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ABSTRACT

Context. Predicting geomagnetic events starts with an understanding of the Sun-Earth chain phenomena in which (interplanetary)
coronal mass ejections (CMEs) play an important role in bringing about intense geomagnetic storms. It is not always straightforward
to determine the solar source of an interplanetary coronal mass ejection (ICME) detected at 1 au.
Aims. The aim of this study is to test by a magnetohydrodynamic (MHD) simulation the chain of a series of CME events detected
from L1 back to the Sun in order to determine the relationship between remote and in situ CMEs.
Methods. We analysed both remote-sensing observations and in situ measurements of a well-defined magnetic cloud (MC) detected
at L1 occurring on 28 June 2013. The MHD modelling is provided by the 3D MHD European Heliospheric FORecasting Information
Asset (EUHFORIA) simulation model.
Results. After computing the background solar wind, we tested the trajectories of six CMEs occurring in a time window of five days
before a well-defined MC at L1 that may act as the candidate of the MC. We modelled each CME using the cone model. The test
involving all the CMEs indicated that the main driver of the well-defined, long-duration MC was a slow CME. For the corresponding
MC, we retrieved the arrival time and the observed proton density.
Conclusions. EUHFORIA confirms the results obtained in the George Mason data catalogue concerning this chain of events. However,
their proposed solar source of the CME is disputable. The slow CME at the origin of the MC could have its solar source in a small,
emerging region at the border of a filament channel at latitude and longitude equal to +14 degrees.
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1. Introduction

Coronal mass ejections (CMEs) are extreme energetic large-
scale eruptions of plasma and magnetic field from the solar
atmosphere, and they are considered to be one of the main
drivers of strong space weather disturbances (Webb & Howard
2012; Kilpua et al. 2017b). The frequency of their occurrence
depends on the phase of the solar activity cycle and can be as
high as ten per day during solar maximum. CMEs are frequently
associated with flux rope (FR) eruptions, either in active regions
or in filament channels (Gopalswamy et al. 2003; Li et al. 2012;
Schmieder et al. 2013). These FR structures have a closed mag-
netic field configuration in which ‘free’ (non-potential) magnetic
energy is stored. When these structures become unstable, they
erupt, releasing plasma and magnetic field into the heliosphere
in the form of CMEs.

Using in situ measurements, it is possible to analyse the
heliospheric counterpart of CMEs called interplanetary coro-
nal mass ejections (ICMEs; Gosling et al. 1991; Song et al.
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2020; Kilpua et al. 2017a; Davies et al. 2021; Zhang et al.
2021). In the last decades, the investigation of ICMEs
has increased and improved due to the availability of
multi-spacecraft measurements, which combine measurements
from the Solar-Terrestrial Relations Observatory (STEREO;
Kaiser et al. 2008), the Advance Composition Explorer (ACE),
and Wind (Van der Harten & Clark 1995) while also using mea-
surements from planetary missions (Kilpua et al. 2009, 2013;
Winslow et al. 2016; Lugaz et al. 2020), remote heliospheric
observations, and numerical simulations (Sow Mondal et al.
2021; Taktakishvili et al. 2010). This has allowed the scientific
community to better understand the formation and propagation
of ICMEs and their interaction with other transients.

The classical signature of the passage of a fast ICME over
a spacecraft in the inner heliosphere is identified by a sharp
enhancement of the total magnetic field strength and the radial
velocity, which corresponds to the passage of the shock wave
generated by the ICME itself (see, e.g., Richardson & Cane
2010; Kilpua et al. 2017b). This shock is followed by the
sheath region, within which it is possible to observe many
important plasma phenomena, such as turbulence and magnetic
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reconnection, according to the plasma � value (Gosling &
McComas 1987; Rouillard 2011; Lapenta et al. 2020). The last
part of an ICME passing a satellite instrument can be the Mag-
netic Cloud (MC) (Burlaga et al. 1981; Klein & Burlaga 1982).
The presence of a MC is indicated by an enhancement of the
magnetic field strength, with a smooth rotation of the magnetic
field direction over a large angle in about one day, and by a
decrease in proton temperature and plasma �. We note that only
50% to 75% of the ICMEs drive a shock near 1 au (Salman et al.
2020), while a larger proportion of ICMEs have a sheath region,
even in the absence of a shock.

In this work, we focus on the magnetic structures that char-
acterise the evolution of ICMEs at the Lagrangian point L1.
In particular, we analyse one event from the catalogue of MCs
presented in Al-Haddad et al. (2018), within which the authors
compared di↵erent techniques of ICME fitting and reconstruc-
tion in order to understand which is the most suitable for the
selected event. The aim of this paper is di↵erent. We want to
understand the full chain of events from L1 all the way back
to the Sun. One-to-one linkage of in situ detected ICMEs and
CMEs in the corona is important, but such linkage is not easy to
establish, as there is often ambiguity, especially during or near
solar maximum.

