocentric Earth Equatorial

(HEEQ) longitude and 11◦ to the south of the solar equatorial plane.
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Table 1. 3D CME geometrical parameters constrained by the GCS fitting (see
Figure 9). The coordinate system used is HEEQ.

CME Parameter Value

Latitude −11◦

Longitude 0◦

Tilt angle 12◦

Height [5.75,9.07] R⊙

Aspect ratio 0.26

Half angle 44◦

Speed 622 km s−1

(a) (b) (c)

(d) (e) (f)

Figure 9. GCS fitting of the 22 April 2021 CME. Top panels show the fit (green mesh)
overlaid on running difference images taken by SOHO/LASCO-C2 (a), SolO/Metis (b), and
STEREO-A/COR2. The Bottom panels (d, e, and f) show the same running difference images
used for the fitting without the mesh.

3. Flare observations

The Spectrometer/Telescope for Imaging X-rays (STIX) on SolO provides hard
X-ray imaging spectroscopy measurements with a full-Sun field of view. STIX
detects hard X-ray emission in the energy range of 4-150 keV, allowing diagnos-
tics of both the hot thermal plasma in the solar corona as well as the accelerated
non-thermal electrons accelerated during solar flares. Using Fourier-transform
indirect imaging, STIX provides spatial information on angular scales of 7 to
180”. With a spectral resolution of 1 keV (at 6 keV) and a temporal resolution
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Figure 10. X-ray light curves of the solar flare associated with the eruption on 22 April 2021.
The panels (from top to bottom) show: the GOES soft X-ray fluxes, the time derivative of the
GOES 0.1-0.8 nm flux, the STIX X-ray count rates in three energy ranges, and the X-ray count
rates as observed by Fermi-GBM in four channels (the shaded area shows the Fermi night).
The STIX light curve is shifted by 68 s in time to account for the difference in light-travel time
between SolO and Earth. Fermi only sees the Sun between 04:26 and 05:27 UT.
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Figure 11. Left: The flare as seen from near-Earth space with SDO/AIA in the 160 nm
channel. The image uses an inverted color scale, where the flaring ribbons are clearly seen
as dark structures. The overlaid green semicircle perpendicular to the solar surface is shown
as an indication of the 3D structure of the flare. Right: A SolO/EUI FSI 17.4 nm bandpass
difference image (pre-image subtracted) of the flare. The semi-circle is the same as shown in
the left panel, but seen from the SolO vantage point, where the visible portion of the semicircle
is colored green, and the occulted portion white. The red and blue contours show the STIX
X-ray sources at 6-10 keV and 10-15 keV, respectively.

as low as 0.5 s, STIX can quantify the location, intensity, spectrum, and timing
of hot thermal plasma and accelerated electrons at the Sun.

STIX recorded an X-ray flare associated with the eruption. The STIX light
curves are shown in the third panel of Figure 10. Corresponding context X-ray
data obtained from near-Earth space can be seen in the top two panels, obtained
from the GOES-16 satellite, as well as in the bottom panel, observed by the
Fermi-GBM instrument Meegan et al. (2009). For better comparison between
the near-Earth and STIX datasets, 68 seconds were added to STIX times in
order to account for the difference in light travel time between SolO and Earth.
In the following, all times indicated refer to UT at Earth.

The flare was classified as a GOES C3.8 flare, starting at 04:10 UT and
peaking at 04:35 UT. Figure 10 shows that this was a long-duration event
with multiple energy release episodes, as shown by the GOES derivative (sec-
ond panel), which besides the main peak shows secondary peaks at 04:28 and
04:33 UT. The STIX light curves show corresponding peaks, especially in the
10-15 keV channel. The STIX light curves are quite unusual since they do not
show significant emission above 15 keV. In contrast, the Fermi-GBM light curves
clearly show multiple HXR bursts up to 50 keV. Since non-thermal emission is
coming primarily from the flare loop footpoints, this suggests that the flare was
partially occulted from the SolO perspective.

