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ABSTRACT

Context. On May 8, 2024, solar active region 13664 produced an X-class flare, several M-class flares, and multiple Coronal Mass
Ejections (CMEs) directed towards Earth. The initial CME resulted in coronal dimmings, characterized by localized reductions in
extreme-ultraviolet (EUV) emissions, indicative of mass loss and expansion during the eruption. On June 8, 2024 after one solar
rotation, the same active region produced another eruptive M-class flare followed by coronal dimmings observed by the SDO and
STEREO spacecraft.

Aims. We analyse the early CME evolution and propagation direction from the expansion of the coronal dimming observed low in the
corona using the DIRECD (Dimming Inferred Estimation of CME Direction) method.

Methods. The DIRECD method derives key parameters of early CME propagation from the expansion behavior of the associated
coronal dimming at the end of its impulsive phase by generating a 3D CME cone model whose orthogonal projection on the solar
sphere matches the dimming geometry. To validate the resulting 3D CME cone, we compare the CME properties derived in the low
corona with white-light coronagraph data.

Results. Using DIRECD, we find that the CME on 8 May 2024 expands close to radially, with an inclination angle of 7.7°, an angular
width of 70°, and a cone height of 0.81 Ry,,, which was derived at the end of the dimming’s impulsive phase, and for which the CME
shows connections to the dimming and still leaves footprints in the low corona. It was inclined 7.6° to the North in the meridional
plane and 1.1° to the East in the equatorial plane. The CME on 8 June 2024, after one solar rotation, is inclined by 15.7° from the
radial direction, has an angular width of 81°, and a cone height of 0.89 R,,. The CME was inclined 6.9° to the South in the meridional
plane and 14.9° to the West in the equatorial plane. Validation with white-light coronagraph data confirmed the 3D cone’s accuracy
by matching CME characteristics and projections with STEREO-A COR2 observations.

Conclusions. Our study demonstrates that tracking low coronal signatures such as coronal dimming expansion in 2D for the May and
June 2024 CMEs can estimate the 3D CME direction early in its evolution providing early lead times for mitigating adverse space

weather impacts.
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1. Introduction

Coronal Mass Ejections (CMEs) are the most powerful events
in the solar system, causing significant disturbances to space
weather. These phenomena involve clouds of magnetized plasma
being expelled from the Sun at very high velocities (Michalek
et al.|2009; |Gopalswamy et al.[2009} Tsurutani & Lakhinal2014;
Cheng et al.[2017} |Veronig et al.|2018). CMEs can pose a threat
to technological systems, as they can disrupt radio transmissions,
induce currents in power grids, and lower the orbits of Earth-
orbiting satellites (Sandford| 1999} |Doherty et al.| 2004} |Baker
et al.||2013)). Statistical analysis shows that fast CMEs launched
sequentially from the same active region are more geoeffective
than isolated CMEs (Vennerstrom et al.|2016; [Lugaz et al.[2017
Rodriguez Gomez et al.|2020;|Scolini et al.|2020). Thus it is im-
portant to detect and study early evolution of CMEs. Since early
CME evolution is not well observed from coronagraphs due to
projection effects (Schwenn et al.|2005) and early location can-

not be known due to occulation disk, a number of studies have
tried to explore whether any CME-related phenomena may give
us more insight into early CME evolution.

Coronal dimmings are one such phenomena associated with
CME:s. They are regions of reduced extreme ultraviolet (EUV)
and X-ray emissions in the low corona (Hudson et al.[1996; Ster-
ling & Hudson![1997; Thompson et al.|[1998). Numerous studies
have explored the strong connection between the initial develop-
ment of CMEs and coronal dimmings in the lower corona. Some
of these investigations examined how coronal dimmings relate to
the mass of CME(e.g. (Harrison & Lyons|2000; Harrison et al.
2003;Zhukov & Auchere|2004;|[Lopez et al.[2017)), the morphol-
ogy and early evolution of the CME (Attrill et al.|2006; |Qiu &
Cheng|2017), and their timing (Miklenic et al.[201 1} Ronca et al.
2024)). Additionally, various studies have examined the statisti-
cal relationship between CMEs and coronal dimmings (Bewsher
et al.[2008; Reinard & Biesecker]2009; [Mason et al.[2016; Kristal
& Reinard||2017; |Aschwanden|2017), revealing strong correla-
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tions between CME mass and dimming area, dimming bright-
ness and the magnetic flux within the dimming region , as well as
the CME’s maximum speed and parameters such as area growth
rate, brightness change rate, and magnetic flux rate, along with
the mean intensity of the dimmings (Dissauer et al.[2018b} 2019
Chikunova et al.|2020).