In forecasting, we need to determine which type of CME
(e.g. halo, partial halo, fast CME) with which solar origin (e.g.
near the centre of the solar disc or limb) can produce a geoef-
fective event. For the purpose of our study, we chose the geo-
e↵ective MC of 28 June 2013 that is included in the MC list of
Al-Haddad et al. (2018) with the objective of identifying its solar
source (CME and active region). To confirm the source of this
MC, we tested the multiple CMEs occurring within a five-day
time window prior to the arrival of the MC at L1. After describ-
ing the data and catalogues that we used (Sect. 2), we present
an in-depth analysis of the in situ signatures and their possible
solar sources (Sect. 3). After constraining the kinetic parameters
for all the possible CMEs, we analyse their propagation through
the heliosphere in Sect. 4. We compute the 3D data-driven
MHD heliospheric solar wind and model the evolution of the
CMEs, individually and all together, using the cone model in the
numerical simulation called European Heliospheric FORecast-
ing Information Asset (EUHFORIA; Pomoell & Poedts 2018;
Scolini et al. 2019; Poedts et al. 2020). In Sect. 5, we conclude
that the CME responsible for the ICME (or MC) registered at L1
on 28 June is a low-speed partial-halo CME. This CME does not
encounter any major feature during its transit to 1 au. It propa-
gates towards Earth at an almost constant speed, being advected
towards 1 au by the ambient solar wind.

2. Data and model

2.1. Data

The Sun is constantly being imaged remotely in many dif-
ferent wavelengths and by di↵erent instruments (both ground
based and space borne). With these images, coronal holes, active
regions, CMEs, solar flares, and other structures and phenomena
that are important for space weather can be identified. For this
work, we used the extreme ultraviolet (EUV) observations from
the Atmospheric Imaging Assembly (AIA; Lemen et al. 2012)
aboard the Solar Dynamics Observatory (SDO; Pesnell et al.
2012). With these observations, we located the position of
the source regions of the CMEs that might be responsible for
the selected MC. Coronal holes present on the Sun can be
detected using the AIA 19.3 nm channel, but no large coro-

nal holes were detected during our observations. Signatures of
the eruption were detected using the AIA 30.4 nm channel. We
also analysed data from the Helioseismic and Magnetic Imager
(HMI; Scherrer et al. 2012) for further insight into the magnetic
configuration of the active regions. Furthermore, H-↵ spectro-
heliograms from the Paris-Meudon observatory were used to
analyse the filaments and prominences that were present on the
solar disc at the time of the eruption. In addition, coronagraph
white-light images were analysed and used for determining the
main direction of propagation of the CMEs, and (if necessary)
for constraining the CME geometric and kinematic parame-
ters in order to include them in the simulation model. These
were taken from COR2-A and B (SECCHI; Howard et al. 2008)
aboard the Solar TErrestrial RElations Observatory (STEREO;
Kaiser et al. 2008) and by the Large Angle Spectroscopic Obser-
vatory (LASCO; Brueckner et al. 1995), aboard SOHO (SOHO;
Domingo et al. 1995).

When CMEs are expelled from the solar atmosphere, they
start travelling through the heliosphere. Upon reaching and pass-
ing by measuring devices aboard di↵erent spacecraft, the plasma
parameters being measured are a↵ected, and one can analyse the
main characteristics of ICMEs from these observations. To iden-
tify the ICMEs that reached Earth’s position, we used in situ
data obtained from the Advanced Explorer Composition (ACE)
spacecraft (Stone et al. 1998; Chiu et al. 1998) located at the L1
point. The local Interplanetary Magnetic Field (IMF) direction
and magnitude were measured at a time cadence of 4 min by
the MAG instrument (Smith et al. 1998). The solar wind speed
and density data were measured with a cadence of 92 s by the
Solar Wind Electron, Proton, and Alpha Monitor experiment
(SWEPAM; McComas et al. 1998). After the identification pro-
cess, in situ data were used in a further step as a validation of
the model’s output (see the following section for a description of
the model).

Investigating CMEs and ICMEs together with their e↵ects at
Earth is one of the priorities of space weather research. Numer-
ous studies have focused on quantifying ICME e↵ects at Earth,
such as their e↵ect on the geomagnetic indexes (Menvielle et al.
2010), e↵ects on ionospheric conditions (Greenwald et al. 1995;
Menvielle et al. 2007), and e↵ects on galactic cosmic rays
(Masías-Meza et al. 2016). In an e↵ort to standardise the
ICMEs that are measured in the near-Earth environment, sev-
eral ICME catalogues have been developed. Each catalogue
focuses on di↵erent e↵ects of the CMEs and ICMEs. For
this work, we used the SOHO LASCO CME catalogue1 to
identify the corresponding solar sources. This catalogue con-
tains a list of CMEs detected between 1996 and 2022 by the
SOHO/LASCO suite (SOHO; Brueckner et al. 1995). It has been
generated using many studies, such as (e.g. St. Cyr et al. 2000;
Gopalswamy et al. 2004, 2009; Yashiro et al. 2004, 2008), and
it is regularly updated. The catalogue provides important CME
information and characteristics, including the date and time of
the first appearance in the LASCO/C2 field of view, the central
angle position, CME speed (obtained using di↵erent methods),
sky-plane width, and mass and kinetic energy, among others.
Moreover, links to additional and complementary information
about the CMEs are made available in this catalogue. It is also
possible to extrapolate movies from di↵erent coronagraphs made
by di↵erent missions, such as STEREO. The catalogue also pro-
vides composite plots that help identify the CMEs and flares
associated with specific SEP events or the CMEs responsible for
certain intense geomagnetic storms.

