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Abstract
On February 21 and March 21 – 22, 2021, the Extreme Ultraviolet Imager (EUI) onboard
Solar Orbiter observed three prominence eruptions. The eruptions were associated with
coronal mass ejections (CMEs) observed by Metis, Solar Orbiter’s coronagraph. All three
eruptions were also observed by instruments onboard the Solar–TErrestrial RElations Ob-
servatory (Ahead; STEREO-A), the Solar Dynamics Observatory (SDO), and the Solar and
Heliospheric Observatory (SOHO). Here we present an analysis of these eruptions. We in-
vestigate their morphology, direction of propagation, and 3D properties. We demonstrate the
success of applying two 3D reconstruction methods to three CMEs and their corresponding
prominences observed from three perspectives and different distances from the Sun. This
allows us to analyze the evolution of the events, from the erupting prominences low in the
corona to the corresponding CMEs high in the corona. We also study the changes in the
global magnetic field before and after the eruptions and the magnetic field configuration at
the site of the eruptions using magnetic field extrapolation methods. This work highlights
the importance of multi-perspective observations in studying the morphology of the erupt-
ing prominences, their source regions, and associated CMEs. The upcoming Solar Orbiter
observations from higher latitudes will help to constrain this kind of study better.

Keywords Coronal mass ejections · Low coronal signatures · Coronal mass ejections ·
Initiation and propagation · Prominences · Dynamics

1. Introduction

Coronal mass ejections (CMEs) are the most energetic transient phenomena in the solar
atmosphere. During CMEs, magnetized solar plasma is ejected from the Sun at velocities
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ranging from less than 200 km s−1 to more than 2000 km s−1 (Hundhausen, Burkepile, and
St. Cyr, 1994; Dryer et al., 2012; Liou et al., 2014). CMEs are observed as having a very
large variety of apparent morphologies from loop-like shapes to more complex structures
like ‘three-part’ CMEs (Illing and Hundhausen, 1986), where the bright front is followed
by a darker cavity, which frequently contains a bright, compact core. CMEs are highly dy-
namic events whose global appearance may change considerably in successive images. Even
though CMEs are observed mostly in visible light (VL) images by means of coronagraphs,
their origins are rooted deeper in the solar atmosphere, see, e.g., the review of CMEs by
Webb and Howard (2012).

Extreme ultraviolet (EUV) imagers and VL coronagraphs onboard NASA’s Solar–
TErrestrial RElations Observatory (STEREO: Kaiser et al., 2008), ESA’s PRoject for On
Board Autonomy 2 (PROBA2: Santandrea et al., 2013) and NASA’s Solar Dynamics Ob-
servatory (SDO: Pesnell, Thompson, and Chamberlin, 2012) space missions have observed
the Sun almost continuously and simultaneously for the last 12 years. They have provided
complementary data to those from the joint ESA-NASA’s Solar and Heliospheric Observa-
tory (SOHO: Domingo, Fleck, and Poland, 1995), on CMEs, their initiation, and associated
phenomena such as prominences, observing the solar atmosphere from widely separated
vantage points, with high spatial and temporal resolution and with good coverage of coronal
heights. Having observations from more than one viewpoint enables a better understanding
of the projection of a three-dimensional (3D) structure in two-dimensional (2D) space, lead-
ing to a more accurate determination of the CME speed and direction of propagation (see,
e.g., Mierla et al., 2010). Furthermore, observations from multiple perspectives are the key
ingredient needed to produce three-dimensional (3D) reconstructions (see, e.g., Thernisien,
Vourlidas, and Howard, 2011).

The Full Sun Imager (FSI), a telescope of the Extreme Ultraviolet Imager (EUI) instru-
ment (Rochus et al., 2020) onboard the ESA-NASA Solar Orbiter mission (Müller et al.,
2020), added an extra viewpoint with images from its 174 Å (FSI 174 Å) and 304 Å
(FSI 304 Å) channels. A particularly useful aspect of FSI for eruption studies is the large
field of view (FOV) of 3.8 degrees, which provides a good overlap with the Metis FOV
(Auchère et al., 2020). The Metis coronagraph (Antonucci et al., 2020) onboard Solar
Orbiter is the first instrument observing both in polarised VL broad-band in the interval
580 – 640 nm, and in the UV narrow-band centered around the 121.6 nm Ly-α line emitted
by neutral hydrogen (H) atoms (the most intense line in the UV solar spectrum). The large
FOV of FSI also allows observations of the prominence eruptions to great heights never ob-
served before by EUV imagers (Mierla et al., 2022). Prominences (or filaments, when they
are seen projected on the solar disk) are cool and dense plasma structures observed in the
hot and thin solar atmosphere (see, e.g., Gibson, 2018).

In this paper, the observations of three prominence eruptions acquired by the aforemen-
tioned remote sensing instruments onboard Solar Orbiter are analyzed (see Section 2). One
eruption took place on February 21, 2021, and two others on March 21 – 22, 2021. They
propagate in different directions with respect to the Earth, STEREO-A and Solar Orbiter.
Two reconstruction methods, triangulation (Inhester, 2006) and graduated cylindrical shell
(GCS) model (see, e.g., Thernisien, Vourlidas, and Howard, 2009; Thernisien, 2011), are
applied in order to derive the 3D coordinates of the erupting prominences and of the corre-
sponding CMEs, respectively (see Section 3). The GCS technique has already been applied
successfully to case-studied CMEs observed by Metis (Andretta et al., 2021; Bemporad
et al., 2022) and by the Wide-Field Imager for Solar PRobe (WISPR: Vourlidas et al., 2016)
onboard the Parker Solar Probe (PSP: Fox et al., 2016) mission (Braga et al., 2021). Here,
we further demonstrate the success of applying the GCS and triangulation methods to three
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CMEs and their associated prominences seen from three different viewing angles and dis-
tances to the Sun (see Sections 3 and 5). This allowed us to study the deflections of the
erupting events while propagating from lower to higher altitudes in the corona. We have also
applied the Potential Field Source Surface (PFSS) (Altschuler and Newkirk, 1969; Wang and
Sheeley, 1992; Schrijver and De Rosa, 2003) extrapolation method for obtaining the global
magnetic field configuration before and after the eruptions as well as the nonlinear force-free
field (NLFFF) (Wheatland, Sturrock, and Roumeliotis, 2000; Wiegelmann, 2004; Wiegel-
mann and Inhester, 2010; Tadesse et al., 2011) extrapolation method in order to obtain the
magnetic-field configuration at the site of the eruptive prominences (see Section 4).

2. Observations

Three prominence eruptions were observed by FSI 304 Å on February 21 and March 21 – 22,
2021 (see Figure 1). Other EUV telescopes that observed the eruptions and were used in
this study were EUVI (Howard et al., 2008) onboard the STEREO-A spacecraft, and AIA
(Lemen et al., 2012) onboard SDO.

The selection criteria for these events were based on the fact that they were among
the first eruptions observed by both EUI and Metis instruments that had acceptable ca-
dence. They were observed from different distances from the Sun and different perspectives
(STEREO-A, Solar Orbiter, and Earth). Another selection criterion was having different
views from the three perspectives, such that the prominences were observed on-disk in at
least one view. Such different views (on-disk and off-limb) helped us disentangle their mor-
phology better.