To investigate the viewing geometry in more detail, the left panel of Figure 11
shows the flare as seen from near-Earth space by AIA in the 160 nm channel. In
green, we have overplotted a semi-circle perpendicular to the solar surface that
connects the ribbons and gives some indication of the 3D extent of the flare.
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The right panel of Figure 11 shows an EUI/FSI image at 17.4 nm from which
a pre-event frame has been subtracted. The semi-circle is the same as shown
on the left, but seen from the SolO vantage point (cf. Battaglia et al., 2021).
Note that only the top of the circle (green) is actually visible from SolO, while
most of it is occulted (white points). The loop footpoints are located 12◦ behind
the limb. Consequently, no bright flare signatures are seen in EUI. Instead, the
corona above the semicircle shows an intensity depletion (coronal dimming),
which is consistent with the expected mass loss due to the erupting CME. The
red and blue contours show the STIX X-ray sources at 6-10 keV and 10-15 keV,
respectively, integrated from 04:24 to 04:25 UT (at SolO), reconstructed with
the MEM GE imaging algorithm (Massa et al., 2020).

At a heliocentric distance of 0.87 au, the STIX Aspect System (Warmuth
et al., 2020) is not functional, and therefore the exact position of the X-ray
sources is not known precisely. However, we have applied an average image
displacement obtained from other events observed from the cruise phase where
aspect information was available. We estimate that this approach should result
in a position uncertainty of about ±10”. Indeed the location appears to be con-
sistent with the 3D extent of the flare as approximated by the semicircle, as well
as with the CME-related intensity depletion in EUI. We have thus established
that STIX only sees the top part of the flaring loops, while most of the flare –
in particular the non-thermal footpoints – remains occulted. We note that these
flaring loops are initially not detected by EUI, presumably because they are too
hot. However, after an EUI data gap between 04:55 UT and 06:01 UT, postflare
loops are indeed seen at both 17.4 nm and 30.4 nm, when the flare plasma has
cooled down sufficiently.

With this knowledge, we revisit the question of whether STIX has actually
measured non-thermal emission, which for this flare must have originated from
the corona. We therefore made a spectral analysis of the STIX data using the OS-
PEX SSWIDL package3. We forward-fitted the observed count spectra with the
combination of an isothermal plasma component and a broken photon power-law
with a fixed slope of −1.5 below the break that reproduces the non-thermal com-
ponent (cf. Holman, 2003). Figure 12 shows time series of the fit parameters. The
two topmost panels show emission measure (EM) and temperature of the thermal
component. The error bars indicate the 1-sigma uncertainties. For comparison,
the parameters from an isothermal fit of the GOES SXR fluxes are shown in
orange. Note that STIX initially shows significantly higher temperatures and
lower EM as compared to GOES. This behavior has been noted before and can be
interpreted in terms of the different temperature responses of the SXR and HXR
instruments (Battaglia et al., 2021). STIX is more sensitive to hotter plasmas
as compared to GOES, thus fitting the spectrum of a multithermal plasma with
an isothermal component will give higher temperatures in STIX. This is most
pronounced during the impulsive phase, while the parameters agree more closely
in the decay phase of the flare, implying that the differential emission measure
(DEM) of the flare plasma is equally well sampled by STIX and GOES. In this
case, after 05:00 UT the parameters are basically equal within the uncertainties.

3http://hesperia.gsfc.nasa.gov/ssw/packages/spex/doc/
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Figure 12. Time series of the parameters obtained from forward-fitting the STIX HXR spec-
tra with the combination of an isothermal component and a photon power-law. Shown are
emission measure and temperature of the thermal plasma, the spectral index γ, break energy
EB, and photon flux at 50 keV, F50. For comparison, the EM and temperature obtained from
the GOES data are shown in orange. The STIX times have been shifted to be consistent with
the GOES observations from 1 au.

There are two other unusual thermal characteristics: The GOES temperature
remains remarkably constant during the event, with no pronounced peak during
the impulsive phase and a very gradual cooling phase (from 12 MK to 9 MK
in one hour). This suggests that sustained heating must have been present even
during the late phase of the flare. The other unusual behavior is that while the
GOES EM peaks at 04:33 UT, the STIX EM continues to increase for another
30 min until it peaks. This can be explained by continuous magnetic reconnection
which results in the formation of successively larger flaring loops that become
filled with the plasma evaporated from the chromosphere. In effect, the fraction
of the plasma that is seen by STIX is increasing, until from 05:00 UT onwards,
STIX and GOES appear to be observing the same plasma.