1 https://cdaw.gsfc.nasa.gov/CME_list/
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Another very detailed catalogue focused on ICMEs is the
Richardson and Cane list2. In Richardson & Cane (2010), the
authors catalogued over 300 near-Earth events associated with
CME events that occurred from 1996 onwards. The authors
used measurements of the solar wind and its charge state to
identify the ICMEs and to summarise their properties in this
list. This catalogue has been continuously expanded in order to
cover similar events until 2022, and it is still regularly updated.
Richardson and Cane’s list provides information similar to the
SOHO LASCO CME catalogue, as they combine a number of
available data sets and try to assess when an ICME is prob-
ably present in the near-Earth solar wind. This list is mostly
focused on the ICME characteristics as measured at 1 au and
their geoe↵ectiveness, so disturbance time intervals plus geo-
magnetic indices are included. It also includes the start and end
times of the ICME and the associated MC (if any). Recently,
the catalogue of George Mason University (GMU catalogue)
has proposed a chain of events between the Sun and the Earth
for selected events and years3. Our event belongs to this list.
The MC is very well defined, but its solar source is not well
defined. In the five-day time window of possible CMEs, many
CMEs were observed. It is generally very di�cult to make such
a chain (Bocchialini et al. 2018), and it is important to test if the
proposed CME is travelling in the solar wind with no interaction
with other CME or heliospheric structures.

2.2. Model: EUHFORIA

In order to model the possible CME event, we use the
EUropean Heliospheric FOrecast Information Asset (EUHFO-
RIA; Pomoell & Poedts 2018) which is one of the current state-
of-the-art heliospheric forecasting models. In fact, EUHFORIA
comprises two models. First, a data-driven coronal model that
uses synoptic magnetograms as input and computes the plasma
characteristics using the empirical Wang-Sheeley-Arge model
(WSA; Arge et al. 2003) at 0.1 au or 21.5 R� (solar radii). Then,
the output of the coronal model is used as the inner boundary
condition for the heliospheric wind and CME evolution model.
This part solves the 3D time-dependent ideal MHD equations in
the Heliocentric Earth EQuatorial (HEEQ) system in order to get
the background solar wind at the time the CME occurred. Last,
several CME models are implemented into EUHFORIA, such as
the cone model (Xie et al. 2004), a linear force-free spheromak
model (Kataoka et al. 2009, Verbeke et al. 2019), and the Fri3D
model (Isavnin 2016; Maharana et al. 2022). The linear force-
free spheromak model will not be used in this study, as we sus-
pect that the CME impact is a glancing blow and the spheromak
model is known to be less useful in such cases (Maharana et al.
2023). As a matter of fact, the spheromak model provides a good
approximation to the CME internal magnetic field configuration
when the nose of the CME hits the observer. Flank encounters,
however, are not well reproduced with a spheromak CME, and
even can miss the observer, as the CME-driven shock structure
that this model generates, expands less when travelling through
the heliosphere in comparison to the cone model. Moreover, the
focus of this study is not to reproduce the internal magnetic
structure of the MC, but to highlight the importance of select-
ing the proper solar source. If we aimed at reproducing the mag-
netic structure, the Fri3D model would provide a more realistic

2 https://izw1.caltech.edu/ACE/ASC/DATA/level3/
icmetable2.htm
3 http://solar.gmu.edu/heliophysics/index.php/
ICME-CME-SSS_catalog

approach, but the main drawback of this model is the substan-
tial CPU time requirements. As we are aiming at comparing the
arrival times of several CME candidates, it is not sensible and
not necessary to use this model to perform multiple simulations.

For the present study, we used the simpler cone CME model,
which injects at the inner boundary (at 0.1 au), a hydrodynamic
pulse without an intrinsic magnetic field. Only 7 parameters are
needed for a cone CME, including the time of insertion at 21.5 Rs
(= 0.1 au), the latitude and longitude of the propagation direction
of the cone, the angular half-width, the speed of insertion, the
plasma density, and the temperature. The first five parameters for
the selected CME event were obtained using the STEREO CME
Analysis Tool (StereoCAT; Mays et al. 2015), developed by the
Community Coordinated Modeling Center (CCMC). Tempera-
ture and density for the CME model were left unchanged from
the default values of 0.8 MK and 10�18 kg m�3. The cone model,
although it does not possess an intrinsic magnetic field, has been
extensively used as it is an accurate model for predicting the
time of arrival of CME-driven shocks with EUHFORIA (e.g.
Scolini et al. 2018, Palmerio et al. 2019; Kilpua et al. 2019).

3. Event analysis

3.1. In situ measurements

Figure 1 shows interplanetary magnetic field and plasma mea-
surements by the ACE spacecraft near Earth around the passage
of the MC of 27 June 2013. In this figure we present, from top
to bottom, the magnetic field strength (panel a); the three com-
ponents of the magnetic field in the Geocentrical Solar Ecliptic
(GSE) coordinate system (Bx, By, and Bz in panels b, c, and d,
respectively), as measured by ACE/MAG; and the solar wind
density, bulk speed, temperature, and pressure in the panels e
through h, as measured by ACE/SWEPAM.

The in situ measurements before the arrival of the event
show a very stable IMF in all three magnetic field components
and a low density together with a decreasing tendency in the
solar wind speed. The temperature and pressure also registered
a stable behaviour prior to the arrival of the ICME. On 27 June
2013, at around 13:00 UT, a sudden enhancement in the oscilla-
tion rate of the IMF components and a jump in all other solar
wind plasma parameters was registered, indicating the arrival
of a CME-driven shock. This can be seen in Fig. 1, marked by
the vertical red dashed line. An increase of ⇠50 km s�1 in solar
wind velocity (panel f) was registered upon the arrival of the
shock. The solar wind temperature and pressure (panels g and
h, respectively) sharply increased and remained at elevated lev-
els throughout the duration of the sheath region. The magnetic
field components maintained this behaviour for about 12 h. In the
same period, the density gradually increased, while the velocity,
temperature, and pressure had a decreasing trend. This corre-
sponds to the passage of the sheath region of the ICME.

