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Abstract Several recent studies suggest that magnetic reconnection is able to erode substantial amounts
of the outer magnetic flux of interplanetary magnetic clouds (MCs) as they propagate in the heliosphere. We
quantify and provide a broader context to this process, starting from 263 tabulated interplanetary coronal
mass ejections, including MCs, observed over a time period covering 17 years and at a distance of 1 AU from
the Sun with Wind (1995-2008) and the two STEREO (2009-2012) spacecraft. Based on several quality factors,
including careful determination of the MC boundaries and main magnetic flux rope axes, an analysis of the
azimuthal flux imbalance expected from erosion by magnetic reconnection was performed on a subset of

50 MCs. The results suggest that MCs may be eroded at the front or at rear and in similar proportions, with a
significant average erosion of about 40% of the total azimuthal magnetic flux. We also searched for in situ
signatures of magnetic reconnection causing erosion at the front and rear boundaries of these MCs. Nearly ~30%
of the selected MC boundaries show reconnection signatures. Given that observations were acquired only at 1 AU
and that MCs are large-scale structures, this finding is also consistent with the idea that erosion is a common
process. Finally, we studied potential correlations between the amount of eroded azimuthal magnetic flux and
various parameters such as local magnetic shear, Alfvén speed, and leading and trailing ambient solar wind
speeds. However, no significant correlations were found, suggesting that the locally observed parameters at 1 AU
are not likely to be representative of the conditions that prevailed during the erosion which occurred during
propagation from the Sun to 1 AU. Future heliospheric missions, and in particular Solar Orbiter or Solar Probe Plus,
will be fully geared to answer such questions.

1. Introduction

Magnetic clouds (MCs) form a subset of interplanetary coronal mass ejections (ICMEs) characterized by clear
signatures in the magnetic field and plasma parameters: an enhanced magnetic field strength, a large and
smooth rotation in the magnetic field vector, a plasma with low proton temperature, and a low proton f (the
ratio between the proton thermal pressure and magnetic pressures) [Burlaga et al., 1981; Klein and Burlaga,
1982]. The large-scale structure of MCs was first modeled as a force-free magnetic configuration with the
geometry of a magnetic flux rope of circular cross section [Goldstein, 1983; Marubashi, 1986; Burlaga, 1988;
Lepping et al., 1990]. As they propagate away from the Sun, MCs interact with the ambient solar wind. For
instance, a leading shock may be driven by fast MCs with a sheath region forming between the shock and the
front boundary of the MC [Lepping et al., 1990; Gosling et al., 1990].

McComas et al. [1998] suggested that these interactions could also include changes in the magnetic
connectivity when, under favorable orientation, magnetic reconnection between the MC and the ambient
interplanetary magnetic field (IMF) takes places. It was then proposed that reconnection should peel off
magnetic flux from the leading edge of the MC in such a way that the profile of azimuthal magnetic flux shows
an imbalance across the structure. This erosion signature was illustrated in case studies by Dasso et al. [2006,
2007] and Ruffenach et al. [2012]. Based on pitch angle distributions of suprathermal electrons, Ruffenach et al.
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[2012] suggested that the “back region,” which is the trailing part of the MC for which the counterpart at the
front has been eroded, consists of field lines whose topology is different from the rest of the MC.

Magnetic reconnection has been detected at various boundaries in the solar wind [Gosling et al., 2005, 2006;
Phan et al., 2006; Lavraud et al., 2009], including at the front of the MC studied by Ruffenach et al. [2012].
Locally, this process is observed as a region bounded by two current sheets, i.e, a bifurcated current sheet,
and so that magnetic field and flow disturbances are correlated at one boundary but anticorrelated at the
other. Flow and field components at each current sheet satisfy the Walén relation, an expression of tangential
stress balance. Tian et al. [2010] carried out a study of the occurrence of magnetic reconnection at the
boundaries of 125 small-scale interplanetary magnetic clouds. These are modeled as flux ropes, akin to larger
MCs, but typically of shorter duration (few hours) and with depressed proton density, and are observed
mainly in the slow solar wind [e.g., Cartwright and Moldwin, 2008; Feng et al., 2008]. They found that about
42% of the flux ropes have boundaries that exhibit signatures of magnetic reconnection.