The first eruption (hereafter Eruption 1) started at around 00:00 UT on February 21 to the
North-West (NW) of the Sun as seen from FSI. The other two eruptions were observed on
March 21, one starting around 11:00 UT to the NW, and one around 20:00 UT to the South-
West (SW) of the Sun (hereafter Eruption 2 and Eruption 3, respectively). Both prominences
are still visible on March 22.

The corresponding CMEs were subsequently observed in VL by the Metis coronagraph
onboard Solar Orbiter, by the COR1 and COR2 coronagraphs (Howard et al., 2008) on-
board STEREO-A, and by the Large-Angle Spectroscopic COronagraph (LASCO, Brueck-
ner et al., 1995) onboard SOHO.

The positions of the different spacecrafts are shown in Figure 2 and Table 1.
Note that all on-disk position values in this study are given in Stonyhurst heliographic

coordinates, unless it is stated otherwise. In the Stonyhurst coordinate system (Thompson,
2006), the origin is set at the intersection of the Sun’s equator with the central meridian, as
seen from the Earth. The time (in Universal Time - UT) represents the time when different
instruments recorded the eruptions.

2.1. Eruption 1

Eruption 1 was observed by FSI 304 Å at its NW limb on February 21, 2021, starting at
around 00:00 UT (see top-left panel of Figure 1). It was an elongated filament that spanned
around 30 degrees in longitude and was slowly erupting as the FSI movie indicates. One
extremity (Ext1) of the eruptive prominence is seen as bright material moving out at the NW
limb of the FSI 304 Å image, indicated by the arrow in the top-left panel of Figure 1. The
other extremity (Ext2) is seen on-disk (from the FSI perspective) as dark material expanding
towards the central meridian. The erupting prominence is visible in the FSI 304 Å FOV until
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Figure 1 Eruptions observed by EUV 304 Å instruments. The top row corresponds to Eruption 1 (and its
composite parts, Ext1 and Ext2), the middle row to Eruption 2, and the bottom row to Eruption 3. The first col-
umn consists of observations taken by FSI 304 Å, the second by EUVI-A 304 Å, and the third by AIA 304 Å.
Animations of this figure are available as Electronic Supplementary Material. The FSI data are recorded
during the commissioning phase, so the data quality is different from image to image.

Figure 2 Positions of observing spacecraft on February 21 (left panel) and March 21 (right panel), 2021
in Carrington (black) and Stonyhurst (green) coordinate systems. The three arrows represent the propaga-
tion direction of the three eruptions (blue, green, and red arrows for Eruption 1, Eruption 2, and Eruption 3,
respectively) as derived from the GCS reconstruction. The images were created using Solar-MACH (solar-
mach.github.io/).

11:24 UT. The event was also observed by FSI 174 Å as a diffuse non-radial eruption, visible
from around 07:00 UT to around 11:20 UT on February 21.

http://solar-mach.github.io/
http://solar-mach.github.io/
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Table 1 Vantage points of the observations on February 21, 00:00 UT, and on March 21, 20:00 UT, 2021.
The first column indicates the date and time in the format yyyy-mm-dd hh:mm. The second column shows the
vantage point of the observations. The third column indicates the distance to the Sun in astronomical units,
and the fourth column shows the latitude and longitude in degrees. The latitude and longitude are given in the
Heliocentric Earth Equatorial (HEEQ) coordinate system (Thompson, 2006).

Date/Time UT Vantage Point Distance to the Sun
[AU]

Latitude/Longitude
[deg]

2021-02-21 00:00 Earth 0.988 S07E00

STEREO-A 0.966 S03E56

Solar Orbiter 0.515 N02E145

2021-03-21 20:00 Earth 0.996 S07E00

STEREO-A 0.967 S06E55

Solar Orbiter 0.687 N01E108

EUVI-A 304 Å observed a prominence eruption at its NE limb starting at around
05:30 UT (top-middle panel of Figure 1), which was visible until around 10:35 UT. As
STEREO-A was in quadrature with Solar Orbiter at this time, Ext1 of the filament should
be seen on-disk, and Ext2 should be seen off-limb (NE), from the perspective of STEREO-
A. After a careful inspection of the EUVI-A 304 Å images, we indeed observe a faint dark
filament structure (Ext1) slowly erupting on-disk. Ext2 is clearly visible as a prominence
eruption at the NE limb, which can be seen in the top-middle panel of Figure 1.

AIA 304 Å observed a prominence slowly erupting at the NE limb starting around
05:00 UT on February 21 (top-right panel of Figure 1). The prominence is visible in AIA
FOV from 20:30 UT on February 21 to around 08:00 UT on February 21. As SDO was al-
most in opposition with Solar Orbiter, the Ext2 of the prominence is an event behind the limb
for AIA, but the top of the erupting arcade can still be briefly seen off-limb. The appearance
of Ext1 is similar in the AIA and FSI observations. AIA 171 Å observed an eruption at the
NE limb from around 05:00 UT onwards.

As seen from the top panels of Figure 1, the visual appearance of the prominence in
EUVI-A 304 Å image is different from the one in FSI 304 Å and AIA 304 Å confirming the
different viewing perspectives.

Figure 3 shows the dimming observed in EUVI-A 195 Å at around 10:00 UT on Febru-
ary 21, from where a leg of this prominence most probably originated (red arrow). It is
located at around N40E70. The location of Eruption 1 was calculated by taking the position
of this dimming and by adding a longitudinal extent of 30 degrees (based on the size of the
prominence measured on-disk in FSI 304 Å image at around 08:00 UT on February 21) (see
Table 2).

On the same day, Metis was running a program in the context of the second Solar Orbiter
Remote-Sensing Check-out Window (February 20 – 25, 2021). Both VL and UV channels
were operating. Here we show the results from the VL channel only. During these obser-
vations, a CME entered the NW sector of the Metis FOV at around 11:00 UT on February
21 (upper row of Figure 4). Its three-part configuration suggests that it is most probably
associated with Eruption 1.

Eruption 1 was observed on February 21 by LASCO-C2 and by COR2-A as a slow three-
part CME at the NE limb starting at around 08:00 UT (upper-right panel of Figure 5) and
at the East limb, starting at around 11:30 UT (upper-left panel of Figure 5), respectively.
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Figure 3 EUVI-A 195 Å base-difference image at 10:05 UT – 04:05 UT showing the dimming from where
one leg of the Eruption 1 most probably originated.

Table 2 Latitudinal and longitudinal extent of the three prominences in the HEEQ coordinate system. The
times for Eruption 2 and Eruption 3 represent the times when the location of the two prominences were
identified in the AIA 304 Å and EUVI-A 304 Å images, respectively. The time for Eruption 1 is when the
dimming was observed in the EUVI-A 195 Å image. The size of Eruption 1 was calculated by taking the
position of one leg from the dimming observed in EUVI-A 195 Å at around 10:00 UT on February 21 and
by adding a longitudinal extent of 30 degrees (based on the size of the prominence measured on-disk in
FSI 304 Å image at around 08:00 UT on February 21).