After the passage of the sheath, we observed that the asso-
ciated MC had a smooth rotation in all components of the IMF,
a higher magnetic field strength, and a lower temperature. The
MC passage started at 02:23 UT on 28 June and lasted for about
33 h, as listed in Al-Haddad et al. (2018). The starting and end-
ing times of the MC are marked with vertical green dashed
lines in Fig. 1. A rotation from positive to negative values in
Bz was observed, while By showed a rotation from negative val-
ues towards positive values, starting at ⇠�10 nT and finishing the
period at ⇠10 nT. On the other hand, Bx began the period close
to 0 nT and increased slightly until 29 June at 03:00 UT, when it
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Fig. 1. In situ observations from ACE spacecraft at L1 between 26 June at 12:00 UT and 30 June 2013 at 12:00 UT. Panels are as follows: profiles
of the magnetic field magnitude (panel a), the three components (Bx, By, and Bz in panels b, c, and d, respectively), density (panel e), bulk speed
(panel f), temperature (panel g), and gas pressure (panel h). The red vertical dashed line indicates the shock arrival time, and the two green vertical
dashed lines mark the start and the end of the MC.

started decreasing until it reached the minimum of ⇠�5 nT at the
end of the MC passage. The solar wind speed had a decreasing
tendency until 29 June at 03:00 UT, when it reversed its trend
and started increasing. The temperature and pressure remained
more or less stable and at low values until this shift in the Bx and
the reversal in the solar wind speed tendency. From that point
onwards, the temperature and pressure increased until the end
of the MC.

3.2. Coronal mass ejections and solar sources

In a time window of five days before the passage of the MC
at L1, six CMEs were detected. Our aim was to test with
EUHFORIA whether the CME proposed by the GMU catalogue
is the driver of the MC when we model its propagation in a realis-
tic solar wind. We used the StereoCAT tool to obtain the param-
eters needed for the simulation. We compiled the information

A28, page 4 of 12
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Table 1. Six CME candidates that are possibly related to the MC of 28 June 2013.

Date (D/M/Y) Time (UT) Width (�) Speed (km s�1)

CME 1 23/06/2013 02:36 73 261
CME 2 23/06/2013 21:24 101 339
CME 3 23/06/2013 22:36 174 174
CME 4 24/06/2013 04:00 360 709
CME 5 25/06/2013 08:24 92 562
CME 6 25/06/2013 11:12 360 349

Notes. Candidates are detected by the ACE spacecraft, defined by the date and time of their first appearance in LASCO C2, their angular width,
their linear speed in C2 (from the CDAW catalogue). CME3 is the proposed CME in the GMU catalogue. Bold indicates the CME event responsible
for the signal seen by the spacecraft.

CME1 CME2 CME3 CME4 CME5 CME6

Fig. 2. CME characteristics. The top panel shows the height-time plots, and the six CMEs studied in this article are marked with arrows.
The colours code the main CME direction (see left inset), while the type of lines codes the CME apparent angular extension (see right inset).
The bottom panel shows the GOES X-ray flux in two wavelengths with the solar source coordinates of the identified events. The time range is from
23 June 00:00 UT to 25 June 24:00 UT (adapted from the CDAW catalogue).

from the di↵erent CME catalogues and used images from the
di↵erent spacecraft described in Sect. 2.

Six candidate CMEs are reported in the catalogues in a time
window of three to five days prior to the arrival of the MC at
Earth (Table 1 and Fig. 2). To compare the spacecraft data to
the simulation results, we analysed each CME and its character-
istics (speed, direction of propagation, and solar source, when
possible).

The height-time profiles for the detected CMEs are presented
in Fig. 2. The CME events 1 through 6 from Table 1 are indi-
cated with black arrows. Here, the direction of propagation of
the CMEs is colour-coded following the legend in the top-left
inset of the top panel. The angular width in the plane-of-sky is
identified with the line type (see the legend in the bottom-right
inset of the top panel). Both CME 1 and CME 5 have a northward
propagation direction, and both have an angular width between
60 and 120 degrees. The only selected event that has an eastward
propagation direction is CME 2, and its angular width is between
60� and 120�. Regarding CME 6, it is registered as a halo CME
with a southward propagation direction, and it is traced up to
22 solar radii. Finally, CME 3 and CME 4 have a westward prop-

agation direction. Notably, CME 3 shows the lowest speed of all
six events and has an angular width of over 120�, while CME 4 is
registered as a halo event. The bottom panel of Fig. 2 shows the
GOES X-ray flux in two di↵erent wavelengths. The blue letters
indicate the origin location of the registered flares. This period of
time was relatively quiet, with only a few short-duration C-class
X-ray flares and one M-class flare.

