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Abstract

Magnetic helicity, an intrinsic property of eruptive helical flux ropes (FRs) forming coronal mass ejections (CMEs), plays an impor-
tant role in determining CME geoeffectiveness. In the solar atmosphere and heliosphere, helicity remains conserved in a closed volume.
Considering this fact as a basis of our study, we perform a quantitative comparison between total magnetic helicity and twisted flux in
interplanetary CMEs and those transported to CMEs via magnetic reconnection at low corona. At the source, twisted/poloidal flux
(/pcme) of CMEs is directly estimated from total reconnection flux, and CME helicity (Hcme) is obtained by combining reconnection flux
information with CME physical parameters. At 1 AU, the twisted/poloidal flux (/pmc) and helicity (Hmc) of CMEs are obtained from
in situ observations. Considering uncertainties steaming from FR length, reconnection flux and CME physical parameter estimations,
poloidal flux and helicity of CMEs at 1 AU are found to be highly relevant (

/pmc

/pcme
= 0.4–1.5, Hmc

Hcme
= 0.3–1) to low-corona magnetic recon-

nection at the wake of CMEs. This result remains unchanged despite CME association with pre-existing FRs. We show that a significant
reduction in CME helicity during its heliospheric propagation may result from a high rate of FR erosion in the interplanetary medium.
Our event analysis confirms that CME’s intrinsic magnetic properties are transported to CME FRs during magnetic reconnection at
sheared coronal arcades. A one-to-one correspondence between the chirality of 1-AU CMEs and their pre-eruptive structures complies
with the fact that the sense of field line rotations in FRs may remain unchanged during coronal reconnection at the source. By connecting
intrinsic magnetic properties of FRs through Sun-Earth medium, this study provides important implications for the origin of geoeffec-
tiveness in CMEs.
� 2021 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

A twisted bundle of magnetic field lines is known as
magnetic flux rope (FR). The most prominent manifesta-
tion of solar activity is FRs being ejected from the Sun
(Low, 1996) carrying a substantial amount of magnetized
coronal mass in the interplanetary medium. These eruptive
magnetic FRs majorly form coronal mass ejections (CMEs;
https://doi.org/10.1016/j.asr.2021.11.013
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Webb and Howard, 2012; Vourlidas et al., 2013) which are
observed as bright dynamic structures in coronagraphs.
The FR structures of interplanetary CMEs (ICMEs) repre-
sent magnetic clouds (MCs) manifesting themselves by
smoothly rotating magnetic field vectors, strong magnetic
field intensity, low plasma�b, and low ion temperature
than the ambient solar wind (Burlaga et al., 1981;
Lepping et al., 1990; Lepping et al., 1997) in situ observa-
tions. However, FRs are not always observed in ICMEs
because of CME deformations due to interaction with
ambient solar wind (Odstrcil and Pizzo, 1999; Savani
org/licenses/by/4.0/).
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et al., 2010) or other CMEs (Burlaga et al., 2002;
Manchester et al., 2017), CME erosion due to reconnection
with interplanetary magnetic fields (IMFs; Ruffenach et al.,
2015; Pal et al., 2020) and spacecraft crossing path being
through ICME legs or far from their centers (Cane et al.,
1997; Kilpua et al., 2011).

Often eruptive FRs are observed to have associations
with solar filaments or prominences (Bothmer and Rust,
1997; Crooker, 2000), extreme ultra-violet (EUV) and/or
soft X-ray dimmings (Rust, 1983; Sterling and Hudson,
1997), X-ray sigmoid structures (Rust and Kumar, 1996;
Canfield et al., 1999; Leamon et al., 2004) and solar flares
(Youssef and Mawad, 2013; Schmieder et al., 2015). The
studies by Georgoulis et al. (2019), Patsourakos et al.
(2020) have discussed pre-eruptive magnetic field configu-
ration of CME FRs in detail. The solar origin and forma-
tion of local FRs have been studied using numerous models
for decades. Few suggest that FRs emerge from below the
solar surface (Low, 1994; Fan and Gibson, 2004), Other
consider the formation of FRs at low corona due to grad-
ual processes like slow reconnection and flux transport
(Mackay and Van Ballegooijen, 2001). Some studies find
the reason behind FR eruptions being the loss of equilib-
rium (Forbes and Priest, 1995; Lin et al., 2004) and/or pres-
ence of magnetic reconnection that opens up the overlying
flux and allows core FR to penetrate the overlying field
lines (Sturrock, 1989; Lynch et al., 2004). In this case, the
FRs are pre-existing. Few studies suggest that FRs form
due to magnetic reconnection at sheared magnetic arcades
during the eruption (Moore and Labonte, 1980; Antiochos
et al., 1999; Choe and Cheng, 2000). An observational
analysis of CME solar sources by Dere et al. (1999) sug-
gested that the formation of FRs occurs during an erup-
tion. Based on a comparison of magnetic flux budgets in
MCs and associated CMEs Qiu et al. (2007) suggested that
low coronal reconnection is responsible for forming twisted
FRs. Démoulin et al. (2002), Nindos and Zhang (2002)
compared the magnetic helicity budget in MCs and pre-
eruption solar sources and inferred that helical FR of
CMEs forms during eruption rather than before the ejec-
tion of CMEs.

Magnetic helicity represents twist, link, and whirl in
magnetic flux tubes in a closed volume (Pevtsov et al.,
2014). It remains conserved in the solar atmosphere and
heliosphere Berger and Field (1984). Also, in a force-free
magnetic field configuration such as FRs, total magnetic
helicity is conserved (Woltjer, 1958). Therefore, magnetic
flux and helicity remain invariant throughout the interplan-
etary propagation if FRs do not erode significantly. Dasso
et al. (2006), Ruffenach et al. (2012), Ruffenach et al.
(2015), Pal et al. (2020) observed substantial magnetic flux
erosion in MCs due to reconnection with ambient IMFs.
By analyzing the radial twist distribution of two MCs, of
which one was found to be significantly eroded and another
had a little erosion, Pal et al. (2021) showed that erosion
could peel off the twisted envelope of MCs. Some studies
performed quantitative comparisons between magnetic
1602
properties, specifically magnetic flux and helicity of MCs
and those of progenitor filaments (Lepping et al., 1997),
coronal dimming (Webb et al., 2000; Mandrini et al.,
2005), and source active regions (Leamon et al., 2004).
Moreover, these comparative analyses have been the basis
of several studies that aim to study the eruptive FR forma-
tions and the processes by which solar magnetism is trans-
ferred in them (Dasso et al., 2005; Qiu et al., 2007; Cho
et al., 2003; Hu et al., 2014).