With respect to non-thermal emission, there are only three brief episodes
where a power-law component can be detected. They coincide with the first
three peaks in the STIX light curves and the GOES derivative (cf. Figure 10).
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Figure 13. Deprojected height of the centroid of the STIX thermal source (6-10 keV) above
the photosphere as a function of time. An occultation angle of 12◦ is assumed.

With slopes between 7 and 10, the spectra are very steep. While coronal non-
thermal sources are well known to have softer spectra than the chromospheric
footpoints, this event is in the softest range of the distribution (cf. Krucker
and Lin, 2008; Effenberger et al., 2017). Taking 20 Mm as the typical X-ray
source size and assuming a filling factor of unity, the electron density of the
thermal plasma at the non-thermal peaks can be estimated as 2×109, 6×109,
and 1.1×1010 cm−3, respectively. This corresponds to column densities Nc of
4×1018, 1.2×1019, and 2.2×1019 cm−2. The thermal source is therefore able to
stop electrons with energies of E = (10−17Nc)

1/2 (Veronig and Brown, 2004;
Krucker and Lin, 2008), in our case 6, 11 and 15 keV. This implies that at least
the first non-thermal peak has to be dominated by thin-target bremsstrahlung,
while there may have been a thick-target contribution in the two later peaks.

The notion of continuous reconnection that is suggested by the evolution
of the EM and temperature is supported by the motion of the coronal X-ray
source. Accounting for projection effects (the flare is occulted by 12◦), we plot
the height of the source centroid above the photosphere as a function of time in
Figure 13. The derived heights are consistent with the typical height range of
active region loops that have been determined from stereoscopy (cf. Rodriguez
et al., 2009). Initially, the source moves downward, which can be interpreted in
terms of initially contracting loops (Veronig et al., 2006; Warmuth and Mann,
2013) or an apparent motion due to increasing contribution of evaporated plasma
(Warmuth and Mann, 2016). From 04:40 UT on, the source rises steadily at a
speed of 6 km s−1. This is consistent with the formation of large hot flare loops
by continuous reconnection, while the plasma in the smaller loops cools out of
the STIX passband.

4. In situ observations

Figure 14 is a screenshot from an animation (available in the online version)
in which several CME fronts are modelled using the STEREO-A Heliospheric
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Figure 14. Frame from an animation (available in the online version) visualizing the 22 April
2021 eruption tracked with heliospheric imagers (on 25 April 2021, close to the arrival time to
Earth). Left panel: A visualization of the inner heliosphere with the position and trajectory
of several spacecraft (squares), celestial bodies (circles), and several CME fronts present at
the time (red semi-circles, including the 22 April 2021 CME which is arriving to the Earth).
The following spacecraft and celestial bodies are included: PSP (black), BepiColombo (blue),
STEREO-A (red), the Sun (yellow), the Earth (green), and Mars (orange). The field of views
of the STEREO-A/HI instruments are indicated by red solid (HI1) and dashed (HI2) lines.
The red semi-circle indicates the position of the CME front on 25 April 2021, as recorded by
the SSEF30 modeling. Right panel: from top to bottom show (with labels on the right side):
the Wind magnetic-field measurements (in HEEQ coordinates; Bt black, Bx red, By green,
Bz blue); the STEREO-A magnetic field in RTN (Radial Tangential Normal) coordinates
(Bt black, Br red, Bt green, Bn blue); the STEREO-A and Wind bulk plasma speed; the
PSP bulk plasma speed; and the bottom three panels how the PSP, SolO, and BepiColombo
magnetic-field observations in RTN coordinates respectively. A full animation showing the
changing parameters with time is available in the online version of the paper.