One may think that a full or partial halo CME could be
responsible for generating the MC focused on in this study. From
the SOHO LASCO CME catalogue, there are two possible can-
didates that were halo CMEs and erupted from the Sun within
this time window of three to five days prior to the arrival of the
MC at Earth. The first of these halo CME events (CME 4) was
launched from the Sun on 24 June at 04:00 UT. This event was
first seen in the LASCO-C2 field of view at 04:00 UT, while
in COR2-A and B, it was first seen at 05:09 UT and 05:09 UT,
respectively. The speed was estimated to be 709 km s�1. When
analysing the AIA 30.4 nm images, however, no clear signature
of this event can be seen on the solar disc. When checking
the direction of propagation with STEREO-A and STEREO-B
together with the position of the spacecraft that captured this
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Fig. 3. Spacecraft constellation position on 23 June 2013. The figure
was generated using Solar-MACH (Gieseler et al. 2023).

event (shown in Fig. 3), it is evident that the direction of prop-
agation of this event is towards the backside of the Sun. This
excludes this halo CME event from being responsible for the
magnetic cloud of interest.

The second event we analysed is CME 6. From the SOHO
LASCO CME catalogue, this halo CME erupted on 25 June,
and it was seen by the LASCO-C2 detector at 11:12 UT with an
estimated plane-of-sky speed of 349 km s�1. This CME was also
seen by STEREO COR2-A at 11:39 UT and STEREO COR2-B
at 11:54 UT. We used the StereoCAT tool to fit this event (see
Table 2), but we found the longitude of the propagation direc-
tion of the CME to be 175�, which makes it a backside event.
The low-speed of this event, together with the direction of prop-
agation, makes CME 6 incompatible with an event that generates
the MC of interest at L1 two days later.

Concerning the other four candidates, CME 2 and CME 3
(Fig. 2) were initiated in fast succession. Figure 4 shows the HMI
magnetogram (panel a), AIA 17.1 nm (panel b), and 30.4 nm
(panel c) for 23 June at 13:29 UT prior to the eruption of CME 2
and CME 3. The CME 1 event was seen approximately 20 h
before CME 2 (as reported in the CDAW catalogue shown in
Table 2). The light-pink arrow points at the approximate loca-
tion of the source of CME 1. The white arrow points at the
approximate position of AR 11778, the source of CME 2. The
yellow arrow and circle point at the position of the source of
CME 3, which does not correspond to any reported active region.
The CME 5 event was seen 10 h after CME 3, with an angular
width close to 90. This event was seen propagating northward
(see Fig. 2).

From the Richardson and Cane list, the magnetic cloud of
interest is reported to have an associated CME, which is not seen
as a halo CME. It was reported that the magnetic cloud leads to a
geoe↵ective magnetic storm with a Dst index of �102 nT, which
is already in the class of intense events (Zhang et al. 2007). The
CME 1 event erupted around 20 h before CME 2 and CME 3,
but the speed at which it propagated was very slow. This caused
the event to still be present in all available (e.g. all coronagraph
images form the period we study) coronagraph images (see
Fig. 5). The direction of propagation of CME 1 is very apparent
and has a large northward component, which makes it incom-
patible with a hit at Earth. Analysing images from SDO/AIA
17.1 nm, there is a thin filament structure positioned at approx-

Table 2. StereoCAT fitting parameters chosen for the CME candidates.

� (�) ✓ (�) ↵ (�) Vcme (km s�1) Passes at 21 R�

CME 1 �60 48 17 224 2013/06/23 18:30
CME 2 �62 �15 20 489 2013/06/24 06:01
CME 3 14 14 27 391 2013/06/24 09:17
CME 4 175 �15 56 844 2013/06/24 07:47
CME 5 �41 61 22 487 2013/06/25 15:53
CME 6 175 �21 38 620 2013/06/25 16:48

Notes. The terms are as follows: �(�) is the heliographic longitude;
✓(�) is the heliographic latitude, both measured in the HEEQ system
(Heliocentric Earth Equatorial); ↵(�) is the angle between the legs;
Vcme(km s�1) is the CME speed propagation; and ‘Passes at 21 R�’ indi-
cates the time when the CME reaches 21.5 R�, according to the model
parameters. Bold indicates the CME event responsible for the signal
seen by the spacecraft.

imately N35 E60 that erupts very slowly into a streamer-like
structure. In contrast, CME 2 and CME 3 are much more aligned
with the ecliptic plane, making them the more suitable events
to keep analysing. The brightness of CME 1 in the images is
much higher than the brightness of the two other events. This
is due to the combination of the streamer and the very slow
speed of eruption of CME 1, which enhances the brightness
in the white-light images. This means that the analysis of the
coronagraph images requires significantly more e↵ort. In Fig. 2,
bottom panel, we observed a GOES X-ray M2.9 class flare at
around 22:00 UT originating at S15 E62, close to the active
region NOAA AR 11778 positioned at S15 E47. This is close
in time with CME 2 and CME 3. The CME 2 event was reported
to have erupted close to this position with a speed of 339 km s�1.
The main direction of propagation is towards the southeast, and
due to the position of the spacecraft and the high brightness of
CME 1, it cannot be clearly seen in COR2-B. The CME 3 event
erupted from a small active region (though not classified as such
by NOAA) positioned at N14 W14 at the time of the eruption,
marked in Fig. 4 with a yellow arrow and circle. The CME 3
event appears to be the best candidate (Table 1) for explaining
the studied MC passage at L1. This confirms the proposed CME
in the Sun-Earth chain of the GMU catalogue.

In Fig. 5, we show the coronagraph white light observa-
tions by COR2-A and COR2-B for 23 June at 23:39 UT aboard
STEREO A and B spacecraft, respectively, and the running dif-
ference images from LASCO-C2, aboard SOHO, at 23:36 UT. It
is clear from the coronagraph running di↵erence images that it
is not easy to select the CME associated with the event detected
by the spacecraft positioned at L1.