Several models exist to determine CME propagation direc-
tion and deflections. One such model is the Graduated Cylindri-
cal Shell (GCS) model (Thernisien et al.[2006; Thernisien/2011)),
which is a parametric, forward-fitting approach used to describe
the three-dimensional shape of CMEs based on stereoscopic ob-
servations from coronagraphs at heights of up to 20 Rsun. An-
other method is elliptical tie-pointing (Byrne et al.|2010), which
involves tracing the CME’s elliptical front from multiple view-
points (e.g., from two spacecraft like STEREO-A and STEREO-
B) and determining its 3D structure by triangulating the positions
of corresponding points in each view. Additionally, geometric
triangulation (Liu et al.|2010j Podladchikova et al.[2019) is used
to estimate the 3D position of a CME by measuring the same
feature in images taken from two different viewpoints and us-
ing the angular separation between the spacecraft to infer the 3D
position of specific points or features within the CME structure.
These and other techniques contribute to understanding CME
propagation in space.

(Chikunova et al.|2023)) found a link between dimming mor-
phology and the 3D structure of CMEs, suggesting that dimming
observations might also provide insights into early CME evolu-
tion. This idea was further explored using the DIRECD method
described by Jain et al.| (2024) to infer the initial CME propa-
gation direction from coronal dimmings. The DIRECD method
focuses on early-stage CME direction estimation using coronal
dimming, while the GCS and other models provide a more de-
tailed 3D structure of CMEs after they are observed in corona-
graphs.

In this study, we analyse two recent extreme space weather
events that occurred on 8 May 2024 and 8 June 2024, when
CMEs erupted from the same active region AR3664 (AR3697
after one solar rotation), and estimate CME parameters in its
early evolution from the associated coronal dimmings using the
DIRECD method, with its selection criteria further refined. The
associated flares were listed on XRT flare catalog (Watanabe
et al.|2012) and the publicly available DONK]E] (Space Weather
Database Of Notifications, Knowledge, Information) catalog.
During the May 2024 storms, agencies reported a variety of im-
pacts such as satellites experienced increased drag (Parker &
Linares|2024) and strong geomagnetic disturbances in the earth’s
atmosphere (Hayakawa et al.[2024)).

2. Event of May 8, 2024

In the early hours of May 8, 2024 a series of eruptions were
ejected into interplanetary space from active region 13364 (one
of the largest in the current solar cycle). We focus our study to
the first CME that erupted at 04:30 UT followed by three CMEs
close after (see related video using Jhelioviewer (Miiller et al.
2017)). A total of six CMEs erupted that arrived near Earth on
May 10. At around 12:30 UT on May 10, the first CME reached
Earth, leading to a significant geomagnetic storm including au-
roras as far as 21° latitude (Parker & Linares|2024) and increased
ionospheric activity (Spogli et al.|2024)). Moreover, around 5000
spacecrafts had to perform altitude adjustments to counteract the
effects of a geomagnetic storm (Parker & Linares|[2024). The

! https://ccmc.gsfc.nasa.gov/tools/DONKI/
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Dst index, which measures the intensity of geomagnetic storms
and is primarily linked to the magnetospheric ring current (Gon-
zalez et al.[[1994), peaked at -412 nT (real-time quicklook Dst
index) on May 11, 2024, at 03:00 UT. This amplitude was ac-
curately predicted several hours in advance by the StormFocus
serviceé as shown in the prediction screenshoﬂ The forecast
was based on real-time solar wind and interplanetary magnetic
field data provided at the L1 Sun-Earth libration point (Podlad-
chikova & Petrukovich|2012; [Podladchikova et al.||[2018)). This
was the largest geomagnetic storm since Nov 20, 2003, with a
peak Dst of -422 nT, and since 1995 records, no storms have
surpassed this intensity. This makes the May 8, 2024 event the
second strongest storm of the 21st century.