MCs whose main axis lies in the ecliptic plane contain a strong southward IMF either in their leading or
trailing part, which often makes them strongly geo-effective [Gosling et al., 1990; Farrugia et al., 1997].
However, the impact of a geomagnetic storm may be affected by the erosion process, as it may remove a
substantial portion of the magnetic flux that is oriented southward and opposite to that at the nose of the
Earth’s magnetosphere [Lavraud et al., 2014]. Lavraud et al. [2014] also highlight the fact that under favorable
circumstances (for example, with parallel magnetic fields in the MC and ICME sheath), enhanced compression
associated with a lack of erosion increases MC geo-effectiveness.

The purpose of the present statistical study is to quantify the occurrence of MC erosion and to establish
possible correlations with the properties of its environment. One main finding of our study is that erosion is
apparently as likely to occur at the rear of MCs as at the front. In that regard, it may be noted that MCs are
often followed and compressed by fast solar wind streams [Fenrich and Luhmann, 1998; Rouillard et al., 2010],
which may provide conditions favorable for erosion.

In section 2, we present the missions and data sets used. In section 3, we examine all MCs observed during
the solar cycle 23 by Wind and the two Solar Terrestrial Relation Observatory (STEREO) spacecraft, covering
the period 1995-2012. In section 4, we apply the method proposed by Dasso et al. [2006] to analyze the
imbalance in azimuthal magnetic flux for a selected subset of MCs, and we examine each boundary at the
front and rear. In section 5 we discuss the results.

2. Instrumentation

We use in situ data from the Wind and STEREO missions. Wind magnetic field data are obtained with the MFI
instrument [Lepping et al., 1995] (3 s and 92 ms resolution) and plasma data with the 3DP instrument [Lin
et al., 1995] (3 s resolution).

We also use measurements from the STEREO probes [Kaiser et al., 2008] that slowly drift ahead (referred to ST-A)
and behind (referred to ST-B) the Earth on similar orbits around the Sun. The instruments onboard

each of the two spacecraft are identical. We employ data from the magnetometers [Acufia et al., 2008]

(3 s resolution) from the In Situ Measurement of Particle and Coronal Mass Ejection Transient instrument
suite [Luhmann et al., 2008] and proton data from the Plasma and Suprathermal lon Composition
instrument [Galvin et al., 2008] (1 min resolution); Solar Wind Electron Analyzer suprathermal electron data
[Sauvaud et al., 2008] were also often used to identify MC boundaries and reconnection exhausts.

Wind data were analyzed in geocentric solar ecliptic (GSE) coordinates: X, Y, Z. For STEREO data, we worked on
the RTN coordinate system: this system is centered on the spacecraft, R is the Sun-to-spacecraft unit vector, T
is perpendicular to it and points in the direction of planetary/spacecraft orbital motion, N completes the
right-handed triad.

3. Magnetic Cloud Lists

We analyze MCs observed by Wind, ST-A, and ST-B over 17 years from 1995 to 2012. We use the MC event lists
compiled by Lepping et al. [2005, 2006] (http://lepmfi.gsfc.nasa.gov/mfi/mag_cloud_pub1.html) and by Jian et al.
[2013] (http://www-ssc.igpp.ucla.edu/forms/stereo/stereo_level_3.html), respectively, for Wind (1995-2008)
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Figure 1. Plasma and magnetic field data from Wind for two illustrative MCs on (a) 3 August 1997 and (b) 12 August 2000.
MC boundaries are indicated with dashed lines. (a, ) Magnetic field components in GSE coordinates (|B| gray, By black, B,
red, and B, blue), (b, f) the proton velocity magnitude, (c, g) proton temperature observed (black line) and predicted (in red)
by the empirical relation of Lopez [1987], and (d, h) proton .
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that excess azimuthal magnetic flux is present at the front and

conversely for MC n°75.