From COR2-A (Fig. 5a), it is possible to distinguish the pres-
ence of CME 1 in the northern region of the image, CME 2 in
the southwestern region of the image, and the faint CME 3 in the
eastern flank. Due to its faintness and the high brightness from
CME 1, CME 2 is neither clear nor easy to see. In Fig. 5b field of
view, we can only observe CME 1. This is due to the faint nature
of both CMEs (e.g. CME 2 and CME 3) and their direction of
propagation with respect to STEREO-B. As seen from LASCO-
C2 (Fig. 5c), CME 1 is barely visible; CME 2 appears on the
south-eastern side of the figure; and on the north-western side, it
is possible to see the presence of a faint CME (CME 3), similar
to what we can be seen in Fig. 5a. For all cases, the detection
of the main suspect CMEs is complicated by the fast and wide
CME 1, which is seen propagating northward.
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Fig. 4. Solar disc images taken from SDO. The panels are as follows: HMI magnetogram (panel a) together with the AIA 17.1 nm and AIA 30.4 nm
images (panel b and c, respectively) on 23 June 2013 at 13:29 UT. The light-pink arrow shows the approximate position of the source of CME 1.
The white arrow shows the position of NOAA AR 11778, origin of CME 2, while the origin of CME 3 is marked with a yellow arrow and circle.
The CME 3 source region corresponds to a tiny emerging flux at the edge of a filament channel.

(a) (b) (c)

Fig. 5. White-light coronagraph images taken from STEREO/SECCHI/COR2-A and COR2-B (panels a and b, respectively) on 23 June at
23:39 UT. Panel c shows the SOHO/LASCO/C2 running di↵erence white light coronagraph observation at 23:36 UT for the same day. High-
lighted using light pink, white, and yellow are CME 1, CME 2, and CME 3, respectively. No clear signatures of CME 2 and CME 3 are present in
STEREO/SECCHI/COR2-B.

3.3. Parameters of the coronal mass ejections

In order to reproduce the CME observed by the coronagraphs,
we fit the events with the help of the StereoCAT tool4. Stereo-
CAT is an online tool designed for space weather forecasts and
research, and it allows users to obtain the kinematic properties
of CMEs. The parameters derived with this tool (latitude (�),
longitude (✓), half angle (↵), speed of the CME (Vcme), and pas-
sage time at 21 solar radii (R�)) can be used as input parameters
for a broad range of CME propagation models. The parameters
obtained for the CMEs we analysed are reported in Table 2.

The parameters of the StereoCAT fitting show that CME 3
propagated towards Earth’s direction with a low velocity,
which is comparable with the background solar wind speed
(400 km s�1) measured at Earth prior to the event (see Fig. 1).
This confirms the coordinates of the source that we identified.
From our analysis and fittings, it emerged that the CME respon-
sible for the event detected by ACE is most probably CME 3.
4 Available online at https://ccmc.gsfc.nasa.gov/analysis/
stereo/

However, in order to verify which halo and non-halo CMEs
(Table 1) could be responsible for the MC observed at Earth, we
used EUHFORIA to model their propagation through the inter-
planetary medium (see Sect. 4).

4. EUHFORIA simulations

Before running the EUHFORIA simulation, a coronal model has
to be computed for the day the CME started its journey in the
corona (until 0.1 au). EUHFORIA’s coronal model is data driven
(see Sect. 2). To run the simulation, we selected the magne-
togram of 22 June 2013 at 22:36 UT as provided by the Global
Oscillation Network Group and Air Force Data Assimilative
Photospheric Flux Transport (GONG-ADAPT). The result for
the solar wind is presented in Fig. 6. We found a relatively good
agreement between simulations and in situ measurements when
comparing the solar wind density and speed between 25 June at
00:00 UT and 27 June at 12:00 UT, just before the arrival of the
CME. Considering the list of possible CMEs shown in Table 1,
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Fig. 6. ‘Best’ EUHFORIA simulation results for the background solar wind computed at L1 (red curves) between 25 and 30 June 2013 compared
with in situ measurements at L1 (black curves); The left panel shows the density, and the right panel shows the solar wind speed. The best
simulation was chosen by comparing several simulations obtained after slightly varying the parameters of EUHFORIA’s coronal model. We note
the very good fit of the solar wind speed before the shock time preceding the ICME at L1 (vertical dashed line).

we tested each of them individually to see if they could reach
the Earth.

As anticipated by our analysis from observations and fittings
and considering the list of six possible CMEs shown in Table 1,
we began our investigation by modelling each CME separately to
obtain an initial assessment as to which are capable of impacting
the Earth.