Imager (HI; Eyles et al., 2009) observations and in situ data. The HI instruments
have provided a new perspective on the inner heliosphere, helping to reveal the
nature of solar-wind and CMEs (Harrison et al., 2018; Rodriguez et al., 2022,
e.g.). On early 25 April the CME front (from the the 22 April eruption) impacted
Earth, where elevated total magnetic field levels were recorded at Wind. The
eruption was tracked with STEREO-A/HI and modelled using the self-similar
expansion geometrical fitting model with 30◦ half width (SSEF30 model Davies
et al., 2012), as described in Möstl et al. (2022).

Measurements of the interplanetary plasma conditions at the Lagrangian
point L1, from the Wind spacecraft, are shown in Figure 15, where weak ICME
signatures (Kilpua, Koskinen, and Pulkkinen, 2017b) are detected. The vertical
solid line on 24 April 2021 at 22:28:30 UT indicates the arrival of an inter-
planetary fast forward shock. This corresponds well with that predicted by the
SSEF30 model (see Figure 14). At the shock the magnetic field magnitude, solar
wind speed and other plasma parameters jump. A modest temperature increase
is observed about 1.5 hours later, followed by a subsequent larger tempera-
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ture jump. The shock was found to be quasi-perpendicular, relatively slow, and

weak. Using the shock normal derived from the mixed mode method (Abraham-

Shrauner, 1972; Abraham-Shrauner and Yun, 1976) gives a shock angle of 83.9◦,

the shock speed of 495 km s−1 and the Alfvén Mach number 1.9. The upstream

and downstream intervals of 4 minutes were used in the analysis. Using these

intervals the speed increase across the shock is found to be 50 km s−1, the

downstream to upstream magnetic field ratio is 1.76, and the density ratio is

2.04.

After the shock, the magnetic field direction fluctuates but there are no clear

signatures of smooth rotations, which are typically observed in magnetic clouds

with flux rope configurations. Nevertheless, the y component of the magnetic

field, By, changes from positive to negative, and the Bx is clearly non-zero

indicating a flank encounter. Starting from around 12:00 UT on 25 April, periods

of decreased temperature (considered to be a key ICME signature) are observed.

The structure preceding the shock observed on 23 April has signatures of a

stream interaction region (SIR; e.g., Richardson, 2018), where the solar wind

density and speed increase gradually. The stream interface between slow and

faster wind shows a sharply decreasing density, and abruptly increasing temper-

ature. The peak speed reached after the SIR is only ∼ 500 km s−1, i.e., it is not

followed by fast stream.

Figure 16 shows magnetic field measurements from STEREO-A, that was

located 53◦ away from the Sun-Earth line (see Figure 1). But, without plasma

data (not available) it is difficult to make strong conclusions about the large-scale

solar wind structures detected. However, on 24 April between 08:15 UT - 12:00

UT a period with smooth magnetic field and organized field rotation (indicated

with an orange-shaded area in Figure 16) can be observed. In particular, the BT

component rotates smoothly from 5 nT to -10 nT. This structure lasts for less

than four hours in duration, and indicates STEREO-A probably passed through

the edge of an ICME. Nevertheless, we believe it is unlikely that this is the same

ICME that was observed by Wind.

There are several pieces of evidence to indicate that the ICMEs observed at

Wind and STEREO-A are different. Firstly, HI observes several CMEs propa-

gating towards STEREO-A before the event on 22 April (see Figure 14 and the

accompanying animation provided with the online version of this paper), each

with slightly different kinematics. Furthermore, STEREO-A is quite far away

from Earth (53◦ in longitude), and given that the CME source region is located

near the disk center (from the Earth perspective), and the HI SSEF30 model

estimates a propagation direction of W12S12, only a significant deflection near

the Sun (of which there is no evidence), or an extremely wide CME could result

in the eruption being detected at STEREO-A. Finally, there are no consistent in

situ signatures observed between Wind and STEREO-A. For the aforementioned

reasons, we can discard that STEREO-A and Wind saw the same CME, and this

is a single-point in situ event, where the preceding interval of enhanced magnetic

field, seen in STEREO-A, is likely a SIR, as the field is more variable.
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Figure 15. In-situ observations from the Wind spacecraft. The panels (from top to bottom)
indicate: magnetic field magnitude; magnetic field magnitude in GSE coordinates; solar wind
speed; solar wind density; solar wind temperature, and pitch angle of 427 eV electrons.