Name Date
[yyyy-mm-dd]

Time
[UT]

Latitude/Longitude
[deg]

Eruption 1 2021-02-21 10:00 N40E75–N50E105

Eruption 2 2021-03-21 10:00 N40E02–N40W33

Eruption 3 2021-03-21 22:00 S40E55–S35E30

The speed of the CME as provided by the manual LASCO catalogue1 (Yashiro et al., 2004)
increased from around 75 km s−1 at 2.4 Rs to around 500 km s−1 at 28 Rs.

A more detailed description of Eruption 1 and its observations can be found in Ap-
pendix A.

2.2. Eruption 2

Eruption 2 was observed by FSI 304 Å at the NW limb as a prominence slowly rising at
around 11:00 UT on March 21, 2021, with a clear eruption visible from around 16:00 UT
until 22:30 UT (see middle-left panel of Figure 1). After that time, the prominence looks
stationary. Material falling back to the Sun is observed starting at around 21:00 UT. The

1cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL/2021_02/htpng/20210221.082406.p090g.htp.html.

http://cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL/2021_02/htpng/20210221.082406.p090g.htp.html
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Figure 4 Running difference images of the CMEs observed by Metis on February 21 (top row) and March
22 (bottom row). In both cases, only a subset of images is shown. The cadence of these observations was of
30 minutes. An animation of this figure is available online.

prominence is seen until around 04:00 UT on March 22. The eruption was also observed by
FSI 174 Å as slowly rising diffuse material at around 15:00 UT on March 21. Material is
still seen moving outwards at around 00:00 UT on March 22.

Another (faster) eruption (which is not studied here because it did not have any associated
prominence) was observed by FSI 174 Å and FSI 304 Å, around 15 degrees southern of
Eruption 2 starting before 01:00 UT on March 22. This faster eruption was associated with
an on-disk origin located in active region NOAA 12810, at N30W00 Stonyhurst coordinates,
as the dimming in SDO/AIA observations indicates. In AIA 304 Å this is observed as a
white plage (see the middle-right panel of Figure 1).

AIA 304 Å observed a big filament on-disk in the Northern hemisphere (middle-right
panel of Figure 1) starting to erupt at around 11:00 UT on March 21. The location of the
filament as measured in AIA 304 Å image at 10:00 UT spans from N40E02 to N40W33 (see
Table 2). After around 19:00 UT the erupting filament split in two, one part going towards
NE and one part towards W-NW. From the observations, we believe that the two parts have
a common leg. We identified the material erupting towards W-NW as being the Eruption 2
studied here.

EUVI-A 304 Å observed Eruption 2 as a big prominence slowly erupting at its NW limb,
starting at around 01:15 UT on March 21. The prominence was visible off-limb already at
22:00 UT on March 20. At 22:30 UT on March 21, the erupting material remains visible
in the EUVI-A 304 Å FOV. The base of the prominence is seen until around 01:00 UT on
March 22.

Metis detected in its VL channel a flux-rope-like CME starting from about 03:00 UT
on March 22 (lower row of Figure 4). This CME followed another fainter event, visible
in the online movie around 02:00 UT or later, and most probably related to the dimming
observed by AIA at around 01:00 UT in NOAA 12810. The structured CME is associated
with Eruption 2.

LASCO-C2 and COR2-A observed a structured CME to the NW, starting at the end of the
day on March 21 (lower panels of Figure 5), most probably associated with Eruption 2. The
speed of the CME as provided by the manual LASCO catalogue2 decreased from around

2cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL/2021_03/htpng/20210322.021206.p304g.htp.html.

http://cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL/2021_03/htpng/20210322.021206.p304g.htp.html
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230 km s−1 at 2.8 Rs to around 150 km s−1 at 7 Rs. A diffuse partial-halo CME overtak-
ing this CME is observed by LASCO-C2 starting at around 05:00 UT-06:00 UT on March
22. This CME is most probably associated with the dimming observed by AIA at around
01:00 UT (N30W00) and not studied in this work. COR2-A observed diffuse outflows to
the NW starting early on March 21 and throughout the rest of the day.

More details on Eruption 2 and its observations can be found in Appendix A.

2.3. Eruption 3

Eruption 3 was observed by FSI 304 Å on March 21, 2021, starting at around 20:00 UT at
the SW limb (see lower-left panel of Figure 1). The erupting material is seen rising until
around 03:00 UT on March 22. The eruption is also observed by FSI 174 Å starting around
21:00 UT on March 21 and last seen around 01:00 UT on March 22.

AIA 304 Å observed Eruption 3 as a filament on-disk, close to the SE limb starting to
erupt at around 21:00 UT – 22:00 UT on March 21 (see lower-right panel of Figure 1). The
last frame showing the eruption is around 00:10 UT on March 22.

EUVI-A 304 Å observed the same event as a big filament erupting from the disk at around
21:00 UT – 22:00 UT, in the Southern hemisphere (see lower-middle panel of Figure 1). The
location of the filament as measured in EUVI-A 304 Å image at 22:00 UT is from S40E55
to S35E30 (see Table 2). During the eruption, we observe that the right leg is disconnected
first, and the erupting material is going towards SE. The last frame when the eruption is still
visible is at around 03:00 UT on March 22.

Eruption 3 is detected by Metis in its VL channel as a faint and narrow CME to the SW
starting around 01:17 UT on March 22. It becomes wider around 03:00 UT – 04:00 UT.
After that time, its northern flank seems to merge with the much brighter Eruption 2 and
becomes fainter. Another elongated blob-like CME was observed by Metis earlier, coming
from the same position off-limb on March 21 at around 21:30 UT.

LASCO-C2 observed Eruption 3 as a structured CME to the SE, starting at around
02:00 UT on March 22 (lower-right panel of Figure 5). The speed of the CME as provided
by the manual LASCO catalogue 3 increased from around 250 km s−1 at 2.5 Rs to around
350 km s−1 at 13 Rs.

A very faint CME is visible in COR2 base-difference images to the SE at around
04:00 UT-06:00 UT on March 22. This CME is most probably associated with Eruption 3.

A more detailed explanations of the observations and the instrumental characteristics are
given in Appendix A.

3. 3D Reconstruction

3.1. Triangulation

The triangulation method requires identification of the same point in two images (Image 1
and Image 2) taken from different perspectives, a process called tie-pointing (see, e.g., In-
hester, 2006). We determine the 3D positions of lines of sight (LOS) passing through the
point that is visible in the two images, and we determine the position of the intersection
point in 3D space.

3cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL/2021_03/htpng/20210322.002406.p108g.htp.html.

http://cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL/2021_03/htpng/20210322.002406.p108g.htp.html
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Figure 5 COR2-A (left panels) and LASCO-C2 (right panels) running-difference images showing the CMEs
on February 21 (upper panels) and March 22 (lower panels). Base-difference SWAP (12:25 UT – 00:00 UT on
February 21 and 03:59 UT – 00:01 UT on March 22) and EUVI-A 195 Å (14:27 UT – 00:05 UT on February
21 and 04:52 UT – 00:10 UT on March 22) images are overlapped onto the observations taken by LASCO-C2
and COR2-A, respectively. The times represent those of the current image and of the base image that was
subtracted, respectively.