To obtain a more accurate overall representation of the helio-
sphere, which is known to experience preconditioning due to the
passage of solar transients (e.g. Temmer et al. 2017; Desai et al.
2020) and to take advantage of the ease of using the compu-
tationally e�cient cone model, we also ran a simulation that
included all six CMEs. The results are shown in Figs. 7 and 8.
The simulations were made using a 2 degrees angular resolution
in the longitudinal and latitudinal direction and a radial reso-
lution of ⇠0.0039, with the domain extending up to 2 au. Two
snapshots of the EUHFORIA simulation with all CMEs injected
are shown in Fig. 7. The top panels correspond to the time when
CME 3 is at ⇠0.5 au. The bottom panels correspond to the time
when CME 3 is at 1 au (a↵ecting Earth). The left panels show
the number density. The right panels show the simulated radial
solar wind speed. Each panel is composed of an equatorial slice
(the left panel) and a meridional slice that includes the Earth (the
right panel). All the panels include the position of STEREO-A
and B, as well as the position of the planets in the inner helio-
sphere. Considering the time of insertion of CME 3 and the sim-
ulated time of arrival at Earth’s position, the transit time of this
CME to 1 au is about four days. This is expected since the Stere-
oCAT fitting results show a velocity comparable to the ambi-
ent solar wind velocity into which the CME is injected. The
CME 1 event is not marked in any of the snapshots due to its
reduced size and slow propagation speed. Moreover, as CME 2
was injected at a later time and propagated in a similar direction,
the signature of CME 1 was lost. The CME 4 and CME 6 events
propagate towards the back of the Sun, as seen from the individ-
ual runs and from the results presented in Table 1. Both CMEs
could have been discarded from the possible CMEs that caused
the MC. In contrast, a small component of CME 2’s propagation
direction goes into CME 3, but no clear interaction was observed
at the Earth’s position, as shown in Fig. 8. Finally, CME 5 is

not marked in the snapshots of Fig. 7, as its latitude of insertion
exceeds the simulated domain latitude. Additionally, this CME’s
angular width would not be enough to a↵ect Earth nor CME 3’s
direction of propagation.

In Fig. 8, we present the comparison between the
EUHFORIA simulations and ACE data. From top to bottom, the
panels show the solar wind density, speed, temperature, and pres-
sure. The black line represents in situ measurements. The red
solid line represents the EUHFORIA results for the simulation
where all the CMEs are injected, while the blue dashed line cor-
responds to the simulation where only CME 3 is injected. In each
panel, the red-shaded area was generated using the simulated
data with a virtual spacecraft positioned at ±5� with respect to
Earth in both latitude and longitude. This mesh of virtual space-
craft allowed us to recover the time series at other positions,
which can be helpful in the case of having some unaccounted
error in the kinetic parameters when injecting the CME in the
heliospheric domain.

When comparing the two simulations, we found no dif-
ference between them in any of the variables presented.
Furthermore, there is a good agreement between EUHFORIA
simulations and in situ observations at 1 au. The two datasets
do show di↵erences, as no simulation is 100% perfect, but it is
indeed good to point out that the modelling results are very con-
sistent with ACE data (especially in the arrival time and speed
of CME 3). These results are a further confirmation that CME 3
is the only CME a↵ecting the Earth at the time of interest. The
strong enhancement registered in the simulated density (panel a
of Fig. 8) is in good agreement with the one registered in the
in situ data, with some initial overestimation after the shock pas-
sage (marked with a vertical dashed line). After the sheath region
passed over the observer, the MC started a↵ecting it (first green
vertical dashed line). A decrease in density was registered ear-
lier in the simulations than in the ACE data. This underestima-
tion of density a↵ects the speed, from which it results in a slight
overestimation of the bulk solar wind speed (panel b of Fig. 8)
inside the magnetic cloud. The simulated temperature (panel c
of Fig. 8) is in excellent agreement with the observed data. The
simulated temperature profiles rose sharply, though slightly ear-
lier than the in situ data. This underestimation of the density
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Fig. 8. Comparison between EUHFORIA simulation results at 1 au and ACE spacecraft data. From the top panel to the bottom panel, we present
the number density, solar wind bulk speed, temperature, and pressure of the solar wind. The spacecraft data are indicated with a solid black line.
Results for the EUHFORIA simulation where all the CMEs are injected are indicated with a solid red line, while the EUHFORIA simulation
results where only CME 3 was injected are shown with a dashed blue line. The shaded area represents the combination of the results of the plasma
parameters obtained from virtual spacecraft placed at ±5� in longitude and/or latitude from Earth for the run with all the CMEs.

and pressure is due to the model’s resolution. A very similar
behaviour to the temperature was observed for the simulated
pressure (panel d of Fig. 8) but with an overestimation at the
beginning of the sheath region due to the dependence of the sim-
ulated pressure on temperature and density.

Very often, di↵erences observed between in situ measure-
ments and simulation results are attributed to interactions with
(and preconditioning by) the structured solar wind and/or solar
transients, such as other CMEs and High-Speed Streams (HSSs)
(e.g. Shiota & Kataoka 2016; Török et al. 2018; Scolini et al.
2019; Palmerio et al. 2022). Interactions between CMEs and
HSSs and their preceding stream interaction regions, as well
as other CMEs, can result in accelerations, decelerations,
rotations, deflections, deformations, or even increased geoe↵ec-
tiveness (Heinemann et al. 2019; Liu et al. 2019; Scolini et al.

2020; Winslow et al. 2021; Kay et al. 2022). In our case, the
agreement is good enough to conclude that we did not encounter
such interactions, at least along the Sun-Earth line.

5. Summary and conclusions

This work focused on the study of a particular case of an MC
observed at L1 on 28 June 2013 at 02:23 UT. This period of time
is close to the maximum of solar cycle 24. It is well known that
during a solar maximum, the frequency of CMEs increases in
comparison to the solar minimum. Therefore, there were six pos-
sible candidates in a time window of five days prior to the MC:
two halo CMEs (CME 4 on 24 June at 04:00 UT and CME 6
on 25 June at 11:12 UT) and four partial halos and low-speed
CMEs.
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From the six CMEs, the ones designated in this work as CME 2
and CME 3 were found to be the most probable events responsi-
ble for the MC measured at L1 on 28 June. Both events erupted
on 23 June at 21:24 UT and 22:36 UT, respectively. We anal-
ysed HMI magnetograms, AIA 30.4 nm, and 17.1 nm images just
before 22:00 UT and detected some brightenings that helped us
determine the position of the source. We identified the possible
source of CME 2 in the active region NOAA AR 11778 in the
south-east solar disc and the CME 3 source in a tiny bright point
close to a filament channel at longitude equal to 15 degrees. The
tiny brightening corresponds to an emerging flux at the edge of
a filament channel. It is a favourable location for reconnection
between emerging flux and open field and for CME.