Nandy (2006) performed photospheric observation of
magnetic flux tube helicity manifested by twist and writhe
of solar active regions and suggested that flux tubes have
a wide range of twists which can constrain their formations
and dynamics in the solar convection zone. Démoulin et al.
(2002) calculated the helicity injected by differential rota-
tion at the photospheric level, the helicity of coronal mag-
netic field lines by fitting the soft X-ray loops with models,
and the helicity of MCs. This study found that the coronal
field helicity and the helicity of MCs are a factor of 2.5–4
and 4–20 larger than that provided by differential rotation,
respectively. Nindos et al. (2003) measured the helicity
injected in solar active regions due to transient photo-
spheric horizontal flows and flux emergence using the local
correlation tracking (LCT) method and compared the
helicity values with those of MCs. The study found that
the injected helicity into the corona is a factor of 2.9–4
lower than the total MC helicity. Furthermore, these stud-
ies calculated the MC helicity to estimate the helicity that
could be shed via CMEs.

Pal et al. (2017) devised a method of estimating helicity
in CMEs at 10 Rs radial distance from the Sun, assuming
CMEs as cylindrical force-free configurations. The method
requires FR’s axial field strength and few FR physical
parameters such as its cross-sectional radius and length.
Gopalswamy et al. (2017) formulated a convenient tech-
nique named ‘‘flux rope from eruption data” (FRED) to
derive the magnetic field intensity of FRs using post-
eruption arcades (PEAs) frequently formed at solar sources
of eruptive FRs. In the lower corona, PEAs are observed in
both EUV (Tripathi et al., 2004) and soft X-ray observa-
tions (McAllister et al., 1996). The helicity of FRs in the
interplanetary medium, mostly at 1 AU, had been esti-
mated by several studies like Démoulin et al. (2002),
Lynch et al. (2004) and Pal et al. (2017). Dasso et al.
(2005, 2007) measured helicity in MCs using a method
called the ‘‘direct method” that uses in situ solar wind mag-
netic field and velocity data in FR frame, rather than any
prior estimation of MC structure. Also, the method has
been used to calculate the eroded magnetic flux and helicity
in MCs (Ruffenach et al., 2015; Pal et al., 2020; Pal et al.,
2021).

The knowledge of magnetic helicity sign, i.e., chirality
that represents the sense of twist of FRs (right-handed or
left-handed) is required in the determination of field pat-
tern in CMEs (Bothmer and Schwenn, 1998; Mulligan
et al., 1998; Palmerio et al., 2017). The intrinsic magnetic
structure of FRs plays a pivotal role in the space weather
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forecasting process. The strength and duration of an ICME
FR’s north–south magnetic field component measured in
geocentric solar ecliptic (GSE) coordinate system determi-
nes the CME’s geoeffectiveness. As there are no practical
methods available for estimating three-dimensional coro-
nal magnetic fields, thereby the magnetic structure of
CMEs, several morphological patterns of eruptive events
associated with CMEs and their sources are used as proxies
of CME chirality (Marubashi, 1986; McAllister et al.,
2001). Palmerio et al. (2017) studied the chirality of twenty
FRs at 1 AU by applying minimum variance analysis
(MVA; Sonnerup and Cahill, 1967) and at their sources
using X-ray and EUV observations of associated pre-
eruptive structures. They found a one-to-one correspon-
dence between FR chirality at the source and in the inter-
planetary medium. Leamon et al. (2004) could not find
any statistically significant sign and amplitude relationships
between interplanetary FRs and associated source ARs.
Based on observations, Winslow et al. (2016) inferred that
reconnection between CME front and heliospheric plasma
sheet (HPS) magnetic field in the interplanetary medium
can significantly change the overall magnetic topology of
ICME FRs.

By considering the conservation of magnetic helicity and
flux as a basis of our study, we compare FR magnetic prop-
erties at source and 1-AU, and based on the comparison
results, we discuss twisted FR formation at solar sources
and how magnetic properties are transported to FRs. For
this purpose, we select eleven events that have individual
correspondence between CMEs and MCs and compare
the helicity and flux of MCs at 1 AU with those of associ-
ated CMEs near the sources. Section 2 provides the over-
view of events, Section 3 explains the methodology used
in this study, and Section 4 shows the results. Finally, in
Section 5 and 6, we discuss and conclude our study.

2. Event overviews

To compare magnetic properties of FRs in Sun-Earth
domain, we select eleven MCs from Richardson and
Cane (2010) ICME catalogue (http://www.srl.caltech.edu/
ACE/ASC/DATA/level3/icmeTable 2.htm) and HEL-
CATS (https://www.helcats-fp7.eu/catalogues/wp4_icme-
cat.html). We follow Zhang et al. (2007) and Pal et al.
(2017) to identify the progenitor CMEs. We utilise Hinode
Flare Catalog (https://hinode.isee.nagoya-u.ac.jp/
flare_catalogue/) and XRT Flare Catalog (https://xrt.cfa.
harvard.edu/flare_catalog/) to identify associated flare with
CMEs and AIA Filament Eruption Catalog (McCauley
et al., 2015, https://aia.cfa.harvard.edu/filament/) to obtain
CME association with filaments at their solar sources. The
CME-MC pairs are selected based on the following crite-
ria: (1) CMEs should be associated with post-eruption
arcades (PEAs), (2) the magnetograms and EUV images
of solar sources should be available, (3) near the Sun,
CMEs should appear as clear FR structure simultaneously
in multiple coronagraphs obtained from multiple view-
1603
points, (4) CMEs should not be preceded or followed by
any other CMEs, and (6) throughout MC intervals both
plasma and magnetic field in situ measurements should
be available.