The first solar eruptions in the early hours of 8 May 2024
(Hayakawa et al.|[2024) were followed by coronal dimming ob-
served on solar surface by Solar Dynamics Observatory (Pesnell
et al[2012, SDO) and Solar Terrestrial Relations Observatory
(Kaiser et al.|2008, STEREO) spacecraft. In this study, we will
use the information from these dimming observed by SDO to es-
timate CME properties such as angular width, inclination from
the radial direction, and height, where the CME connects to the
dimming and relate it with white-light coronagraph data.

2.1. Dimming detection for the May 8, 2024 event

We detect coronal dimmings using the region-growing algorithm
described by [Dissauer et al.| (2018albl [2019) from a series of
193 A images (4096 x 4096 pixel) from the Atmospheric Imag-
ing Assembly (Lemen et al|2012, AIA) telescopes aboard the
Solar Dynamics Observatory - SDO spacecraft with a 1-minute
cadence within the time range 04:30 - 06:30 UT. We take a
pre-eruption base map (30 minutes prior to the start time, at
04:00 UT) and apply differential rotation correction to the same
reference time (04:00 UT) for all the images in the sequence
to compare the drop in EUV intensity with respect to the pre-
eruptive coronal state. The SDO/AIA images were processed
and calibrated using the aiapy programs in the SunPy library
(The SunPy Community et al.|[2020). We further cropped the
images around the eruption source determined by visual analy-
sis from JHelioviewer client, focusing on a region of 1000x1000
arcseconds. The dimming detection algorithm was applied to
logarithmic base-ratio images using the automatic thresholding
technique (Dissauer et al.|2018a). We extracted the darkest 30%
of pixels with a logarithmic threshold of —0.15 and applied me-
dian filtering with a box of 10x10 pixels to reduce noise in the
images. The detected dimmings pixels were saved in a cumula-
tive map at each time step, and the area of dimming expansion
was calculated using the method presented in |Chikunova et al.
(2023)), which allows us to estimate the surface area of a sphere
for each pixef

Figure[I] presents the evolution of the derived dimming area,
A, (top panel) and its time derivative dA/dt (bottom panel) over
a duration of 2 hours. We determine the end of the impulsive
phase to be 05:43 UT, defined by the criteria in (Dissauer et al.
2018a), where the end of the impulsive phase occurs when the
change rate of the dimming area, dA/dt, falls below 15% of its
maximum value.

2 https://spaceweather.ru/content/
extended-geomagnetic-storm-forecast

° http://www.iki.rssi.ru/forecast/data/Archive/2024/
en/05/11/Prediction_20240511_0805.gif

% https://github.com/Chigaga/area_calculation
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Fig. 1: Expansion of dimming area A; (top panel) and its time
derivative dA,/dt (bottom panel) over 2 hours for the 8 May,
2024 event. The end of the impulsive phase(indicated by the ver-
tical dashed line) is defined as the time when the derivative of
the dimming area curve, dA,/dt, has declined back to 15% of its
maximum value.
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Fig. 2: Dimming evolution for the 8 May 2024 CME at four dif-
ferent time steps: (a) 15 minutes before the maximum of the im-
pulsive phase (04:47 UT), (b) at the max of the impulsive phase
(05:02 UT), (c) at the end of the impulsive phase (05:43 UT)
and (d) 2 hours after the start. The blue lines indicate 12 angular
sectors and the colour bar shows when each dimming pixel was
detected for the first time.

Figure 2] shows the timing map of dimming evolution. Each
dimming pixel is coloured according to the time it was first de-
tected relative to the event start time. Panels (a,b) show cumu-
lative dimming maps 15 minutes before and at the max of the
impulsive phase 04:47 UT and 05:02 UT respectively. Panel

(c) shows the dimming map at the end of impulsive phase
(05:43 UT) and panel (d) shows the dimming map at the end of
considered time period (06:29 UT). For DIRECD, we will use
the dimming map at the end of the impulsive phase (panel c).

2.2. Application of DIRECD to the May 2024 event

The DIRECD method to estimate the early propagation of CMEs
from the expansion of dimmings involves the following main
steps. First, we estimate the dominant direction of the dimming
extent based on the evolution of the dimming area (Fig. [2). Sec-
ond, using the derived dominant direction of the dimming evo-
lution on the solar sphere, we solve an inverse problem to re-
construct an ensemble of 3D CME cones at different heights,
widths, and deflections from the radial propagation. Third, we
search for the CME parameters for which the 3D cone orthogo-
nal projections onto the solar sphere would match the geometry
of the dimming at the end of its impulsive phase best.