1. Quality 1 (Q1): front and rear boundaries are well determined.

and STEREO-A and STEREO-B (2009-2012).
Lepping et al. developed an automated
method to identify MCs, whereas Jian

et al. analyzed each event visually. In both
cases, the events combine a set of
expected signatures, such as variation of
magnetic field components, proton 3, and
temperature. There is no overlap in the
events and none of the MCs were
sampled by both ST-A and ST-B.

MC boundary identification is a critical
aspect for the proposed study both for
computing magnetic flux imbalance and
for searching for reconnection
signatures. The interaction of MCs with
their surrounding solar wind may lead to
shocks and the formation of a sheath
region with significant fluctuations in
magnetic and plasma parameters. This
often makes the determination of MC
boundaries difficult [e.g., Wei et al., 2003],
especially when the magnetic fields on
either side of the boundary have similar
orientations. Each MC was carefully
inspected visually by combining a set of
basic criteria specific to magnetic clouds:
clear rotation of the magnetic field with a
magnitude higher than the ambient
solar wind, proton temperature lower
than the average, § lower than 1, and
nearby changes in pitch angle
distributions of suprathermal electrons.
Start and end times are provided in the
tables of the supporting information
(columns 1 and 2), together with other
properties outlined below.

Some boundaries could not be
determined with confidence; hence, we
categorized MCs as follows (column 4 in
the supporting information Tables S1-S3):

2. Quality 2 F (Q2F): the front boundary is identified without ambiguity but not the rear boundary.
Conversely, for Quality 2R (Q2R) the rear boundary is the one we could properly determine.

3. Quality 3 (Q3): both the front and rear boundaries are ambiguous and/or the structure does not exhibit
clear MC signatures (unclear magnetic field rotation or complex internal structures such as shocks).

Figure 1 shows examples of MCs with Qualities 1 and 2F from Wind. The first MC (Figure 1a, MC n°23, Table S1
in the supporting information) is a Q1. A clear large-scale rotation in the magnetic field components is
observed within the MC. The proton temperature is below that in the surrounding environment and
significantly below the expected temperature as would be determined in the ambient solar wind from the
empirical relation of Lopez [1987] (shown by red trace). The proton f is lower than 1. The front boundary is
determined on 3 August 1997 at 13:52 UT. A large change in magnetic field direction is observed, along with
a sharp decrease in the # and temperature. The rear boundary is also well determined at 2:03 UT on 4 August,
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where we observe an abrupt change in the magnetic field components. It can be noticed that the velocity
decreases from =500 to 410 km/s throughout the MC, and thus, the radial expansion speed is approximated to
Vexp = (500 — 410)/2 =45 km/s.

The second MC in Figure 1b (MC n°54) is categorized as Q2F. The front boundary is well determined on

12 August 2000 at 6:20 UT. At this time, the magnetic field magnitude increases, its components rotate, and
the proton temperature drops. The position of the rear boundary is more complex with weak variations of the
magnetic field. In addition, two shocks are observed within the MC, around 1:00-2:00 UT on 13 August. The
presence of shocks and the ambiguity in the rear boundary determination thus make this case inappropriate for
the study of azimuth flux imbalance. All MCs with either complex internal structures (e.g., shocks) or one of
the two boundaries not properly determined are not appropriate for the study of flux imbalance. Our main
results regarding flux imbalance will thus rely on Q1 MC, although we will also provide some results using Q2
MC for comparison purposes.

4. Analysis Methods and Signatures of Erosion
4.1. Azimuthal Magnetic Flux Imbalance
We first employ the method developed by Dasso et al. [2006, 2007] which consists in analyzing the variation
of the accumulative azimuthal magnetic flux per unit length (L;,) defined as follows:
Fy
L

X) _ [t , ,
.( ) _ LX By‘cloud (t)*VX,douddt 0
in in

where t;, is the time of the MC front boundary, B, cjoud and V,cioud are the respective components
of the magnetic field and velocity in the MC frame, and L;, is total length along the flux tube. The
MC frame is defined [e.g., Dasso et al., 2006; Ruffenach et al., 2012] so that Z,.q points along the
main axis of the MC.