The methods employed in this study to analyze MCs
require unambiguous identification of MC boundaries.
We manually select each of their front and rear boundaries
such that throughout the interval, solar wind parameters
remain consistent with Burlaga et al. (1981) definition of
MCs. In Table 1, we present a description of eleven events.
In Column 1, we provide CMEstart, when progenitor CMEs
first appear in coronagraphs. The times are obtained from
SOHO/LASCO Halo CME catalog (https://cdaw.gsfc.na-
sa.gov/CME_list/), Column 2 and 3 show the start time
of associated flare (flaret) and filament (filamentt) erup-
tions, Column 4 indicates the location of associated solar
sources, Column 5 and 6 show the start (tf ) and end (tr)
times of corresponding MCs.
3. Methodology

In this Section, we describe procedures to derive mag-
netic properties of FRs in near-Sun and near-Earth
domains.
3.1. Near-Sun CME magnetic properties estimations

We apply the FRED technique to obtain the magnetic
properties of CMEs. The technique combines two key
results - (1) the magnetic reconnection flux /rc, and (2) flux
rope geometric properties. The reconnection flux represents
photospheric magnetic flux under PEAs which map out the
region of reconnection responsible for the formation of
FRs during solar eruptions. The /rc is approximately equal
to the poloidal flux of FRs near the Sun (Longcope and
Beveridge, 2007). To measure /rc, we use PEAs and follow
the procedure explained in Gopalswamy et al. (2017) and
Pal et al. (2017). At first, the foot points of a full-grown
PEA are identified on extreme ultra-violet (EUV) wave-

length images like the 193 �A image obtained from Atmo-
spheric Imaging Assembly (AIA; Lemen et al., 2011)
instrument on board Solar Dynamic Observatory (SDO;
Pesnell et al., 2011) spacecraft then the foot points are
overlaid on the associated photospheric magnetograms.
Here we use line-of-sight (LOS) magnetograms provided
by Heliospheric Magnetic Imager (HMI; Scherrer et al.,
2012) on board SDO. Finally, /rc is calculated using mag-
netic field intensity (Blos) available from magnetogram and
the area of the region bounded by overlaid PEA foot
points, following /rc ¼ 1

2

R
PEA jBlosjda, where da is the ele-

mental area. Pal et al. (2017) and Pal et al. (2021) show
the measurement of /rc associated with Event 8 and 11
using above method, respectively. We determine 1-r error
in /rc by selecting PEAs for multiple times during the inter-
val when they appear in full-grown structures in the solar
EUV images. Estimation of /rc yields large uncertainties

https://www.helcats-fp7.eu/catalogues/wp4_icmecat.html
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Table 1
A description of events.

Ev No. CMEstart (UT) flaret (UT) filamentt (UT) source region tf (UT) tr (UT)
(1) (2) (3) (4) (5) (6) (7)

1 2010/05/24 14:06 2010/05/24 13:05 – S15W18 2010/05/28 20:46 2010/05/29 16:27
2 2011/05/25 13:25 2011/05/25 12:48 – S18W20 2011/05/28 07:14 2011/05/28 20:12
3 2011/06/02 08:12 2011/06/02 06:31 – S20E20 2011/06/05 01:50 2011/06/05 19:00
4 2012/02/10 20:00 – 2012/02/10 15:24 N35E25 2012/02/14 20:24 2012/02/16 05:34
5 2012/04/02 23:12 2012/04/02 21:53 – N21E13 2012/04/06 11:31 2012/04/07 00:57
6 2012/06/14 14:12 2012/06/14 12:52 – S19E06 2012/06/16 22:00 2012/06/17 14:00
7 2012/11/09 15:12 2012/11/09 14:45 – S25E20 2012/11/13 08:23 2012/11/14 08:09
8 2013/03/15 07:12 2013/03/15 05:46 – N11E12 2013/03/17 14:00 2013/03/18 00:45
9 2013/04/11 07:24 2013/04/11 06:55 – N09E12 2013/04/14 16:41 2013/04/15 20:49
10 2013/06/02 20:00 – 2013/06/02 15:00 N15W22 2013/06/06 14:23 2013/06/08 00:00
11 2013/07/09 15:12 – 2013/07/09 14:15 N19E14 2013/07/13 04:39 2013/07/15 00:00
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while PEAs appear far from the solar disk center because
PEAs are observed as projected coronal structure on the
solar disk.

Next, we obtain CME geometry including its aspect
ratio (j), half angular width (c) by fitting it with a forward
model technique named Graduated Cylindrical Shell
(GCS) model (Thernisien et al., 2006) in multiple corona-
graphs obtained from multi-viewpoint observations at a
height h ¼ 10RS . We use C2 and C3 coronagraphs of Large
Angle and Spectrometric Coronagraph (LASCO;
Brueckner et al., 1995) telescope on board the Solar and
Heliospheric Observatory (SOHO; Domingo et al., 1995)
and COR2 A & B of Sun Earth Connection Coronal and
Heliospheric Investigation (SECCHI; Howard et al.,
2008) on board the Solar Terrestrial Relations Observatory
(STEREO; Kaiser et al., 2008) to observe white-light
CMEs. Fig. 1 and 5 of Pal et al. (2017) and Pal et al.
(2018) show GCS model fitting on white-light CMEs asso-
ciated with Event 6 and 8, respectively. From fitting results
we estimate the height of CME legs
hleg ¼ h cosc 1� jð Þ= 1þ sincð Þ (Thernisien et al., 2006),

radius of CME arc Rarc ¼ h� hleg=cosc
� �

=2, arc angle

yarc ¼ 2 p=2þ cð Þ and CME cross-sectional radius
Rcme ¼ h= 1þ 1=jð Þ. Using hleg;Rarc and yarc, we derive the
axial length of CME Lcme ¼ 2hleg þ yarcRarc � 2Rs (Pal
et al., 2017). We find errors in estimating these parameters
by considering an uncertainty of �10% in measuring CME
Table 2
The physical properties of near-Sun (at 10 Rs) and near-Earth (at 1 AU) FRs

Ev No. j� dj c� dc (�) Rcme � dRcme (Rs) Lcm
(1) (2) (3) (4) (5)

1 0.22�0.02 18�2 1.8�0.34 16.
2 0.15�0.01 22�2.2 1.3�0.25 16.
3 0.15�0.02 17�2 1.3�0.25 16.
4 0.23�0.02 25�2.5 1.9�0.35 17�
5 0.21�0.02 17.3�2 1.7�0.32 16.
6 0.21�0.02 38�4 1.73�0.33 17�
7 0.2�0.02 18�2 1.7�0.32 16.
8 0.27�0.03 25.5�3 2.1�0.4 17�
9 0.24�0.02 37�4 1.9�0.36 17.
10 0.21�0.02 18�2 1.7�0.33 16.
11 0.36�0.04 18�2 2.6�0.5 16.