5. EUHFORIA simulations

The EUropean Heliospheric FORecasting Information Asset (EUHFORIA, Po-
moell and Poedts, 2018) is a space weather forecasting-targeted inner heliosphere
physics-based model. It consists of two coupled parts, a coronal model (which
focuses on processes below 0.1 au) and a heliospheric model (which focuses on
the heliosphere starting at 0.1 au). The first one uses synoptic magnetograms in
order to compute the plasma parameters at 0.1 au using the Wang-Sheeley-Arge
empirical model (WSA, Arge et al., 2003). The second model takes as input the
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Figure 16. In-situ observations from STEREO-A. Top panel: magnetic field magnitude. Bot-
tom panel: magnetic field measured in RTN components. The orange-shaded region indicates
possible ICME material.

output at 0.1 au and it solves the 3D time-dependent ideal MHD equations in
the HEEQ system for the whole domain, at a prescribed resolution. CMEs can
be incorporated into the heliospheric simulation of EUHFORIA using different
CME models, such as the simple cone model (Xie, Ofman, and Lawrence, 2004)
which does not prescribe an internal magnetic field configuration for the CME
and the more complex spheromak (Verbeke, Pomoell, and Poedts, 2019) and
FRi3D models (Isavnin, 2016), which treat the CME as a flux rope. In this case,
we used the cone and the spheromak models, they both produced similar results.
This is because the Earth was intersected by the flank of the CME (see Section
4), there is no flux rope signature to be seen in the in situ data, making the use
of a flux rope model not needed. Therefore, we show in this Section only the
results of the cone model.

The EUHFORIA simulation of the 22 April 2021 event was made with a
resolution of 512 grid cells in radial direction, and with 2◦ angular resolution.
The cone model parameters are shown in Table 1 and the rest of the EUHFORIA
paramenters in Table 2. We generated a relaxed background solar wind using
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Table 2. CME input parameters used in EUH-
FORIA simulations by modelling the CME with
the cone model. The coordinate system used is
HEEQ.

Input parameters

CME model Cone

Insertion time 2021-04-22T11:08

CME Speed 622 km s−1

Latitude −11◦

Longitude 0◦

Half Width 44◦

Mass density 1 · 10−18 kg m−3

Temperature 0.8 · 106 K

magnetogram data provided by GONG, and optimized the output of the coronal
model in order to reproduce the correct ambient solar wind, in which the CME
was injected. For this purpose we explored different magnetograms within a 24-
hour window from the time of the eruption, selecting the 21 April 2021, 21:00
UT observation as the best fit. The CME is then injected at 0.1 au onto this
wind.

In Figure 17, the results of the simulation are shown and compared to the
real data from OMNIWeb 4. We use a network of virtual spacecraft located
between ±5◦ and ±10◦ of latitude and longitude around Earth (shaded in blue
in the figure). This is done in order to capture the variability of the simulation
around the Earth. EUHFORIA simulates the arrival time of the ICME quite
accurately (within 2 hours of the real arrival time). While the speed is slightly
overestimated, the proton density and pressure are similar to the observed pro-
files. Since the CME is a flank encounter with the Earth, as described in Section
4, we do not observe a clear rotation of the magnetic field components, and
consequently the magnetic field components are not modeled with EUHFORIA.

6. Summary and conclusions

In this paper, we presented a detailed analysis of the CME that erupted on 22
April 2021. This event was observed by the instruments onboard Solar Orbiter
(at 0.87 au from the Sun), as well as by several other space-based assets. The
eruption was seen at the southwest limb by SolO/EUI, with the source slightly
backsided as seen from that perspective.