The identification of the same feature in two images (i.e., two observations from two
spacecraft located in different vantage points) is sometimes a complicated procedure if the
feature projected on the images does not have the same shape. One simplification comes if
we employ the epipolar geometry, i.e. if we look for the counterpart of the feature identified
in Image 1 along its epipolar line in Image 2. The epipolar line is the projection of the LOS
of the feature identified in one image on the second image (e.g., Inhester, 2006). Therefore,
the search of the counterpart of the feature identified in Image 1 is not done in the entire
Image 2 but just along a line.

We performed triangulation for the three prominences studied here using the scc_mea-
sure.pro program of SolarSoft (Thompson and Reginald, 2008; Thompson, 2009). The pro-
gram allows us to manually select a point in our feature of interest in one image and draws
its corresponding epipolar line in the second image. By selecting the corresponding feature
along the epipolar line in the second image, the program outputs the position of the feature
in Stonyhurst coordinates (longitude, latitude, and height from the Sun’s center). As we were
only interested in following the direction of propagation of the three prominences in time
(and not its 3D morphology), we selected only one point that was easily identifiable in the
outer part of each prominence (see Figure 6). The results of the triangulation applied to our
eruptions are shown in Table 3.

The upper panel of Figure 6 shows the prominence observed by FSI 304 Å (left) and
AIA 304 Å (right) on February 21 at around 07:40 UT. The epipolar line is approximately
along the prominence main axis in the second image, but the same feature could be identified
in the two images due to its similar shape (bulged part of the prominence, white crosses).
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Table 3 3D parameters for the three prominences studied here, as derived from triangulation. First column:
Date and time of the reconstruction in FSI. Second column: the latitude and longitude in Stonyhurst coor-
dinates. Third column: height of the prominence measured from the Sun’s center, in solar radii (Rs). Fourth
column: instruments used for triangulation.

Date and time
[yyyy −mm−dd hh : mm]

Latitude/Longitude
[deg]

Height
[Rs]

Instruments

2021-02-21 07:39 N37E97 1.33 FSI+AIA

2021-03-21 16:02 N29W17 1.36 FSI+EUVI-A

2021-03-22 00:02 S27E35 1.68 FSI+AIA

This feature was triangulated, resulting in a position of N37E97 and a height of around
1.33 Rs from the Sun’s center.

For the two prominence eruptions observed on March 21 – 22, the identification of the
same features was more difficult as the shape of the prominences in the corresponding im-
ages looked different (see middle and lower panels of Figure 6). The identification was made
by selecting the outermost point of the prominence in one image and its corresponding point
along the epipolar line in the second image.

3.2. GCS Reconstruction

We applied the GCS geometrical model in order to derive the 3D position and extent of each
of the three CMEs higher in the corona (see Figure 7).

The GCS model is meant to reproduce the large-scale structure of flux rope-like CMEs. It
consists of a tubular curved section forming the main body of the structure connected to two
cones attached to the Sun that correspond to the “legs” of the CME. Only the surface of the
CME is modeled, there is no rendering of its internal structure. This gives us information on
the propagation of the leading edge of the CME. The model fits the geometrical structure of
CMEs as observed by VL coronagraphs at different vantage points. The GCS reconstruction
outputs are: the propagation longitude and latitude, the half-angular width (i.e., the half-
angular distance between the leg axes), the aspect ratio (i.e., the ratio of the CME size at two
orthogonal directions), the tilt angle with respect to the solar equator, and the leading-edge
height of the CME.

To perform the reconstructions, for each event (Eruption 1, Eruption 2, Eruption 3),
three images taken from three different perspectives (Metis on Solar Orbiter, COR2-A on
STEREO-A and LASCO-C2 on SOHO) are used (see also Figure 2 and Table 1). LASCO-
C2 and COR2-A were observing the CMEs from approximately 1 AU, while Metis was
observing the CMEs from ≈0.5 AU (Eruption 1) and 0.7 AU (Eruption 2, Eruption 3). The
separation angle between the Earth and STEREO-A was 55 degrees for all three eruptions.
The separation angle between Solar Orbiter and STEREO-A was 90 degrees for Eruption 1,
and 55 degrees for Eruption 2 and Eruption 3. Reconstructions are done at the time with
the least time difference between images from the three perspectives, with the CME leading
edge still in the FOV of Metis while somewhat developed in COR2-A. Due to the different
FOVs of the coronagraphs, the CME has already left the Metis FOV when it is well observed
in COR2-A. Therefore, the time overlap between the three coronagraphs during which the
events can be simultaneously observed is a few tens of minutes.

The resulting parameters of the GCS reconstruction are shown in Table 4, while the fitted
GCS shapes are displayed as green meshes in Figure 7. The different propagation directions
of the three eruptions with respect to the three spacecraft are also depicted in Figure 2. From
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Figure 6 Prominence features chosen for triangulation. Upper panels: Triangulated feature (white crosses)
performed with AIA 304 Å (left) and FSI 304 Å (right) on February 21 2021, 07:39 UT (Eruption 1). Middle
panels: Triangulated feature of the prominence observed by FSI 304 Å (right) and EUVI-A 304 Å (left)
on March 21, 16:02 UT (Eruption 2). Lower panels: Triangulated feature of the prominence observed by
FSI 304 Å (right) and AIA 304 Å (left) on March 22, 00:02 UT (Eruption 3). The images are created with
scc_measure.pro.
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Table 4 3D CME parameters derived from the GCS fitting. First column: Date and time of the reconstruction
in Metis. Second column: the latitude and longitude of the CME in Stonyhurst coordinates. Third column:
Height of the CME front from the Sun’s center. Fourth column: Tilt angle with respect to the solar equator.
Fifth and Sixth columns: Aspect ratio and half angle of the CME, respectively.

CME Date and time
[yyyy − mm − dd hh : mm]

Latitude/Longitude
[deg]

Height
[Rs]

Tilt angle
[deg]

Ratio Half angle
[deg]

2021-02-21 13:21 N11E95 5.30 −5 0.30 15

2021-03-22 07:03 N16W23 8.20 40 0.23 12

2021-03-22 04:26 S23E25 8.90 10 0.25 20

Figure 7 GCS reconstruction for Eruption 1 (upper panels), Eruption 2 (middle panels), and Eruption 3
(lower panels) performed on Metis (left column), COR2-A (middle column) and LASCO-C2 (right column)
observations. Note that Eruption 3 is very faint in the COR2-A image (lower-middle panel), where the bright
CME to the north of the green mesh corresponds to Eruption 2.

this, we can extract that Eruption 1 was propagating between STEREO-A and Solar Orbiter,
while Eruption 2 was propagating mostly towards the Earth. Eruption 3 was propagating
between the Earth and STEREO-A.
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4. Magnetic Field Analysis

In order to magnetically analyze the eruptions, we obtained the global as well as local mag-
netic field using two different extrapolation methods. We applied the potential field extrap-
olation method for acquiring the global magnetic field configuration before and after the
three eruptions. We applied the NLFFF method to obtain the magnetic field configuration at
the site of the eruptions. We only show the NLFFF results for Eruption 2 as results for the
other two cases did not reveal conclusive information because the magnetic field was more
potential and did not show a helical topology. The lack of convincing results for Eruptions
1 and 3 could be attributed to their location in regions of weak magnetic field far away from
any active regions, whereas Eruption 2 was closer to an active region with stronger magnetic
field. NLFFF may give reliable results in or around active regions where the magnetic field
is stronger.