1604
geometry using GCS(Sarkar et al., 2020). In Column 2–5 of
Table 2, we provide the geometric parameters like j; c;Rcme

and Lcme of each event associated CMEs.
The poloidal flux /p;cyl and helicity Hcyl of a force-free

cylindrical FR can be estimated following (Démoulin
et al., 2002; Leamon et al., 2004; Lynch et al., 2004; Pal
et al., 2017),

/p;cyl ¼ L
Z Rcyl

0

B/ rdr ¼ Lcyl

x01
BcylRcyl; ð1Þ

and

Hcyl ¼ 4pLcyl

Z Rcyl

0

A/B/ rdr � 0:7 B2
cylR

3
cylLcyl: ð2Þ

Here B/ and A/ are poloidal component of magnetic field
and vector potential, respectively. The parameters Rcyl;Bcyl

and Lcyl are the radius, axial magnetic field intensity and
length of cylindrical FRs. In Eq. 1, x01 ¼ 2:4048 is the loca-
tion of first zero of the nth order Bessel function, where
n ¼ 0. Approximating CMEs as force-free cylindrical
FRs, their magnetic helicity Hcme can be computed follow-
ing Eq. 2 (DeVore, 2000; Démoulin et al., 2002; Berger,
2003; Dasso et al., 2003; Lynch et al., 2004) using
Rcyl ¼ Rcme; Lcyl ¼ Lcme and Bcyl ¼ Bcme. The CME magnetic
field intensity Bcme can be found from Eq. 1 utilising
/p;cyl ¼ /rec.
.

e � dLcme (Rs) Rmc (AU) Bmc (nT) p Erms

(6) (7) (8) (9)

9�1.9 0.08 19 0.45 0.29
9�1.8 0.08 10.8 �0:13 0.52
9�1.8 0.03 29.2 0.56 0.28
2 0.15 9.5 0.15 0.36

9�1.9 0.07 17.3 �0:74 0.28
2.1 0.06 57.6 �0:14 0.2

9�1.9 0.11 24.2 �0:19 0.29
2 0.13 20.3 0.89 0.23

2�2.1 0.13 22.6 �0:85 0.16
9�1.9 0.18 14.3 �0:31 0.39
9�2 0.17 18.5 0:001 0.25
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3.2. MC magnetic properties estimations at 1 AU

Near the Earth, MC’s magnetic parameters are esti-
mated by utilising in situ plasma and magnetic field data
observed by Solar wind Electron, Proton and Alpha Mon-
itor (SWEPAM; McComas et al., 1998) and Magnetic
Field Experiment (MAG) instruments on board Advanced
Composition Explorer (ACE; Smith et al., 1998) space-
craft. We employ linear force-free self-similarly expanding
cylindrical flux rope model (Marubashi and Lepping, 2007)
to least-squares fit the magnetic and plasma profiles of
MCs. From the flux rope fit (FRF), we obtain MCs’ geom-
etry including its cross-sectional radius Rmc, magnetic field
intensity Bmc and impact parameter p – the perpendicular
distance between MC axis and spacecraft propagating
path. Fig. 3 and 1 of Pal et al. (2017, 2021) demonstrate
the least squares fit of linear force-free cylindrical model
on magnetic and plasma profiles of MCs associated with
Event 8 and 11, respectively. In Column 6–9 of Table 2,
we provide Rmc;Bmc; p of eleven events studied here and
the root mean square fitting errors Erms, respectively. We
compute poloidal flux /pmc and helicity Hmc of force-free

cylindrical MCs using Bcyl ¼ Bmc;Rcyl ¼ Rmc and
Lcyl ¼ Lmc, in Eq. 1 and 2. Here, Bmc;Rmc and Lmc are mag-
netic field intensity, cross-sectional radius and axial length
of MCs, respectively.

The largest uncertainty in MC total flux and helicity
estimations arises from MC axial length. Larson et al.
(1997) derived Lmc as 2.5 AU by evaluating the travel time
of supra-thermal electron propagation along field lines,
DeVore (2000) found the MC axial length as p=6 � 0:5
AU by considering the longitudinal extension of CME as
30�. Démoulin et al. (2002) indicated the length as 2 AU,
assuming that MCs are still rooted in the Sun while reach-
ing at 1 AU. A statistical study by Démoulin et al. (2016)
estimated Lmc as 2.6�0.3 considering the same fact that
MCs are still attached to the Sun while they are observed
at 1 AU. Nindos et al. (2003), Qiu et al. (2007) took the
lower and upper limits of Lmc values as 0.5 and 2 AU in
magnetic helicity and flux budget analysis. In this study,
we consider the same limit of Lmc in MC’s total flux and
helicity estimations.

The magnetic flux and helicity of MCs suffer from ero-
sion while they reconnect with ambient solar wind magne-
tized plasma. Reconnection creates an imbalance in flux
measured in azimuthal plane – a plane formed by MC axis
and spacecraft propagation path. This azimuthal flux
imbalance can be captured in in situ observations if recon-
nected field lines remain attached to MCs. If reconnection
occurs at MC front (rear), the reconnected field lines accu-
mulate at its rear (front) and results in an imbalance in flux
at its rear (front). From the flux imbalance information one
can estimate MC’s eroded flux and helicity, total flux and
helicity before an ongoing erosion, and start time of ongo-
ing erosion. Here we employ a technique called the ‘direct
method’ (Dasso et al., 2006) that estimates the flux and
1605
helicity per unit length accumulated in FR azimuthal plane.
Direct method utilises in situ magnetic field and plasma
data transformed into cloud frame (x̂cloud ; ŷcloud ; ẑcloud)
described in Dasso et al. (2006). To convert in situ data
into cloud frame, the elevation and azimuth angles of
MC axis are required. The angles can be obtained either
by least-squares fit to MCs with models or by using mini-
mum variance analysis (MVA) method, where the MVA
intermediate variance direction corresponds to FR axis
(Bothmer and Schwenn, 1998). Several studies like
Ruffenach et al. (2012), Ruffenach et al. (2015), Pal et al.
(2020), Pal et al. (2021) used direct method and estimated
MC eroded flux and total flux before erosion. Applying this
technique, we determine the time tc when MC center
crosses spacecraft. It corresponds to the time when abso-
lute accumulated azimuthal flux attains its maximum
value. Also, we estimate the time tim when an imbalance
in azimuthal flux begins. Once MC center is identified,
the poloidal flux /y and helicity Hel per unit axial length