Figure [3a] shows the area distribution curve for each sec-
tor at the end of the dimming impulsive phase. We define the
dominant dimming direction in the middle of the sector with the
largest dimming area (sector 10). Further, we choose two dim-
ming edges which are farthest from the source which is the cen-
troid of the detected dimming. Here one of them is in sector 10
along the dominant dimming direction and the other is in sec-
tor 3 as shown in Figure [3b] We then construct two 3D lines
from the Sun’s centre to the two dimming edges. These lines
form the boundaries of an ensemble of 3D cones, whose pro-
jections align with the dimming geometry. We then generate an
ensemble of 3D CME cones where every cone is defined by its
unique height, inclination angle, and width, maintaining a con-
nection to the dimming. Given the relationship between CMEs
and dimmings, the CME cone naturally tilts towards the dom-
inant dimming direction, aligning the axis of the smaller cone
with this direction. As the inclination angle increases, the length
of the main cone axis shortens. In our approach, we fix the small
cone axis while allowing the larger cone axis to vary, making the
identification of the dominant dimming direction a critical and
advantageous part of the method.

Figure [A.T] in Appendix [A] shows an ensemble of twenty
such cones with heights ranging from 0.15-2.08 Ry,,, angular
widths varying from 132.6 — 49.8° and changing inclination an-
gles of 24.4 — 5.2° (Cols. 1 and 3) and their orthogonal projec-
tions onto the solar sphere (Cols. 2 and 4). Columns 1 and 3
depict the top view to better show the reconstructed cones, and
columns 2 and 4 show the face-on view. The heights in the con-
structed ensemble of cones is a representation of the heights at
which the CME is assumed to leave footprints in the low corona
and remains connected to the dimming. As can be seen from fig-
ure[A.T] the cone projections are required to be wider for smaller
heights and become narrower for larger heights albeit marginally
to fit the observed dimming extent.

To quantify the dynamics of the cone projections and to
choose the 3D CME cone, which matches best the dimming ge-
ometry, we first consider the consecutive differences of cone pro-
jection areas Apny; for every cone height (4, 1)
Apn; = An, — Ay, (D

The evolution of Apy,, is shown in Figure E] (blue line, top
panel) and indicates the projection areas shrinking. We select the
cone that best fits the dimming at the point of the most shrinking
in projection areas, where the cone projections remain sensitive
to changes in cone parameters, estimated at 5% (vertical dashed
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Fig. 3: Dominant direction of dimming expansion at the end of
the impulsive phase for 8 May 2024. Top: Dimming area in the
different sectors (shown in the bottom panels in blue), revealing
its maximum extent in sector 10. Bottom: cumulative dimming
pixel mask outlined by gray with red contours. The blue lines
indicate the 12 sectors. The dashed purple line gives the sector of
dominant dimming development. The small black dots show the
dimming edges at the farthest edges from the source (one of them
being in the sector of dominant dimming direction and the other
being in sector 3) which are used to generate the 3D CME cones
at different heights, associated widths and inclination angles.

line) of the blue line peak. In the current case, this corresponds
to the 3D CME cone with a height range of 0.61 Ry, — 0.81 Rgyp,
corresponding to a width range of 79.0° — 69.8° and inclination
angles of 9.0° - 7.7°.

Additionally, we require the majority of the dimming area to
be inside the cone projection by considering the percentage of
relative change of the dimming area inside the projection area
for the consecutive cones (Figure @ green line, bottom panel)
defined as:

%:Sk SSkH’ @)
P k

where A; and A, are the dimming and projection area respec-
tively. Sy is the area of dimming inside the projection area for
cone height /i, S, is the area of dimming inside the projection
area for the consecutive cone height /..