We used the StereoCAT tool to obtain the CME parame-
ters required by the cone CME model in EUHFORIA, and we
performed 3D MHD modelling of the events to further confirm
that the CME coming from the north-west (CME 3) was ulti-
mately responsible for the MC. As a first step, we optimised the
EUHFORIA background solar wind in order to obtain the most
realistic conditions of propagation for the CMEs. Then, they
(the CMEs of interest in our study) were injected into the
EUHFORIA heliospheric domain. We analysed their propaga-
tion in the heliosphere in isolation (separated EUHFORIA sim-
ulations) and in conjunction with each other (the six CMEs
injected into the same simulation). The latter simulation was per-
formed to evaluate CME propagation in a solar wind as realis-
tically as possible. However, the results obtained from the iso-
lated analysis of CME 3 do not di↵er from those containing all
the CMEs. This is mainly due to the direction of propagation
of most of the CMEs analysed: CME 4 and CME 6 propagated
towards the backside of the Sun, while the direction of propa-
gation of CME 5 is not close to the Sun-Earth line. Since the
two runs (six CMEs and only CME 3) do not show di↵erences
between them, we concluded that CME 3 did not experience pre-
conditioning by preceding eruptions along the Sun-Earth line.
Furthermore, its origin is outside the simulation’s domain, and
therefore it was not injected in the heliospheric domain. On the
other hand, CME 1 is very narrow and slow. This CME was
injected and advected by the ambient solar wind, but as its direc-
tion of propagation coincides with the propagation direction of
CME 2 (which is faster and wider), there are no clear signatures
of this event. The EUHFORIA simulations show that CME 3 is
the only one capable of generating the MC passage measured at
L1, as the arrival time, velocity, and density increase have been
perfectly recovered, as showed in Fig. 8.

The proposed solar source of the GMU catalogue concerns a
small plage region (x = 0, y = 14 degrees). We tested this solar
source with EUHFORIA and found that the result is slightly bet-
ter with our solar source in the filament channel focused on a
tiny emerging flux at N14 E14, which shows some enhancement
of brightening at the time of the CME.

The EUHFORIA tool is very useful for confirming the CME
responsible for the observed MC passage. Further improvements
to the simulations could be made, as we used the simple cone
model in this case. This model does not take into account the
internal magnetic structure of the CMEs, and therefore, it is
not capable of reproducing the evolution of the di↵erent mag-
netic field components during the propagation of the ICME.
The geometric parameters required for the spheromak model can
be obtained by using the GCS model (Thernisien 2011). A com-
pletely di↵erent fit would be required for FRi3D, as it has addi-
tional parameters. The main drawback of these two models for
this particular case is the need to obtain the necessary magnetic
parameters. Due to the weak nature of the event, the applica-

tion of the techniques normally used for larger events would not
only prove to be extensive and di�cult but would also change
the scope of the work presented. Such papers as Maharana et al.
(2023) and Scolini et al. (2019) address these calculations, illus-
trating their complexity. In a future work, we will include a
di↵erent model of EUHFORIA with the aim of reproducing
the MC, such as spheromak or FRi3D (Verbeke et al. 2019;
Maharana et al. 2022).

In the present case, the two fast halos that fit with the prop-
agation time did not do it (the longitude and latitude values
extrapolated from the fit analysis shows that the two halo CMEs
do not propagates towards Earth) in the Sun-Earth direction
and did not arrive at Earth. Our statistical analysis based only
on fast halo CMEs as candidates in a three-to-five-day time
window prior to an MC is ambiguous, especially during solar
maximum periods. This confirms the conclusion obtained by
Schmieder et al. (2020), whose authors analysed 12 X-ray flares
with 12 associated halo CMEs. In that work, the authors con-
cluded that none of the 12 halo CMEs were really geoe↵ective.
One of the CMEs with a source at the central meridian and a fast
speed has been tested by EUHFORIA, and due to lateral over
expansion, the CME could not be geoe↵ective (Verbeke et al.
2022). Additional conditions are needed for the geoe↵ectiveness
(Rodriguez et al. 2008, 2009; Echer et al. 2008, 2013; Bein et al.
2011; Bocchialini et al. 2018). In fact, C-class flares accompa-
nied by partial filament eruptions and slow-speed CMEs can be
geoe↵ective (Chandra et al. 2010; Bocchialini et al. 2018). Stud-
ies by Zuccarello et al. (2018), Linan et al. (2018, 2020) show
the importance of considering the solar source of the CME with
its complexity and its excess in magnetic helicity.

We plan to study all the magnetic clouds in the heliosphere
listed by Al-Haddad et al. (2018) in order to detect and anal-
yse their solar sources. We believe using a more realistic CME
model, other than the cone model used in this work, would also
be helpful to better studying and reproducing the evolution of the
CME of the Sun. This would also help reproduce the evolution
of the magnetic field associated with a CME.
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