L accumulated over in-bound (the path spacecraft travels
during the interval tf � tc) and out-bound (the path space-
craft covers during tc � tr interval) regions are determined
as a function of coordinate x along the spacecraft propaga-
tion path perpendicular to the MC axis, where x ¼ 0 corre-
sponds to tc. Thus,

/y xð Þ=Lmc ¼
Z x

0

By;cloud x0ð Þdx0 ð3Þ

and

Hel xð Þ=Lmc ¼ 2

Z x

0

By;cloud x0ð Þ/z x
0ð Þdx0; ð4Þ

where /z xð Þ ¼ 2p
R x
0
Bz;cloud x0ð Þx0dx0, and By;cloud and Bz;cloud

are azimuthal and axial field in cloud frame, respectively.
If flux imbalance occurs at MC rear (front), total azimuthal
flux, helicity before and after erosion are equal to
/y xbeð Þ;Hel xbeð Þ and /y xaeð Þ;Hel xaeð Þ, respectively, where

xbe corresponds to tr (tf ) and xae corresponds to tim. We
determine the time interval dt between the start of MC
reconnection and MC observation at 1 AU following

dt ¼ sexpV f

V mc�V f
, where sexpV f represents the size by which the

back (front) of MC expands since the start of reconnection
at MC front (back) and V mc � V f represents the relative
velocity by which the rear (front) boundary gradually sep-
arates from MC if reconnection occurs at MC front (back).
In Fig. 1a we plot /y per unit length along with By;cloud as a

function of time t of Event 1 MC. The times tc and tim are
indicated on the plot by black and red dashed-dotted lines,
respectively. In Fig. 1b and c, we plot /y=Lmc and Hel=Lmc

of Event 1 as a function of x in in-bound and out-bound
regions. The flux and helicity curves corresponding to in-
bound and out-bound regions are shown in thin and thick
lines, respectively. The FR is eroded at front and shows
imbalance in azimuthal flux at its back. The firm black
and dashed-dotted red vertical lines of Fig. 1b and c corre-
spond to xbe and xae, respectively.



Fig. 1. Plots depicting (a) time evolution of /y=Lmc (black) and By;cloud

(blue) of Event 1 MC during its passage through spacecraft, (b) /y=Lmc

and (c) Hel=Lmc in MC’s in-bound (thin curve) and out-bound (thick
curve) regions as a function of distance x from the MC center. The vertical
dash-dotted black and red lines in (a) indicate tc and tim, respectively. The
black and red vertical lines in (b) and (c) correspond to xbe and xae,
respectively.
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3.3. CME and MC chirality determination

To estimate the chirality or handedness of CME FRs,
we analyse HMI/LOS magnetograms and multiple wave-
length images of CME solar sources from SDO/AIA.
The chirality of solar sources indicates the chirality of asso-
ciated FRs as magnetic helicity is a conserved quantity
even though magnetic reconnection is present (Berger,
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2005). Palmerio et al. (2017) discussed several proxies to
infer CME chirality near the Sun using solar source obser-
vations. The proxies utilised in this study are 1) Magnetic
tongue (Fuentes et al., 2000; Luoni et al., 2011) – a vertical
projection of the azimuthal component of emerging twisted
flux tubes, where the right-handed (left-handed) chirality is
indicated by the extension of leading (trailing) magnetic
polarities under the southern edge of trailing (leading)
magnetic polarities, 2) Dextral and sinistral natures of fila-
ment (Martin and McAllister, 1996; Martin, 2003), where
the dextral (sinistral) filaments represent the negative (pos-
itive) chirality of associated CMEs, 3) EUV sigmoids – an
S-shaped EUV configuration created by the field lines
threading FR associated quasi-separatrix layers (Titov
and Démoulin, 1999), where a forward (reverse) sigmoid
structure is formed due to positive (negative) chirality of
magnetic fields, 4) Skew of coronal arcades overlying the
polarity inversion lines (PILs) (McAllister et al., 1995;
Martin and McAllister, 1997) that represents the acute
angle between the overlying coronal loops and associated
PILs, where a coronal loop crossing over PIL in sense of
a left-handed (right-handed) screw indicates negative (pos-
itive) chirality of associated CMEs (Martin, 1998), 5)
Structure of ‘J’ shaped flare-ribbons (Démoulin et al.,
1996), where a reverse (forward) ‘J’ corresponds to left-
handed (right-handed) FR, and 6) Hemispheric helicity
rule (Bothmer and Schwenn, 1998; Pevtsov and
Balasubramaniam, 2003) that indicates negative (positive)
helicity of FRs originating from Sun’s northern (southern)
hemisphere. The magnetic tongue is observed in SDO/
HMI LOS magnetogram, whereas the filament nature, sig-
moids, pre-erupting coronal arcades, and flare ribbons are

observed in SDO/AIA 304, 131, 171 and 1600 �A, respec-
tively. In Fig. 2, we show a few examples of determining
CME chirality using proxies discussed above. The chirality
of MCs at 1 AU is obtained utilizing two processes, 1) lin-
ear force-free cylindrical model fit to MCs and 2) MVA,
where the direction of magnetic field rotation from inter-
mediate to maximum plane is inspected to obtain MC chi-
rality Palmerio et al. (2018).
4. Analysis and results

By applying the methods described in previous Section,
we compute azimuthal/poloidal magnetic flux /pcme and

/pmc, and helicity Hcme and Hmc of CMEs and MCs at a dis-

tance 10 Rs and 1 AU, respectively. This section compares
the near-Sun and near-Earth FR helicity, chirality, and
magnetic flux to investigate FR formation and transporta-
tion of magnetic properties in eruptive FRs.
4.1. Comparison of helicity and flux between 1-AU FRs and

their solar sources

In Table 3, we provide FR magnetic properties along
with their uncertainty values at 10 Rs and 1 AU in Column