For both magnetic field extrapolation methods, we used magnetic field data from the
Helioseismic and Magnetic Imager (HMI: Schou et al., 2012) instrument onboard SDO.
The magnetic field extrapolation techniques and the magnetic field data are described in
detail in Appendix B.

In the following subsections, we present the results of the extrapolations.

4.1. Results of the PFSS

We show the results of the PFSS method related to the three prominence eruptions in order
to assess the global magnetic field before and after the eruptions.

From the solution of the PFSS extrapolation for February 21 and March 21, we traced
magnetic field lines in the corona. In Figure 8, we show a selection of the traced field lines
overplotted on the synchronic map of Br (the building of the synchronic maps is described in
Appendix B.1). The red loops have maximum heights of 1.5 Rs, the yellow field lines extend
between 1.5 Rs and 2.0 Rs. We did not plot the field lines with heights between 2.0 Rs and
2.56 Rs. The blue ones are the field lines still open at 2.56 Rs. To identify changes in the
magnetic field topology from February 21 to February 22 and from March 21 to March
22, we applied differential rotation to the footpoints of all selected loops on February 21
and March 21. The new footpoints are obtained using the differential rotation expression,
�(θ) = A + B sin2 θ + C sin4 θ , where θ is the latitude, with the coefficients A = 14.27
degrees per day, B = −1.46 degrees per day, and C = −2.66 degrees per day (Hrazdíra,
Druckmüller and Habbal, 2021). We used the new footpoints to trace the field lines from
the solution of the PFSS extrapolation for February 22 (upper-right panel of Figure 8) and
March 22 (bottom-right panel of Figure 8), respectively. Left panels of Figure 8 show a
couple of traced loops before the prominences lifted off, and the right panels of Figure 8
show the field lines after the prominences erupted. From the topology, we can notice a
strong change in the configuration of the magnetic field. We observe a depletion of the
traced closed field lines from before and after the eruptions. Some of the closed magnetic
field lines (red and yellow) on February 21 and March 21 became open on February 22 and
March 22. Other closed loops, for example, the large loops (yellow, on the left side), are
reshaped into low-lying field lines (yellow, on the right side). A few of the field lines, which
are open (blue) on the 21st, are remodeled into low- and high-closed magnetic loops on the
22nd.

4.2. Results of the NLFFF

We applied the NLFFF extrapolation to obtain the magnetic field configuration at the site
of Eruption 2. The results for Eruption 1 and Eruption 3 did not reveal anything conclusive,
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Figure 8 Traced loops from the PFSS solutions for February 21 and 22 (top panels) and for March 21 and
22 (lower panels). The position of the three prominences is marked by the black straight lines in the left
panels. The upper panels were rotated such that Eruption 1 is seen at the Northern-West limb in the upper-
left panel. The view of the upper panels is from an observer situated at a Carrington longitude of 150 degrees
(for orientation, see also the top panel of Figure 11). The lower panels show the view from approximately
the Earth perspective (Carrington longitude of 300 degrees) (for orientation, see also the bottom panel of
Figure 11). Note that in the lower panels, a portion of the eastern solar disk is missing. This is caused by the
plotting program being unable to render that part of the solar disk from the synchronic map in Figure 11.

and, as a consequence, we do not show them here. For instance, Eruption 1 was out of the
FOV of the HMI vector magnetogram. The topology at the Eruption 3 location shows an
arcade-like shape of the magnetic field lines with no identifiable flux-rope-like shape. From
the solution of the NLFFF extrapolation, we traced the field lines from which we plot some
at the site of the eruptive prominence (Eruption 2). The position of the eruptive prominence
is close to one of the lateral boundaries of the synchronic map (and implicit in the com-
putational box), which makes difficult the evaluation of the surrounding magnetic field. In
Figure 9, we show a zoom-in of the low-lying loops from different viewing perspectives.
In Figure 10, we show the Br component of the magnetic field at the bottom boundary, and
on top, we overplot magnetic field lines. Not to overcrowd Figure 10, we excluded the low-
lying loops (red, Figure 9). We display only the loops near the eruptive prominence. Some
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Figure 9 Zoom in of different views of the low lying magnetic field lines extrapolated using the solution of
the NLFFF method for Eruption 2.

of the low-lying loops (red, pink) show helical twists, while some of the higher ones (pink,
cyan, purple) are braided. The higher loops (orange, bright purple) are more potential. We
also notice that some loops are abruptly cut, most probably because their continuation is out
of the computational box.

5. Discussions

The visual aspect of the three prominence eruptions studied here is very different in EUV
images taken from different perspectives (see Figure 1). This is most probably due to their
extended nature and the respective positions of the spacecraft. The three prominences were
observed on-disk in at least one view: Eruption 1 in FSI, Eruption 2 in AIA, and Eruption 3
in EUVI-A. Such different views (on-disk and off-limb) help us understand their morphol-
ogy better. However, at the same time, the different visual appearance resulted in difficulties
in identifying the same feature when performing triangulation of the erupting feature close
to the solar surface. Other effects like the asymmetric type of prominences, the LOS inte-
gration effect, the image contrast being different in the different instruments, etc., may have
also contributed to the difficulty in identifying the same feature. For a detailed discussion on
the correct identification and matching of features of an eruption in stereoscopic images see
Inhester (2006) and Mierla et al. (2010).

The visual appearance of the corresponding CMEs in different coronagraphs is also dif-
ferent, as seen in Figure 7. However, the large-scale flux-rope model (the GCS model) used
to match the data fits only the outer shell of the CME, mainly the leading edge (LE), which is
well identifiable from the three perspectives. This resulted in the constraint of different prop-
erties of the CME. A more detailed discussion on the application of GCS to CMEs observed
from different perspectives is provided in Thernisien, Vourlidas, and Howard (2011).

The GCS model has been successfully applied to CMEs observed by Metis (Andretta
et al., 2021; Bemporad et al., 2022). Andretta et al. (2021) used the GCS model to analyze
the first CME observed by Metis on January 16 – 17, 2021, which was a faint and slow stealth
CME (i.e., a CME without low coronal signatures, Robbrecht, Patsourakos, and Vourlidas,
2009). It was observed from three different perspectives, with STEREO-A and Solar Orbiter
being in opposition and the Earth at approximately the same angular distance between the
two. The position of the spacecraft and the direction of propagation of the CME resembles
the scenario of our Eruption 1, except that no prominence could be identified for that CME.

Similarly to our study, Bemporad et al. (2022) analyzed a complex sequence of three
successive eruptive events that occurred between February 12 – 13, 2021: a slow and ac-
celerated CME followed by a nearby prominence eruption and a trailing plasma blob. The
authors applied three different reconstruction methods to the event: GCS for the main CME,
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Figure 10 Magnetic-field lines extrapolated using the solution of the NLFFF method for Eruption 2. Different
colors are used only for a better visualisation (see text for details).

triangulation for the erupting prominence, and polarisation ratio (Moran and Davila, 2004)
for the trailing blob. Due to the large time difference between the CME and prominence
eruption, the authors also concluded that these two events were fairly unrelated. Unlike their
study, we applied the 3D reconstruction methods to the filaments and prominences that rep-
resented the sources of the CMEs, as well as to their corresponding CMEs. This allowed us
to compare the evolution of the eruptions from low in the corona to larger heights.