We choose the 3D CME cone that best matches the dimming
just before the abrupt increase of the criteria above, which is in
range of the initial choice of the CME parameters early in its
evolution (see details in Appendix [B). Figure [5a shows the re-
sulting best-fit 3D CME cone (green) with a height of 0.81 Ry,
width of 69.8° and inclination angle of 7.7° and its orthogonal
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Fig. 4: Consecutive differences of cone projection areas Ay, ,
defined by Equation[T](blue line, top panel) and the percentage of
relative change of the dimming area inside the projection area for
consecutive cones (green line, bottom panel) for the May 8, 2024
event. The vertical dashed line indicates the step (associated with
a cone height of 0.81 Ry, width of 69.8° and inclination angle
of 7.7°) where consecutive differences (blue line) reach 5% of
the maximum of the cone projection area and just before the
increase in percentage of relative change of the dimming area
within projections (green line).

e
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Fig. 5: (a) Application of the DIRECD method to relate the ex-
pansion of coronal dimming to the early CME propagation. Ma-
genta boundaries outline the dimming. Points A and B mark the
largest North and South dimming extent. The best-fit green cone
has a height of 0.81 Rsun, width of 69.8° and inclination angle of
. Green dots indicate the orthogonal projections of the CME cone
onto the solar surface. We require an edge of the cone base to be
orthogonally projected to points A and B to match the dimming
extent. (b) Dimming detection: 193 A SDO/AIA base-difference
image together with the boundary of the identified dimming re-
gion (red) at the end of impulsive phase 05:43 UT. Points A and
B mark the largest North and South dimming extent.

projections (green dots) together with the dimming boundaries
at the end of its impulsive phase.

The height of 0.81 Ry, here indicates the height up to which
the CME is assumed to leave footprints in the low corona and
remains connected to the dimming (Jain et al.|2024). Figure |3j|
shows a 193A SDO/AIA base-difference image, along with the
boundary of the identified dimming region (in red) at the end
of the impulsive phase. The source is marked by point C. The
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Fig. 6: Projection of the CME direction onto the meridional (red)
and equatorial (green) planes. The radial direction lies in the red
meridional plane by definition (along the line CC’), the dashed
red line shows its projection onto the equatorial plane (CC”). The
dashed black line gives the projection of the cone central axis CP
(the CME direction in 3D) to the meridional plane (CP’), and the
equatorial plane (CP”).

largest extent of the dimming in the North and South direction is
indicated by points A and B, respectively.

Figure[6]shows the best-fit cone inclination within the radial
and meridional planes. The red meridional plane intersects the
Sun’s centre O, the source C on the solar surface, and the North
Pole. The green plane passes through point C and is aligned par-
allel to the Sun’s equatorial plane.

We obtain that the 8 May 2024 is inclined from the radial
direction by 7.6 ° to the North (i.e, in the meridional plane) and
1.1° to the East (in the equatorial plane).

To connect the structures of the eruption that we observe in
the EUV with white-light coronagraph data, Figure[7]shows line-
of-sight (LOS) projections of the DIRECD cone extrapolated to
6 Ry, at 05:38 UT (panel a), 05:53 UT (panel b), 08:53 UT
(panel ¢) and 09:53 UT(panel d) capturing the moment when the
CME is visible in STEREO-A COR2.

The pink line shows the LOS projections of the central axis
for the extended cones, pointing towards the centre of the CME
bubble. As seen in Figure[7] the cone central line aligns closely
with the inner parts of the CME bubble whereas the LOS projec-
tions of the extended 3D cones closely matches the edge of the
CME structure observed at different time steps in COR2. This
correspondence indicates that the connections between dimming
and CME expansion are established by the end of the dimming’s
impulsive phase. Analysing the dimming evolution allowed us
to extract key CME parameters early in its development, such as
the 3D propagation direction and angular width, revealing a sub-
sequent self-similar expansion. This finding is consistent with
the studies by (Chikunova et al|[2023) and (Jain et al.2024),
which demonstrated that dimming morphology closely reflects
the inner part of 3D GCS CME reconstructions where both the
DIRECD CME cone and the GCS croissant were reconstructed
at the same time at the end of the dimming impulsive phase (the
CME bubble was already seen in coronagraphs at this time).
These results reinforce the idea that the extent of the dimming
is related to CME propagation and leaves distinct footprints in

(© (d)

Fig. 7: LOS projections of the DIRECD cone (blue mesh) ex-
tended to (a) 6 Ry, at 05:38 UT , (b) 7 Ry, at 05:53 UT, (¢)
10 Ry at 08:53 UT and (d) 12 Ry, at 09:53 UT plotted on
STEREO-A COR?2 images. The pink line represents LOS pro-
jections of the cone central axes.
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Fig. 8: Expansion of dimming area A, (top panel) and its time
derivative dA,/dt (bottom panel) over 3 hours for the 8 June,
2024 event. The end of the impulsive phase is defined as the
time when the derivative of the dimming area curve, dA,/dt, has
declined back to 15% of its maximum value.

the low corona, observable up to a certain height, as indicated by
the parameters derived from DIRECD.