Fig. 2. Magnetogram and EUV proxies for determining chirality of CMEs. (a) Magnetic tongue configuration (indicated using sky-blue arrows on an
SDO/HMI LOS magnetogram) associated with right-handed flux tube of Event 5. (b) A forward ‘S’-shaped sigmoid structure (indicated by yellow dashed
line on the SDO/AIA 131 �A image) representing a positive twist of Event 6 CME. (c) A left-handed skew of overlying coronal loops (pointed by sky-blue
arrow on the SDO/AIA 171 �A image) denoting a negative twist of Event 1 CME. The red and green contours over-plotted on the image refer to negative
and positive magnetic field regions with LOS magnetic field intensity BLOS > �150 G, respectively. (d) Reverse ‘J’-shaped ribbons pointed by sky-blue
arrows on SDO/AIA 1600 �A image. The ribbon structures denote a negative twist of Event 9 CME. (e) A Multi-Scale Gaussian Normalized (MGN;
Morgan and Druckmüller, 2014) AIA 304�A image showing the normal-polarity right bearing filament associated with Event 4. The filament associated
FR has a positive chirality.

S. Pal Advances in Space Research 70 (2022) 1601–1613
2–3 and 4–5, respectively. In Fig. 3(a) and (b), the scatter
plots between Hcme-Hmc and /pcme-/pmc pairs are shown in

logarithmic scale. Three data points with a red square
over-plotted on them represent the filament associated
events. Others are accompanied by flares. We find a signif-
icant positive correlation between Hcme and Hmc with Pear-
son correlation coefficient rp of 0.67 at 97% confidence
level. Similar to Qiu et al. (2007), Hu et al. (2014),
Gopalswamy et al. (2017), the correlation between /pcme

and /pmc are also found to be significant and positive. We

perform a quantitative evaluation of flux and helicity rela-
tionships in two domains utilizing least-squares fits to the
data pairs in logarithmic scale. The dotted lines over-

plotted on the plots follow the equation Y ¼ aXb that best
fits the data. The fit equations obtained for helicity and flux
pairs for Lmc = 1 AU are,

Hmc ¼ 0:5� 0:2ð ÞH 0:93�0:36
cme ; ð5Þ

and

/pmc ¼ 0:8� 0:2ð Þ/0:81�0:3
pcme ; ð6Þ

respectively. With the uncertainties, the fitting parameters
in Eq. 5 and 6 yield a power-law index b close to unity for
1607
both the cases of helicity and flux. On average, the ratio
of Hmc to Hcme is around unity when MC axis length
Lmc = 2 AU. With Lmc= 0.5 AU as the lower limit of
MC axis length, the ratio becomes 0.3 suggesting the total
MC helicity being 30% of the CME helicity. With Lmc = 2
AU, the CME poloidal flux which is equivalent to the
reconnection flux contributes 66% to the poloidal flux in
MC. The ratio of /pmc to /pcme becomes 0.4 with Lmc =

0.5 AU. While Lmc= 1 AU, the MC flux and helicity
become less than those transported from sheared arcade
to CME FR by low-coronal reconnection. The flux rela-
tionship between near-Sun CMEs and 1-AU MCs found
in our study is very similar to that found by Qiu et al.
(2007). With Lmc ¼ 2:6� 0:3, the helicity transported to
CME during low-coronal reconnection contributes 73–
92% to MC helicity. Therefore, within uncertainties these
results can be summarized as Hmc � Hcme and /pmc � /pcme

that is equivalent to /rc. The results suggest that irrespec-
tive of CME association with filament or flare, the flux
and helicity transported to CME FRs during low-
coronal reconnection are highly relevant to those carried
by FRs at 1 AU. We exclude Event 6 from this statistical
analysis because of its high rate of flux erosion in inter-
planetary medium.
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4.2. Helicity and flux erosion during Sun-Earth propagation

The presence of relative speed between MC and ambient
solar wind plasma causes draping of IMF around MCs and
results in magnetic reconnection between MC and oppo-
sitely directed draped IMF (McComas et al., 1988) in the
interplanetary medium. We apply the direct method
described in Section 3.2 to estimate the total poloidal flux
(/pmc;dir) and helicity (Hmc;dir), where /pmc;dir ¼ /y xbeð Þ and

Hmc;dir ¼ Hel xbeð Þ. We determine the eroded flux
/pmc;e ¼ /y xbeð Þ � /y xaeð Þ and helicity

Hmc;e ¼ Hel xbeð Þ � Hel xaeð Þ. Dasso et al. (2006) showed
that Hmc;dir remains in the range of helicity Hmc derived
from model output. We notice a significant correlation
with rp =0.7 at 99% confidence level between Hmc and
Hmc;dir. In Column 6–7 of Table 3, we provide MC’s nor-

malised eroded azimuthal flux �/pmc;e and helicity Hmc;e.
Here, /pmc;e and Hmc;e are normalised to /pmc;dir and

Hmc;dir. We notice that a high impact parameter (p) value
lowers the /pmc;dir and Hmc;dir estimations which results in

an over-estimation of �/pmc;e and Hmc;e. The average nor-
malised /pmc;e and Hmc;e for the events analysed here are

0.25 and 0.36, respectively. In Column 8, we present the

rate of eroded azimuthal flux Errate ¼ /pmc;e

/pmcdt
� 100 during

the spacecraft crossing, where the ongoing reconnection
starts a lapse of time dt hour (Hr) earlier than the initiation
of in situ observation of MC. Column 9 shows Er�rate that
represents the rate of normalized eroded flux where FR’s
axial expansion has been considered while determining its
eroded flux. We notice that both Errate and Er�rate corre-
sponding to Event 6 are comparatively higher than the
Errate and Er�rate of other associated events.
4.3. Comparison of CME and MC Chirality

By careful observations and analyses of CME solar
sources using SDO/HMI and AIA instruments, we
Table 3
Magnetic properties of near-Sun (at 10 Rs) and near-Earth (at 1 AU) FRs alo

Ev No. /pcme � d/pcme

(1021Mx)
Hcme � dHcme

(1042Mx2)
/pmc=Lmc
(1021Mx/AU)

(1) (2) (3) (4)