The values derived from GCS show that Eruption 1 and Eruption 2 were deflected to-
wards the equator by 25 degrees and 15 degrees, respectively, compared to their propagation
direction derived from triangulation at lower heights, while Eruption 3 only shows a slight
deflection towards the equator and a stronger deflection towards the central meridian. The
deflection of the first two eruptions was probably influenced by the nearby polar coronal
holes. Eruption 3 was flanked by two small coronal holes (CHs), of which the bigger one
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to the east may have been responsible for the longitudinal deflection. Several authors have
shown that open magnetic-field lines from CHs can act as magnetic walls causing the CMEs
to deflect away from these structures (see, e.g., Cremades, Bothmer, and Tripathi, 2006;
Panasenco et al., 2013; Cécere et al., 2020; Sieyra et al., 2020), while a streamer or a pseu-
dostreamer can act as a potential well causing the CMEs to move towards them (see, e.g.,
Xie et al., 2009; Kay, Opher, and Evans, 2013; Liewer et al., 2015; Yang et al., 2018). In the
case of the eruptions studied here, we could easily identify CHs close to the eruption sites,
while the presence of streamers is more difficult to assess. From the PFSS analysis, it looks
like Eruption 2 and Eruption 3 are located at the base of arcades of closed field lines, while
Eruption 1 looks to be located at the interface between open and closed field lines. NLFFF
results also confirm that Eruption 2 seems to be located at the base of an arcade of closed
field lines. The PFSS results also indicate a strong change in the magnetic field configuration
before and after the eruptions (see Figure 8). Some of the smooth low (red) and large loops
(yellow) open up (blue), most probably as a result of the eruptions. A couple of the field
lines, which were open, were remodeled into low- and high-closed magnetic loops after the
eruptions. The NLFFF results for Eruption 2 show significant helical twists in the low-lying
loops (see Figure 9), while some of the higher ones are braided and the highest loops are
more potential (see Figure 10).

6. Conclusions

This study shows the success of the application of 3D reconstruction techniques to promi-
nences and CMEs observed from different perspectives and different distances to the Sun.

The prominences observed by different instruments in their 304 Å channels were ex-
tended and complex events with developed fine structures. This complicated the identifi-
cation of the same feature observed by instruments from different perspectives in order to
perform triangulation. The nature of the emission in 304 Å with both emitting and absorb-
ing structures added an extra complexity in identifying the same part of a prominence. This
was further complicated by the large passbands of the instruments, where more than one
emission line is present. For instance, the FSI 304 Å images are dominated by the Ly-α
He II emission line at 303.78 Å, but the passband also contains a number of weaker coro-
nal lines, most prominently the Si XI line at 303.33 Å formed in the corona at temperatures
around 2 MK (Labrosse and McGlinchey, 2012). Although a quantitative separation of coro-
nal and prominence emission is difficult without spectroscopic observations, coronal (hot)
and prominence (cool) structures can be qualitatively distinguished in the EUV images based
on their morphology: smooth for the coronal features, ragged for prominence features. Tri-
angulation may also provide a way to decouple LOS effects from the true emissivity effect
(emission or absorption by cooler plasma) by assessing the true position of the prominence
features. This is an area where the multi-viewpoint observations may lead to new insights.

The large-scale GCS reconstruction applied to the eruptions at higher heights proved to
work well in constraining different aspects of the CMEs.

In order to compare the direction of propagation of these events at different coronal
heights, we selected for triangulation only one point, which could be easily identified in two
images taken from different perspectives, mostly the outer part of the prominence (Figure 6).
These locations and heights (Table 3) were compared with the central part of the CME as
derived from the GCS reconstruction (Table 4). For future studies, it will be interesting to
reconstruct the full prominence in order to derive its entire 3D morphology.
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From the solutions of the PFSS extrapolations, an apparent depletion in the global mag-
netic field after the eruptions was observed. The magnetic-field topology reconfigured after
the eruptions, and maybe some of the large field lines reconnected into very small ones, un-
detected by the entire process of acquiring, processing, and modeling. For a more insightful
explanation, a deeper investigation would be required. PFSS results near Eruption 2 are not
extremely reliable due to its vicinity to the active region NOAA 12810. Instead, the NLFFF
results for this eruption show helical twists in the low-lying loops, while some of the higher
ones are braided.

More observations from different locations (latitudes) will better constrain the recon-
structions. Observations that will be taken by Solar Orbiter in the near future from different
latitudes will shed new light on the morphology and propagation of the erupting promi-
nences in three dimensions.

Appendix A: Detailed Description of the Observations

The three eruptions studied here, Eruption 1, Eruption 2, and Eruption 3 are slow-rising
prominences, spanning many degrees in longitude and latitude (see Table 2) and observed
from three different perspectives (see Table 1): Earth perspective (at 1 AU), STEREO-A
perspective (at 1 AU and 55 degrees East from the Earth) and Solar Orbiter perspective (at
0.5 AU and 0.7 AU, and 90 degrees and 55 degrees East of STEREO-A for Eruption 1 and
Eruptions 2, 3, respectively).

The three prominence eruptions were also observed by the Sun Watcher using Active
Pixel (SWAP: Seaton et al., 2013) sensor onboard PROBA2 spacecraft and by the Solar
Ultraviolet Imager (SUVI, Darnel et al., 2022) onboard the Geostationary Operational En-
vironmental Satellite-16 (GOES-16).

All three eruptions could be seen in H-alpha images from the GONG network 4 and the
Kanzelhöhe Observatory .5 Eruption 1 was seen as a small narrow prominence at NE limb
in successive GONG H-alpha images at 07:37 UT and 15:42 UT on February 20 and at
01:49 UT on February 21. Eruption 2 was observed as a very faint filament on-disk near
central meridian at around 05:55 UT on March 21, and Eruption 3 as a small filament close
to the limb at SE at around 19:07 UT on March 21.

The position of the different spacecraft, and the direction of the three eruptions (as de-
rived by means of the GCS method – see Section 3.2) are shown in Figure 2 (blue, green,
and red arrows for Eruption 1, Eruption 2 and Eruption 3, respectively). Their corresponding
characteristics are presented in Tables 1 and 2.

On February 21 00:00 UT, Solar Orbiter was observing from a distance of 0.515 astro-
nomical units (AU) from the Sun. This means that the difference in light travel time between
Sun - Solar Orbiter and Sun - Earth is 3 minutes and 56 seconds, and between Sun - Solar
Orbiter and Sun - STEREO-A is 3 minutes and 45 seconds.

On March 21 20:00 UT, Solar Orbiter was observing from a distance of 0.687 AU from
the Sun. This means that the difference in light travel time between Sun - Solar Orbiter
and Sun - Earth is 2 minutes and 34 seconds, and between Sun - Solar Orbiter and Sun
- STEREO-A is 2 minutes and 19 seconds. All these temporal differences were taken in
consideration when analyzing the three eruptions.