As both the DIRECD CME cone and the GCS croissant are
reconstructed at the same time at the end of the dimming im-
pulsive phase (the CME bubble is already seen in coronagraphs
at this time), this supports the argument that the CME propaga-
tion is connected to the dimming and only leaves footprints in
the low corona up to a limited height. These resemblances imply
that the best-fit cone from the DIRECD method can be used not
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Fig. 9: Dimming evolution for the 8 June 2024 CME at (a) 22
minutes before the maximum of the impulsive phase (01:32 UT),
(b) at the maximum of impulsive phase (01:55 UT) , (c) at the
end of the impulsive phase (02:22 UT) and (d) 3 hours after the
start time of our analysis. The blue lines indicate 12 angular sec-
tors and the colour bar shows when each dimming pixel was
detected for the first time.

only to link the 2D dimming with the 3D CME bubble to pro-
vide an estimate of the early CME direction, but also to provide
further information for improving estimations of GCS parame-
ters using dimmings are signatures of CME propagation in the
low corona. This can provide us with a comprehensive picture of
CME evolution in the low corona (using DIRECD) to higher up
in the heliosphere (using GCS or similar reconstructions).

3. Event of June 8, 2024

On June 8, 2024 at 00:49 UT, active region AR3697 (previously
AR3664) produced yet another intense solar flare (M9.7), ioniz-
ing the top of the Earth’s atmosphere and causing shortwave ra-
dio blackouts across western Pacific Ocean. However, its impact
on Earth was weaker and the associated CME did not cause a
geomagnetic storm. The event was accompanied by a huge coro-
nal dimming as observed from SDO and STEREO-A. For SDO,
part of the dimming observed was very close to the limb and part
of the eruption was off-limb. For STEREO-A, the dimming was
observed on-disk, although also very close to the limb. Applying
DIRECD, we will use STEREO-A on-disk dimming informa-
tion.

We use a set of STEREO/EUVI (Extreme Ultraviolet Im-
ager) images within the time range 00:30-03:30 UT, taking the
first map as the base map (00:30 UT) and apply the same cal-
ibration steps and dimming detection as for May 2024 event,
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Fig. 10: Dominant direction of dimming expansion at the end
of the impulsive phase for 8 June 2024. Top: Dimming area in
the different sectors (shown in the bottom panels), showing its
maximum at sector 10. Bottom: cumulative dimming pixel mask
outlined by gray with red contours. The blue lines indicate the
12 sectors. The dashed purple line gives the sector of dominant
dimming development. The small black dots show the dimming
edges at the farthest edges from the source (one of them being in
sector 11 and other being in sector 6) which are used to generate
the 3D CME cones at different heights, associated widths and
inclination angles.

creating a series of base-difference images showing the abso-
lute intensity-drop with respect to the pre-eruption state, with
the threshold of —40 DN (chosen by analysing dimming devel-
opment at different stages) and extracting the top 30% of darkest
pixels as seed pixels for the region growing algorithm.

Figure [§] shows the dimming area evolution over the 3 hours
of interest. The end of the impulsive phase (15% of maximum) is
at 02:22:30 UT. The timing map shows that the dimming seems
to be expanding radially from the source in all sectors (Figure[J).
We note that there is a partial off-limb dimming at the end of our
three hour time period (panel d), however for DIRECD we use
the dimming map at the end of impulsive phase (panel c), where
the dimming expansion is on-disk. As shown in Figure [T0a] the
dominant dimming direction is in sector 10, illustrated by a dot-
ted line in Figure along with the farthest dimming edges
from the source (Edge 1 between sectors 6 and 7, and Edge 2
in sector 11), which we extend into 3D space to constrain the
3D-generated CME cones.