1 2.15�0.2 1.9�0.5 1.43
2 1.1�0.12 0.37�0.12 0.8
3 1.8�0.26 1�0.4 0.92
4 2�0.3 1.8�0.7 1.32
5 3�0.18 4�0.7 1.13
6 8�0.36 26.4�0.4 3.3
7 2.5�0.35 2.4�0.9 2.4
8 4�0.28 8.5�2 2.41
9 3.7�0.44 6.3�2 2.71
10 1.5�0.12 1.3�0.3 2.34
11 3.5�0.2 7.8�1.4 3
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determine the chirality of CME FRs near the Sun. We
locate the chirality proxy signatures discussed in Section 3.3
at CME’s solar sources and examine them to infer the
CME chirality at the near-Sun domain. It is very unlikely
that all chirality proxies can be observed at the source of
every single CME. However, hemispheric helicity rule can
be applied to each event having well-identified solar
sources. A statistical study of Liu et al. (2014) showed that
only 60% of FRs follow the hemispheric helicity rule.
Table 4 summarises the FR chirality at near-Sun and 1
AU domains. In the first six rows, we provide a summary
of near-Sun flux-rope chirality determination. The EUV
and magnetogram proxies are mentioned in Column 1,
Column 2–12 present the chirality of each event, where
‘þ1’ stands for right-handed and ‘�1’ represents left-
handed chirality. We use ‘–’ to represent the absence of
the corresponding chirality proxy information. We notice
that CMEs associated with Events 5 and 8 are determined
to be right-handed if magnetic tongue, skew of coronal
arcades, and flare ribbon structures are used in chirality
determination, whereas the hemispheric helicity rule indi-
cates them to be left-handed FRs. The filament structure
associated with Event 4 is observed as a normal-polarity

and right-bearing filament in AIA 304 Å image. From
the positive magnetic field side, if a filament’s barbs are
observed to be veered from its axis to the right and if the
coronal arcade is observed as right-skewed, the filament
is classified as normal-polarity and right-bearing filament
(See Fig. 7 of (Chen et al., 2014) for more details). (Guo
et al., 2010) found that a normal-polarity and the right-
bearing filament has a sinistral (positive) chirality which
is opposite from the chirality of an inverse-polarity right-
bearing filament. We prefer not to use the hemispheric
helicity rule for CMEs associated with Events 4, 5, and 8
to determine their chirality. We determine the chirality of
MCs using both MVA and linear force-free FRF methods.
Row 7 and 8 of Table 4 describes the MC chirality deter-
mined using FRF and MVA, respectively. It is noticed that
for each event studied here, the chirality of CMEs obtained
at the source matches those of MCs derived at 1 AU.
ng with the erosion rate of FR poloidal flux.

Hmc=Lmc
(1042Mx2/AU)

�/pmc;e Hmc;e Errate
(%=Hr)

Er�rate
(%/Hr)

(5) (6) (7) (8) (9)

0.67 0.14 0.26 1.46 1.46
0.21 0.6 0.76 1.76 2.1
0.12 0.23 0.35 0.3 0.3
1.07 0.69 0.86 1.25 1.6
0.36 0.14 0.31 0.19 0.19
2.7 0.11 0.15 3.68 4.6
2.5 0.09 0.13 0.12 0.12
3 0.57 0.2 0.72 0.74
3.85 0.57 0.78 0.34 0.34
3.93 0.11 0.05 0.18 0.18
6.42 0.06 0.09 0.28 0.28



Fig. 3. Scatter plots between (a) helicity of CMEs (Hcme) versus MCs
(Hmc) and poloidal flux of CMEs (/pcme) versus MCs (/pmc) in logarithmic
scale. The over-plotted dashed lines represent the least-squares fits to the
data. The dashed-dotted lines in both plots show Hcme = Hmc and /pcme =
/pmc lines, respectively. The asterisk symbols inside red squares represent
filament associated events. The red arrows indicate the data point
corresponds to Event 6 that is not included in statistical analysis. The fit
equations along with correlation coefficient (rp) values are mentioned on
the plots.
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5. Discussion

This work investigates the process that transports mag-
netic helicity and flux in the interplanetary medium during
eruptions. There is very little doubt that magnetic recon-
nection is essential to release FRs during solar eruptions
(Antiochos et al., 1999). With eleven solar eruptive events,
we investigate FR’s helicity and flux conservation proper-
ties to understand twisted FR formations and how to
transfer magnetic properties in FRs during eruptions.
Out of eleven, three events are accompanied by filaments,
and rests are associated with flares. We find consistency
in twisted flux and helicity of FRs between near-Sun and
near-Earth domains for ten out of eleven events, while
the magnetic properties of CMEs at source are calculated
using post-eruption arcades (PEAs). This result has no
dependency on accompanied phenomena like flares and
filaments.

We notice that by employing direct method only the
lower limit of eroded flux and helicity can be obtained
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because part of MC’s reconnected field lines may com-
pletely detach from it before applying the method in situ
observation. The total flux and helicity calculated using
the direct method can be underestimated if the impact
parameter has a high-value (Ruffenach et al., 2015; Pal
et al., 2020). Therefore, in the statistical analysis performed
in Section 4.1, we utilize model-derived total flux and helic-
ity values.