For MCs from Wind (STEREO) observations, we use GSE (RTN) coordinates. The direction d is defined by the
rectilinear trajectory of the spacecraft Xgse (—Xitn), Yeloud is given by Zooua X d, and Xjoua completes the
right-handed coordinate system. Parameters 6 and ¢ are defined in the GSE (RTN) coordinates as follows:

the angle 0 represents the latitude that is defined by the angle between the XY (RT) plane and the MC

axis (Zgoud)- The longitude ¢ is defined as the angle between the projection of MC axis on the ecliptic plane and
the spacecraft-Sun direction (Sun-spacecraft in RTN). The angles are positive when measured in a
counterclockwise sense.

We compute the accumulative azimuthal flux by starting the integration of the component B, ¢uq at the
front boundary (cf. Figure 2b). As previously introduced, the appearance of an asymmetry in azimuthal flux may
be interpreted as a signature of erosion by magnetic reconnection. As we analyzed the events, we found
that for many cases, the variation is incompatible with erosion at the front of the MC (as was deemed the case in
Ruffenach et al. [2012]): the corresponding curve does not cut the abscissa before the rear boundary of the MC
is reached, as illustrated in Figure 2a (MC n°10 in Table S1, observed on 1 July 1996). This suggests that
erosion occurred primarily at the rear boundary; the excess magnetic flux is thus localized at the front of the MC.
In such cases, we thus start the integration at the rear boundary in order to determine the excess flux at the
front as shown in Figure 2a.

The orientation of the MC axis is a key parameter for estimating the eroded flux. For the present study, we
employed the same methods as in Ruffenach et al. [2012], namely, (1) minimum variance analysis (MVA) and
(2) flux rope fitting (FRF).

4.1.1. MVA

The MC main axis is computed using a combined “nested-bootstrap” MVA on the normalized magnetic
field inside the MC (angles 8 and ¢ in tables of the supporting information, columns 6 and 7). We apply a
bootstrap method [e.g., Kawano and Higuchi, 1995] with 1000 random data resampling. We repeat this for
seven nested time intervals within the MC separated by 10 min: each of the seven time intervals begins

10 min after the previous and ends 10 min before. This resampling technique is meant to assess the impact
of magnetic field intrinsic variability on the main MC axis determination and, in turn, the impact on the
imbalance in azimuthal magnetic flux.
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4.1.2. FRF

Flux rope fitting is also employed to provide a second estimate of the axis orientation. However, as explained
in section 6, the associated results and analysis are not presented in detail. Since MCs may be characterized
by a radial expansion (speed profile inside MC decreases gradually, e.g., MC in Figure 1a), we modified the
fitting procedure employed in Ruffenach et al. [2012]. Several methods have been developed in order to take
the dynamic evolution of MC into account. We use a force-free model based on a cylindrical geometry with
a self-expansion in the radial components (by fitting a model to the velocity radial component) [Farrugia
et al., 1993]. Then, the Lundquist [1950] solutions are modified to take the temporal evolution of the MC
into account. We specifically utilize the procedure described in Nakwacki et al. [2008]. The output
parameters are the following: axis orientation, impact parameter (supporting information tables, column
11) (i.e, the closest distance between the center of the flux tube and the spacecraft trajectory, which is
approximated as an initial guess by < By cjouq>/<B>, supporting information tables, column 10, where By cjoud
is computed in the MC frame previously obtained from MVA [Démoulin and Dasso, 2009]), magnitude B, and
helicity of the magnetic field (supporting information tables, column 12). We use the Levenberg-Marquardt
algorithm, which numerically minimizes problems in least squares curve fitting for the multiple variables involved.