4gong2.nso.edu/products/tableView/table.php?configFile=configs/hAlpha.cfg.
5cesar.kso.ac.at/synoptic/ha_years.php.

http://gong2.nso.edu/products/tableView/table.php?configFile=configs/hAlpha.cfg.
http://cesar.kso.ac.at/synoptic/ha_years.php
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A.1 Observations of Eruption 1

The first eruption (Eruption 1) started at around 00:00 UT on February 21 to the North-
West (NW) of the Sun as seen from FSI. The prominence extends approximately from
N40E75 to N40E105 in Stonyhurst coordinates. We calculated this approximate position
by locating the position of one prominence/filament leg based on the dimming observed in
the Extreme-UltraViolet Imager (EUVI)-A 195 Å image at 10:00 UT (see explanations in
the main text). We measured the size of the filament visible on-disk in an FSI 304 Å im-
age at around 08:00 UT on February 21. We added this measured extent of 30 degrees to
the position of the prominence leg. During the eruption, the filament is seen expanding 120
degrees Eastward in the FSI 304 Å movie.

Eruption 1 started at a high northern latitude, and it was deflected towards the equator.
One extremity of the filament (Ext1) was seen off-limb (to the NW) from the Solar Orbiter
perspective and the other extremity (Ext2) was seen on-disk, expanding towards the central
meridian. Ext1 was visible at the limb also from Earth’s perspective while the Ext2 was back-
side from Earth’s perspective. STEREO-A observed Ext2 at the limb. Ext1 should be seen
erupting on-disk in STEREO-A/EUVI images, but the original movie does not show any
evident motion. After further image processing to increase the contrast, one could observe a
faint dark filament structure slowly erupting on-disk.

Later on, the prominence was observed as a three-part CME in the three coronagraphs
from the three different perspectives.

A.2 Observations of Eruption 2

Eruption 2 was observed on March 21, starting around 11:00 UT to the NW of the Sun as
seen from the Solar Orbiter perspective. The eruption started at a high northern latitude and
was deflected towards the equator while erupting. It was well visible on-disk in AIA 304 Å
spanning a longitudinal range of 30 degrees (from W00 to W30), at 10:00 UT, before it
started to erupt (see Table 2). After around 19:00 UT, the erupting filament split in two, the
left part going towards NE as far as to E35 and the right part going towards W-NW (as far
as to W60). The eruption was back-sided from the Solar Orbiter’s perspective and it was ob-
served by FSI 304 Å at the NW limb. Material falling back to the Sun was observed starting
around 21:00 UT. EUVI-A 304 Å observed the eruption both front- and back-sided at NW
limb. The inflow material is clearly seen on the front side (E10N45 Stonyhurst coordinates).

Later on, the prominence was observed as a three-part CME by the three coronagraphs
from the three different perspectives.

A.3 Observations of Eruption 3

Eruption 3 was observed on March 21 as a prominence to the South-West (SW) of the Sun
as observed from Solar Orbiter perspective, starting to erupt at around 20:00 UT.

The same eruption was observed by EUVI-A 304 Å instrument at a high southern latitude
as an extended filament (25 degrees in longitude at 22:00 UT on March 21). It started to erupt
around 21:00 UT – 22:00 UT. The western leg appeared to disconnect first and the erupting
material was going towards SE. FSI 304 Å observed the eruption on the front side at SW
limb and AIA 304 Å observed it on the front side at SE limb. The western leg of the filament
was closer to the limb, as observed by FSI, and the eastern leg was closer to the limb as
observed by AIA. The shape of the prominence was different from the two perspectives.

The approximate location of Eruption 3 at 22:00 UT was S40E55–S35E30 in Stonyhurst
coordinates. The location was calculated from the EUVI-A 304 Å image when the filament
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was identifiable on the solar disk. Note that the filament was not well observed on the solar
disk at the beginning of the eruption (i.e., around 20:00 UT), and its size and position two
hours later may be slightly different from its initial values.

The eruption was observed later on as a structured CME by LASCO-C2. It was a very
faint CME, as observed by COR2-A. It was faint and narrow, as observed by Metis. A narrow
ray-like feature was observed by LASCO-C2 before the CME, which appears to be dragged
away by the CME.

A.4 Data Acquisition for Eruption 1

FSI instruments were observing on February 21 at a cadence of around 15 min (FSI 304 Å)
and 8 min (FSI 174 Å), an exposure time of 10 sec, and a plate scale of about 1660 km per
pixel. There were data gaps between February 20 22:54 UT and February 21 00:09 UT, and
between 04:54 UT and 06:00 UT on February 21.

The EUVI-A 304 Å instrument was observing at a cadence of around 3 min, an exposure
time of 4 sec and a plate scale of about 1114 km per pixel.

The AIA 304 Å instrument was observing at a cadence of around a few seconds, an
exposure time of 2.9 sec and a plate scale of about 430 km per pixel.

On the same day, Metis was running a program in the context of the second Solar Orbiter
Remote-Sensing Check-out Window (February 20 – 25, 2021). Both VL and UV channels
were operating. In this work, we use data from the VL channel only. Each VL acquisition
consisted of a set of four images each taken with a 30 sec exposure time and at a different
polarization angle, the cycle being repeated 14 times. Each set of images acquired with the
same polarization angle was then averaged on board; the resulting four images were com-
bined on the ground to obtain a single polarized brightness (pB) image. The total acquisition
time was therefore about 28 min, and the cadence of the image was slightly longer, about 29
min. All VL images were taken with a 4×4 binning leading to a plate scale of about 40 arc-
secs or about 15000 km per pixel at a distance of 0.51 AU from the Sun. The data were
calibrated and processed following the procedure outlined in Romoli et al. (2021). Despite
the relatively long acquisition time, in the stream of interlaced images acquired on board,
the polarization cycle lasts only 2 min, thus maximizing the reliability of the resulting pB.
On the other hand, smearing effects for transients such as CMEs are not negligible: a feature
moving at ∼100 km s−1 would move by roughly 8 – 10 (binned) pixels during a single pB
acquisition.

The LASCO-C2 instrument was observing at a cadence of around 12 min, an exposure
time of 25 sec and a plate scale of about 8450 km per pixel. The COR2 instrument was
observing at a cadence of around 15 min, an exposure time of 6 sec and a plate scale of
about 10312 km per pixel.

A summary of the instrument characteristics is provided in Table 5.

A.5 Data Acquisition for Eruption 2 and Eruption 3

Both FSI telescopes were observing on March 21-22 at a cadence of around eight min, an
exposure time of 10 sec and a plate scale of about 2199 km per pixel. There was a data gap
between 04:55 UT to 07:02 UT on March 21 and from 04:55 UT to 12:17 UT on March 22.

AIA 304 Å instrument was observing at a cadence of around 12 sec, an exposure time of
2.9 sec and a plate scale of about 434 km per pixel.

EUVI-A 304 Å instrument was observing at a cadence of around 3 min, an exposure time
of 4 sec and a plate scale of about 1114 km per pixel.
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Table 5 Instrument characteristics on February 21, 2021. The first column: The instrument. The second col-
umn: image cadence. The third column: Image exposure time. The fourth column: Image plate scale. * The
acquisition time of a pB sequence is 28 min (see text for details).