Determination of a correct FR axis orientation is
required in the direct method. As the root mean square
error Erms in fitting model to MCs is higher than 0.3 (where
Marubashi and Lepping (2007) adopted Erms < 0:3 as a cri-
teria for the good agreement between observed and model
fit results) for Event 2, 4 and 10, we apply MVA to find
their FR axis orientations. By peeling off CME’s envelop,
erosion may substantially reduce CME poloidal flux and
helicity, and lead inconsistency in CME intrinsic properties
between near-Sun and near-Earth domains. We notice that
by including Event 6 in our statistical analysis, the values
of correlation coefficient that is used to find the relevance
in CME poloidal flux and helicity between near the Sun
and 1 AU, significantly decrease. This happens mostly
because of its high rate of erosion (see Column 8 and 9
of Table 3). Cassak and Shay (2007) and Nakamura
et al. (2018) showed that the rate of magnetic reconnection
causing erosion depends on the magnetic field intensity and
velocity of either side of the inflow regions of magnetic
reconnection. Therefore, an interplanetary FR with high
magnetic field intensity and/or high speed may have a high
reconnection rate with the interplanetary field lines draping
about them. We notice that the FR axial field intensity
(Bmc) of Event 6 is � 2:6 times greater than the average
Bmc ¼ 18:6 nT found for the rest of the events, which
explains the reason behind a comparatively higher erosion
rate of Event 6 than that of the others. In our study, the
chirality, which refers to the sense of twist of FRs, is found
to be unchanged while FRs propagate from the Sun to the
Earth. Here, we utilize the combination of six indirect chi-
rality proxies to obtain FR chirality at their sources. At 1
AU, we use both cylindrical model and MVA methods to
find the FR chirality. Palmerio et al. (2018) studied and
compared the type, i.e., the orientation and handedness
of twenty FRs at their source and 1 AU, and found that
although rotation of FRs can change their types, the FR
chirality remains unchanged while propagating from Sun
to Earth. Our result implies that although magnetic recon-
nection at solar sources has a significant contribution in
forming twisted FRs, the chirality of FRs remains
unchanged during this process. The FR chirality being sim-
ilar to that of its source region conforms to the fact that
during reconnection helicity is conserved (Berger, 2005).

6. Summary and conclusions

This statistical study compares the magnetic properties,
specifically magnetic helicity and flux in interplanetary
CME flux ropes at 1 AU and those contributing via low



Table 4
Chirality determination of near-Sun and near-Earth FRs.

# Chirality Proxy Ev 1 Ev 2 Ev 3 Ev 4 Ev 5 Ev 6 Ev 7 Ev 8 Ev 9 Ev 10 Ev 11
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

1 Magnetic tongues – – – – +1 +1 – +1 – – –
2 Dextral and sinistral natures of filament structures – – +1 +1 – – – – -1 -1 –
3 EUV sigmoids -1 +1 +1 – – +1 +1 – -1 – -1
4 Skew of coronal arcades overlying the neutral lines – – +1 – +1 +1 +1 +1 -1 – -1
5 Structure of flare-ribbons �1 – – – – – – +1 �1 �1 –
6 Hemispheric helicity rule �1 +1 +1 �1 �1 +1 +1 �1 �1 �1 �1
7 FRF �1 +1 +1 +1 +1 +1 +1 +1 �1 �1 �1
8 MVA �1 +1 +1 +1 +1 +1 +1 +1 �1 �1 �1
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coronal magnetic reconnection at progenitor sheared mag-
netic arcades. We assume FRs as force-free cylindrical
structures whose helicity and flux depend on their magnetic
field strength, cross-sectional radius, and axial length. At 1
AU, these parameters are estimated by fitting a linear
force-free cylindrical model to FRs. Near the Sun, at 10
Rs, the parameters are derived by combining low-coronal
reconnection flux with FR physical parameters estimated
by forward modeling the FRs. Within the uncertainty
range, the helicity and poloidal flux in FRs at 1 AU are
highly relevant with those contributing during low coronal
reconnection, irrespective of FR associations with flares
and/or filaments. Moreover, if the length of MCs is 2
AU, the ratio of FR helicity at source and 1 AU becomes
almost unity. By analyzing the erosion in FR helicity
resulted from reconnection with IMFs, it is noticed that a
high rate of erosion in the interplanetary medium may sig-
nificantly lower the helicity in FRs during Sun-Earth prop-
agation. This work addresses a quantitative relationship
between magnetic helicity and flux budgets in low-corona
reconnection and interplanetary FRs. The result uses ele-
ven events that constitute a reasonable statistical sample
to provide a better idea of the context of twisted eruptive
FR formations and the process that mainly allows the
transportation of solar flux and helicity into the helio-
sphere via eruptive FRs appearing as CMEs at low corona
and MCs at 1 AU. The knowledge of eruptive FR forma-
tions and the source of their geoeffectiveness determined by
their magnetic structure may eventually lead to a better
forecast and assessment of space weather.
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Palmerio, E., Kilpua, E.K., Möstl, C., Bothmer, V., James, A.W., Green,
L.M., Isavnin, A., Davies, J.A., Harrison, R.A., 2018. Coronal
magnetic structure of earthbound cmes and in situ comparison. Space
Weather 16 (5), 442–460.

Patsourakos, S., Vourlidas, A., Török, T., Kliem, B., Antiochos, S.,
Archontis, V., Aulanier, G., Cheng, X., Chintzoglou, G., Georgoulis,
M., et al., 2020. Decoding the pre-eruptive magnetic field configura-
tions of coronal mass ejections. Space Sci. Rev. 216 (8), 1–63.

Pesnell, W.D., Thompson, B.J., Chamberlin, P., 2011. The solar dynamics
observatory (sdo). In: The Solar Dynamics Observatory. Springer, pp.
3–15.

Pevtsov, A., Balasubramaniam, K., 2003. Helicity patterns on the sun.
Adv. Space Res. 32 (10), 1867–1874.

Pevtsov, A.A., Berger, M.A., Nindos, A., Norton, A.A., van Driel-
Gesztelyi, L., 2014. Magnetic helicity, tilt, and twist. Space Sci. Rev.
186 (1–4), 285–324.

Qiu, J., Hu, Q., Howard, T.A., Yurchyshyn, V.B., 2007. On the Magnetic
Flux Budget in Low-Corona Magnetic Reconnection and Interplan-
etary Coronal Mass Ejections. Astrophys. J. 659, 758–772. https://doi.
org/10.1086/512060.

Richardson, I.G., Cane, H.V., 2010. Near-earth interplanetary coronal
mass ejections during solar cycle 23 (1996–2009): Catalog and
summary of properties. Sol. Phys. 264 (1), 189–237. https://doi.org/
10.1007/s11207-010-9568-6.

Ruffenach, A., Lavraud, B., Farrugia, C.J., Démoulin, P., Dasso, S.,
Owens, M.J., Sauvaud, J.-A., Rouillard, A., Lynnyk, A., Foullon, C.,
et al., 2015. Statistical study of magnetic cloud erosion by magnetic
reconnection. J. Geophys. Res.: Space Phys. 120 (1), 43–60.

Ruffenach, A., Lavraud, B., Owens, M.J., Sauvaud, J.-A., Savani, N.P.,
Rouillard, A.P., Démoulin, P., Foullon, C., Opitz, A., Fedorov, A.,
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