The accumulated azimuthal magnetic flux is then computed by starting the integration of the B, component
(in equation (1)) both at the leading and at the rear MC boundary (Figure 2). The estimate of the total
azimuthal magnetic flux (Ft azimuthar) (Per unit of length) before reconnection corresponds to the sum of F,/L
(in absolute value) chosen between the peak of the accumulated flux and the value at rear boundary of the
MC, when the azimuthal flux variation is compatible with erosion at the front (cf. Figure 2b). If it is the rear
that has been eroded, F; 5zimuthal is the sum computed between the peak of the accumulated flux and the
value at the front boundary (curve profile of F; azimuthal is reversed as in Figure 2a). The eroded azimuthal flux
Fe azimuthal (i.., equal to the azimuthal flux contained in the back/front region) is given by the absolute value of
F, at the MC rear boundary (or at the front is eroded at rear). The computation of F;azimuthal is performed
assuming p =0, where p is the impact parameter. These values of the total azimuthal flux are thus lower
estimates of the actual value when p is large (as further discussed later). Moreover, we only focus on the
azimuthal flux variations in this study because it is 1 order of magnitude larger than the axial flux [Mandrini et al.,
2007; Dasso et al., 2007] and erosion mainly affects the outer parts of the MCs where azimuthal flux dominates.

As an example, the black curve in Figure 2b displays the By, cjouq component in a MC frame deduced from the
mean axis orientation obtained from all the MVA bootstrap results. The variation of the azimuthal flux is, for
this event, consistent with front erosion, and the estimated amount of eroded azimuthal flux is 31 (£13)%
(mean value from all generated curves with standard deviation). Values of the amount of eroded azimuthal
flux rate at the front (or rear) are indicated in column 15 of the supporting information tables, with the
corresponding standard deviation. Negative values correspond to front erosion and positive values to rear
erosion. For some events, the estimation of the amount of eroded flux is inconsistent with either erosion
at the front or at the rear (28%-38%-50% of total events observed, respectively, by Wind, ST-B, and ST-A),
€.9. Bycioua Never changes sign, which indicates that the MC main axis was not well determined (missing values
in columns 13-15 of supporting information tables).

4.2. Magnetic Reconnection Signatures at MC Boundaries

MC erosion implies that magnetic reconnection has occurred locally at the front and/or rear boundaries
during propagation [McComas et al., 1988; Dasso et al., 2006; M6stl et al., 2008; Tian et al., 2010; Ruffenach et al.,
2012]. The in situ observation of a pair of rotational discontinuities embedding an Alfvénic plasma jet is often
used as a signature of magnetic reconnection in the solar wind [e.g., Gosling et al., 2005, 2011].

We examine each well-determined boundary (from the Q1/Q2R/Q2F MCs) to make an inventory of such
signatures (Table 1). Since the Wind data resolution is sufficient, we applied the Walén test [Hudson, 1970;
Paschmann et al., 1986] to this MC list at boundaries where clear bifurcated current sheets are found (cf. also
Phan et al. [2006] or Ruffenach et al. [2012]):

Vire = Viet .9, % (B/p = Bret /pres)  1g/” @)
Here V, B, and p represent the velocity, magnetic field, and density (the pressure anisotropy factor is not

accounted here owing to the lack of such data). The subscript “ref” denotes the reference time at the leading
or trailing edge of the exhaust in the upstream region, and subscript “pre” denotes the velocity predicted
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Table 1. Summary of Magnetic Reconnection Signatures Observed at the Front and Rear Boundaries of the MCs as a Function of Category®

Wind Front Boundaries Rear Boundaries

Reconnection Signatures of... For 53 MCs Q1 For 30 MCs Q2F For 53 MCs Q1 For 7 MCs Q2R
Category 1 3 1 9 0
Category 2 4 6 6 0
Category 3 1 0 1 1
STEREO-A Front Boundaries Rear Boundaries

Reconnection Signatures of... For 37 MCs Q1 For 7 MCs Q2F For 37 MCs Q1 For 1 MCs Q2R
Category 1 9 3 10 0
Category 2 13 2 11 1
STEREO-B Front Boundaries Rear Boundaries

Reconnection Signatures of... For 30 MCs Q1 For 16 MCs Q2F For 30 MCs Q1 For 4 MCs Q2R
Category 1 1 5 6 3
Category 2 5 3 8 0

aOnIy well-determined MC boundaries were analyzed (cf. section 4.2).

across the region for an exhaust bounded by rotational discontinuities. The positive sign is used at one
current sheet of the exhaust, and the negative sign at the other. The order depends on the crossing of the
spacecraft relative to the X line location.