Instruments Cadence
[min]

Exposure time
[sec]

Plate scale
[km/pixel]

FSI 304 Å 15 10 1660

FSI 174 Å 8 10 1660

AIA 304 Å 12 sec 2.9 430

EUVI-A 304 Å 3 4 1114

Metis 29 30∗ 15000

LASCO-C2 12 25 8450

COR2 15 6 10312

Table 6 Instrument characteristics on March 21, 2021. The first column: The instrument. The second col-
umn: image cadence. The third column: Image exposure time. The fourth column: Image plate scale. * The
acquisition time of a pB sequence is 28 min (see text for details).

Instruments Cadence
[min]

Exposure time
[sec]

Plate scale
[km/pixel]

FSI 304 Å 8 10 2199

FSI 174 Å 8 10 2199

AIA 304 Å 12 sec 2.9 434

EUVI-A 304 Å 3 4 1114

Metis 29 30∗ 20000

LASCO-C2 12 25 8510

COR2 15 6 10320

Metis observed in the context of the third Solar Orbiter Remote-Sensing Check-out Win-
dow (March 21 – 24, 2021); the acquisition parameters and processing steps for the VL
channel were the same as described for Eruption 1. The plate scale in this case (at 0.69 AU)
was about 20000 km per pixel.

LASCO-C2 instrument was observing at a cadence of around 12 min, an exposure time
of 25 sec and a plate scale of about 8510 km per pixel. COR2 instrument was observing
at a cadence of around 15 min, an exposure time of 6 sec and with a plate scale of about
10320 km per pixel.

A summary of the instrument characteristics is provided in Table 6.

Appendix B: Techniques used for the Magnetic Field Analysis

We are still challenged in obtaining the magnetic field in the solar corona. Therefore, the
magnetic-field configuration in the higher layers of the atmosphere can be obtained with the
help of different methods which extrapolate the magnetic field from the photosphere into
the corona. One of the highly used extrapolation methods is PFSS. The reason is that PFSS,
in comparison with other methods, has cheap computational demands, few constraints, and
more reliable input data. One can obtain the potential magnetic field model for the coronal
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magnetic field from Gauss theorem (∇ · B = 0), by expressing the magnetic field as a func-
tion of scalar potential φ (B = −∇φ), and using the line-of-sight photospheric magnetic
field component as boundary condition (Wiegelmann and Sakurai, 2012). With the PFSS,
we obtain the lowest magnetic energy in the corona and a solution that contains no currents.
It has been shown that before an eruption (Thalmann and Wiegelmann, 2008), the corona
accumulates free energy, which is the magnetic energy building up on top of the potential
energy. Not accounting for this free energy is a drawback of the PFSS method. Nevertheless,
one can still make use of the information obtained from the solution of the PFSS method,
like, e.g., the changes in time of the topology of the global magnetic field.

Another extrapolation method is NLFFF, which is much more computationally demand-
ing and uses as input, data that sometimes are prone to larger errors (e.g., the transversal
component of the magnetic field). The assumptions of the NLFFF are the existence of a
regime where the magnetic pressure dominates over the plasma pressure and gravity, and a
stationary plasma, which requires the lowest order of the Lorenz force to vanish. A nonlinear
force-free magnetic field solution is found when the solenoidal condition (∇ · B = 0) and
the nonlinear equation (∇ × B) × B = 0 are fulfilled. The advantage of the method is that
the solution of the extrapolation complies best with observations (Tadesse et al., 2014) and
gives an indication of the free energy accumulating in the solar corona before an eruption. It
has been shown that using a larger FOV as input for the NLFFF method gives better results
than smaller FOVs (Tadesse et al., 2013).

We applied the potential field method for obtaining the global magnetic field configura-
tion before and after the three eruptions. We applied the NLFFF to obtain the magnetic field
configuration at the site of the eruptions.

In the following subsection, we present the data used for the PFSS and the NLFFF ex-
trapolations.

B.1 Data used for the Magnetic Field Analysis

For both of the magnetic field extrapolation methods, we used magnetic field data from
SDO/HMI. The full disk HMI vector-magnetograms were first converted to the radial field
(Br) magnetograms by dividing by the cosine of the angle from the disk center. Individual
radial magnetograms are then remapped and interpolated onto a very high-resolution Car-
rington coordinate grid using the Carrington Heliographic - Cylindrical Equal Area (CEA)
projection (Sun, 2013). The extent in the longitude of the maps is 120 degrees centered at
the central meridian and 114 degrees in latitude centered at the solar equator. We used HMI
synchronic maps (see Figure 11) for the PFSS extrapolations and full disk vector magne-
tograms (see Figure 12) for the NLFFF extrapolation. In the radial r, longitudinal φ and
latitudinal θ (r,θ ,φ) extents, the computational box is 128×360×720 grid points for the
PFSS and 256×476×512 grid points for the NLFFF.

The synchronic map is a combination of a standard synoptic map and a daily full disk
map, and it is a data product suitable for the full-Sun extrapolation provided by the HMI
team (Liu et al., 2017). Each longitude stripe of the standard synoptic map represents the
average of 20 magnetograms obtained at the central meridian passage of that longitude. The
synchronic frame, which represents data visible on the disk at one time, replaces a 120-
degree longitude range of the data in the standard synoptic map. The synchronic frames are
built daily using the daily magnetograms, between 10:00 UT and 14:00 UT, within a range
of 60 degrees from the central meridian. The resulting magnetogram is an average of the 20
used magnetograms, which spans 120 degrees in longitude and is positioned at the left end
of the final 360-degree synchronic map. In this way, that part of the synoptic frame better
represents the fast evolving magnetic features.
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Figure 11 The Br component of the magnetic field from SDO/HMI, for the synchronic magnetic field maps
on February 21 (top panel) and March 21 (lower panel) 2021. The synoptic map for February (Carrington
Rotation 2241) starts on February 18 and ends on March 17, and the synoptic map for March (Carrington
Rotation 2242) starts on March 17 and ends on April 14. Synchronic frames (delimited by the vertical dashed
lines, i.e., the left side of the synoptic map) replace a 120-degree longitude range of the data in the synoptic
maps with data observed at a given time (February 21 upper panel and March 21 lower panel). The red marks
represent the position of the three prominences as given in Table 2. The location of Eruption 1 (upper panel)
is out of the synchronic Br map. X-axis is longitude, and Y-axis is latitude in Carrington coordinates.

In Figure 11, we show the radial component of the synchronic magnetic field maps for
February 21 (upper panel) and March 21 (lower panel). The magnetic field is saturated at
±50 G for a better visualization. The red boxes/lines indicate the approximate location of
the eruptive prominences (Eruption 2 to the North and Eruption 3 to the South) in the lower
panel of Figure 11. The location of Eruption 1 is out of the synchronic Br map (upper panel
of Figure 11).

The map used for NLFFF extrapolation is shown in Figure 12. The red marks indicate
the approximate location of the eruptive prominences (Eruption 2 at North and Eruption 3 at
South). To have consistent boundary conditions for the NLFFF method, we applied the pre-
processing of the data using the method described by Tadesse, Wiegelmann, and Inhester
(2009).
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