Figure [A.2] in Appendix [A] shows an ensemble of twenty
cones with heights ranging from 0.12 — 2.03 Ry,,, angular
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Fig. 11: Same as FigureEl but for June 8, 2024.
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(b)

Fig. 12: (a) Application of the DIRECD method to relate the
expansion of the coronal dimming to the early CME propaga-
tion. Magenta lines outline the dimming boundaries. Points A
and B mark the largest North and South dimming extent.The
best-fit green cone has a height of 0.89 Rsun, width of 81° and
inclination angle of 15.7° . Green dots indicate the orthogonal
projections of the CME cone onto the solar surface. We require
an edge of the cone base to be orthogonally projected to points
A and B to match the dimming extent.(b) Dimming detection:
195A EUVI/STEREO-A base-difference image together with
the boundary of the identified dimming region (red) at the end
of impulsive phase at 02:22 UT. Points A and B mark the largest
North and South dimming extent.

(a)

widths of 136.8 — 62.7° and changing inclination angles from
52.5-11.1° (Cols. 1 and 3) and and their orthogonal projections
onto the solar sphere (Cols. 2 and 4). To determine the 3D CME
cone that best matches the dimming geometry, we use the same
criteria as for the May 8, 2024, event, as shown in Figureﬂ;fl

We obtain that the best-fit 3D CME cone has a height of
0.89 Ry, (where the CME still connects to the dimming), width
of 81° and inclination angle of 15.7° (Figure [12a). Figure [12b]
shows a 195 A STEREO-A EUVI base-difference image, along
with the boundary of the identified dimming region (in red) at
the end of the impulsive phase. The source is marked by point C.
The largest extent of the dimming in the North and South direc-
tion is indicated by points A and B, respectively.

Figure [T3] shows the best-fit cone inclination within the ra-
dial and meridional planes. We obtain that the 8 June 2024 is
inclined from the radial direction by 6.9 ° to the South (i.e, in
the meridional plane) and 14.9° to the West (in the equatorial
plane).

Fig. 13: Same as Figure|§|but for June 8, 2024. The best fit cone
is inclined 6.9° to the South (meridional plane) and 14.9° to the
West(equatorial plane).

(b)

Fig. 14: LOS projections of the DIRECD cone extended to
(a) 7 Rgyn (blue mesh) on-top of a composite of 195 A EUVI
(02:22 UT) and COR2 (03:07 UT) and to (b) 9 Ryn (blue mesh)
on-top of a composite of 195 A EUVI (02:22 UT) and COR2
(04:07 UT). The pink line represents LOS projections of the cone
central axes and the orange arrows show the direction of bubble
from secondary dimming regions.

The best fit cone extrapolated to 7 Ry, and 9 Rj,,(keeping
width and the inclination angle constant) and its LOS projections
are plotted on both STEREO-A EUVI (02:22 UT) and COR2
(03:07 UT, 04:07 UT) images (Figure @) As can be seen, the
LOS projections of the cone’s central axes are directed at the
centre of the bubble which is captured by the core dimming. This
confirms that dimmings serve as reliable indicators for deriving
key CME parameters early in its development. It is to be noted
that the secondary dimming regions further extend to the North
and South of the initial core dimming. These correspond to the
outer edges of CME bubble’s white-light signature as observed
in STEREO-A and are not fitted within DIRECD cone.

Remote dimming regions extend further to the North and
South beyond the central dimming area. These regions, indicated
by orange arrows in Figure[T4] are not accounted for in the DI-
RECD model but align with the outer boundaries of the CME
bubble’s white-light signature, as seen in the STEREO-A COR2
coronagraph image.

Article number, page 7 of 10



A&A proofs: manuscript no. MS

4. Conclusions

In this study, we estimated the early evolution and propagation
of the CME direction with DIRECD for the severe May 8 and
follow-up June 8, 2024 events from the expansion of the coronal
dimming. It was shown that the link between dimming and CME
expansion is established by the end of the dimming’s impulsive
phase, which allowed us to determine the key CME characteris-
tics during the early CME evolution.

Using SDO/AIA 193 A images for the May 8, 2024 event,
we found that the CME expands close to radial, with an inclina-
tion angle of 7.7°, angular width of 69.8° and a cone of height
0.81 Ry, which was derived at the end of the dimming’s im-
pulsive phase, and for which the CME shows connections to the
dimming and still leaves footprints in the low corona. The CME
was inclined 7.6° to the North in the meridional plane and 1.1°
to the East in the equatorial plane. For the follow-up June 8,
2024 event, we used STEREO/EUVI images for on-disk dim-
ming and determined that the CME is inclined on 15.7°, has an
angular width of 81° and a height of 0.89 Ry,,, for which the
dimming is still connected to the CME. The CME was inclined
6.9° to the South in the meridional plane and 14.9° to the West
in the equatorial plane.