This event appears differently when compared to previous ones observed by
Metis (Andretta et al., 2021; Bemporad et al., 2022). Here the UV image (Ly-α)
seems less structured than the pB one. The events in the aforementioned studies

4https://omniweb.gsfc.nasa.gov/
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Figure 17. Measured and simulated solar wind properties at Earth between 22 April and 27
April 2021, capturing the arrival of the CME that emerged from the Sun on 22 April 2021.
The panels (top to bottom) show: solar wind speed (v), proton density (np), magnetic field
components Bx, By , Bz in GSE coordinates, magnetic field strength (B), and plasma beta
(β). The blue solid line time series is obtained by injecting a cone CME. The dark and light
shade of blue cover the variation of the time series recorded by the virtual satellites between
±5◦ and ±10◦ of latitude and longitude around Earth. Simulation results are compared to
the 1-minute average in-situ solar wind measurements of the corresponding properties from
OMNIWeb in black. The arrival time of the CME has been demarcated in red at 22:40 UT on
24 April 2021.
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were detected at closer distances to the Sun (less than 0.6 au in both cases).
This could be the result of a much reduced signal in the UV channel, possibly
with some contribution of the interplanetary Ly-α, due to the different distances
where the events are observed. It is also plausible that emission from the CME
is significantly Doppler dimmed compared to the background corona.

The CME was associated with a solar flare that was observed in X-rays
by STIX. The STIX X-ray lightcurves do not show significant emission above
15 keV. In contrast, Fermi-GBM clearly shows multiple HXR bursts up to
50 keV. Since non-thermal emission is coming primarily from the flare loop
footpoints, this implies that the flare was partially occulted from the SolO
perspective. Combining STIX and EUI observations, we established that STIX
only sees the top part of the flaring loops, while most of the flare – in particular
the non-thermal footpoints – remain occulted. We then determined, based on
a comparison with GOES observations that sustained heating (ongoing energy
release) must have been present even during the late phase of the flare. We also
noticed that the STIX EM continues to increase after the GOES EM peaks,
reaching a peak 30 minutes later. This can be explained by continuous mag-
netic reconnection, which results in the formation of successively larger flaring
loops, that become filled by evaporated plasma. The growth of the loop system
subsequently allows them to be observed above the solar limb by STIX. This is
supported by the upward motion of the coronal X-ray source, which is consistent
with the formation of successively larger postflare loops. With respect to non-
thermal emission from the corona, there are only three brief episodes where a
power-law component can be detected, with the first one dominated by thin
target bremsstrahlung, while there may have been a thick-target contribution in
the two later peaks.

The notion of continuous reconnection that is suggested by multiple lines
of evidence from the STIX data is supported by the kinematics of the CME
as measured by EUI (see Figure 4). The CME shows continuous acceleration,
and indeed it is well known that CME acceleration tends to be correlated with
the X-ray signatures of energy release (e.g. Zhang et al., 2001). Accelerating a
CME against gravity and aerodynamic drag requires energy input, and magnetic
reconnection can provide this by reducing the downward-acting tension of the
overlying field (Lin, 2004) and by adding poloidal magnetic flux to the erupting
flux rope (Vršnak, 2008).

The eruption was observed close to disk center from the Earth perspec-
tive. PROBA2/SWAP and SDO/AIA observations revealed coronal dimmings
and an EIT wave. SOHO/LASCO-C2 observed a partial halo CME starting
around 06:00 UT. STEREO-A/COR2 recorded a clear structured CME seen
from around 05:23 UT. The corresponding ICME arrived at the Earth late on 24
April 2021. It was driving a shock and created minor geomagnetic storm condi-
tions. Most likely only a flank of the ICME hit the Earth, as the bulk of the CME
was observed to be travelling southward. There was no clear flux-rope structure
sampled in situ. The CME travel and consequent ICME arrival at Earth was
modeled by EUHFORIA. In order to collect input parameters needed to run
EUHFORIA, we combined data from SOHO/LASCO-C2, STEREO-A/COR2
and SolO/Metis. The model correctly predicts an arrival within 2 hours of the
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observed one. The ICME is recognized in the simulated data by an increase in

speed and density, and a slight increase in magnetic field.

This work highlights the importance of missions such as Solar Orbiter with

a comprehensive suite of instruments that allow us to sample eruptions from

a perspective other than that of the Earth. In particular, we have showcased

the scientific potential that lies in combining data from Solar Orbiter and other

space-based assets with state-of-the-art numerical modeling. We stress that the

event discussed here was observed still during the cruise phase of Solar Orbiter,

when many instruments were not operating at peak capacity yet. Significantly

improved data quality is thus to be expected from the following science phase.
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