Furthermore, we validated the 3D CME cone derived by DI-
RECD by correlating the CME properties derived in the low
corona with white-light coronagraph data. We showed, that for
both events the extended 3D CME cones, with the key param-
eters inferred from the EUV coronal dimmings, closely match
the shape and edges of the CME structures simultaneously ob-
served in the coronagraph and no CME deflection was observed
upto the edge of STEREO-A field of view. By linking expanding
dimming with the initial stages of CME development, this ap-
proach underscores coronal dimmings as valuable indicators of
early CME evolution. It also suggests that the DIRECD method
can be used not only to correlate 2D dimming with the 3D CME
bubble but also to enhance GCS reconstructions with additional
information about early CME propagation direction in the low
corona.

The findings and outcomes of this study offer valuable in-
sights into early CME evolution inferred from the coronal dim-
mings in low corona and DIRECD method proved to be effi-
cient to provide the estimation of initial CME propagation di-
rection and early CME parameters. Moreover, forecasting space
weather involves using simulations like EUHFORIA (Pomoell
& Poedts||2018) to model the behavior of CMEs, such as with
the cone model, as they move through the heliosphere and ap-
proach Earth. For these forecasts to be reliable, the models must
incorporate the most precise parameters available. A key param-
eter in this process is the CME’s propagation direction, defined
by the insertion point’s coordinates—Ilongitude and latitude—at
approximately 0.1 AU, as done in EUHFORIA. Using the DI-
RECD method could improve the accuracy of these key param-
eters at 0.1 AU, leading to more reliable predictions for space
weather events.
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Appendix A: Ensemble of cones

H=0.71*Rsun, W = 73.8, f = 8.3°

D

« CME projection  ——Dimming contour

Fig. A.1: 3D CME cones at heights of 0.15-2.08 Rj,, with
widths of 132.6-49.8° and inclination angles of 24.4-5.2° for
8 May 2024 (columns 1 and 3), and their orthogonal projections
onto the solar sphere (columns 2 and 4) bounded by the dimming
edges.
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Fig. A.2: Same as Figure but for June 8, 2024.
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Appendix B: Percentage of relative change of the
dimming area inside the projection for the
consecutive cones

In this section, we present a detailed explanation of the crite-
rion used to derive the 3D CME cone, which matches best to the
dimming geometry, presented by Equation 2]

With increase in the cone height, Equation [2] is monotoni-
cally decreasing, which means that denominator S; decreases
for each next step, and Sy < Spqi.

Let us consider the introduced criterion at two consecutive
steps

Sk=Skr1 Sk1 =Sk -
Sk Sk-1

0 B.1)

As follows from Equation [B.T} a value of each further shrinking
of dimming area inside the projection also decreases, so S; —
Sk+1 < Si-1 — Si. This indicates the removal of insignificant
or possibly random outer fragments of the dimming, which may
not be in direct contact with the main dimming area (such as
isolated islands). As also follows from Equation[B.1] the ratio of
the further shrinking of the dimming area inside the projection
to the previous one is smaller than the ratio of the areas inside
the projections (Equation[B.2)

Sk=Sker Sk <0 (B.2)
Sk-1 =Sk Sk

However, with a further increase of the cone height, a situation
may change sharply, and the sign at a step ko + 1 is changed to
the opposite one

Sk = Ske+1 Sko—1 =Sk .
S ko S k-1

Or

S =St S (B.3)
Sko-1 =Sk Skp-1

The non-equality in Equation changes the sign, as on
the step ko + 1 the area of dimming inside the projection S i +1

decreased more than on a previous steps. This leads to a strong

0 ~Sko+1

. . Sk . .
increase of the numerator of ratio = which is even more,
‘0~ 0

than the ratio of just areas.

The sharp decrease in the dimming area inside the projection
is due to a significant increase in the area of contact between
the projection perimeter and the selected dimming at step ko + 1
compared to the previous steps. A further increase in height and
a corresponding reduction in projection obviously leads to an
undue reduction in the dimming area and distortion of the results.
Therefore, we use condition as a criterion determining the
choice of the best-fit 3D cone and associated CME parameters.
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