However, due to lower resolution plasma measurements, STEREO data typically did not permit to perform the
Walén test. Therefore, we made a classification of observed reconnection signatures as follows.

1. Wind data set

a. Category 1: Correlations between magnetic and velocity components at one end of the bifurcated
current sheet are opposite to those at the other end. A flow enhancement is observed inside the
bifurcated current sheet, and the quantitative correlation between observed and predicted (Walén)
velocity components is good.

b. Category 2: Correlation between the predicted (Walén) and observed velocity components is good for
one current sheet, but a significant discrepancy is found for the other despite a clear change. The other
signatures (presence of a flow enhancement and bifurcated current sheets) are observed.

c. Category 3: Although correlation/anticorrelation are observed for magnetic and velocity components,
data resolution is insufficient to apply the Walén test.

All other cases show no signatures of reconnection, which is deemed to be absent locally at the boundary.
2. STEREO-A and STEREO-B data sets

The Walén test cannot be carried out in the majority of cases owing to the insufficient time resolution and
frequent absence of proton velocity components. We thus rely on magnetic reconnection signatures
which are classified as follows.

a. Category 1: A bifurcated current sheet with flow enhancement is observed, and the velocity components
show variations consistent with the expected correlation/anticorrelation at the two successive current
sheets (but, again, a quantitative Walén test could not be performed on all components).

b. Category 2: A bifurcated current sheet is observed. However, missing data and/or insufficient resolution
in proton velocity components prevents us from determining the presence of a flow enhancement.

For all other cases, the magnetic field does not show bifurcation, and no flow enhancement is observed.
Magnetic reconnection is deemed to be absent. These criteria, for determining if magnetic reconnection
signatures are present, are summarized in the supporting information tables (columns 16 and 17).

Figure 3 illustrates different signatures as observed by Wind, and belonging to these different categories.
Each case corresponds to a zoom on a given MC boundary (at the front or rear). Each panel shows from top
to bottom (a) density, temperature, (b) magnetic field components (92 ms resolution), and (c-e) velocity
components (3 s) in the GSE coordinate system. Black dotted lines delimit the reconnection exhaust intervals.
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Figure 3. Plasma data from Wind for a selected set of 3 MC boundaries
together with Walén test results: (a—e) MC n°85 (4/4/2004), (f-j) n°56
(10/3/2000), and (k-0) n°9 (27/5/1996). Each case illustrates a different category
(1 through 3) in magnetic reconnection signature (cf section 3). Density and
proton temperature (Figures 3a, 3f, and 3k) and magnetic field components
(in GSE coordinates) (Figures 3b, 3g, and 3l). The remaining panels display the
components of the observed and predicted (from Walén relation) velocity
vectors (GSE coordinate system). Green vertical lines denote the reference
times for the Walén test (which is performed “inward”). The vertical black lines
denote the edges of the exhaust, i.e, the bifurcated current sheets.

For the category 1 case (first set of
panels), the boundary is first
characterized by a rotation in B, and
B,. Magnetic field and velocity
components are anticorrelated at the
first current sheet and correlated at
the second. A plasma enhancement is
observed in AV, (nearly 45 km/s) and
V, (45 km/s). The Walén test is
performed for the interval indicated
between green vertical dotted lines,
and we observe an excellent
correlation between predicted
(colored dotted curves) and observed
velocity components. These elements
confirm the presence of a magnetic
reconnection exhaust at this

MC boundary.

For the category 2 case (Figures 3f-3j),
a rotation in the magnetic field is
observed adjacent to a plasma
enhancement (AV,~80km/s).

The observed velocity is consistent
with the predicted one at the first
current sheet (Walén test). Despite
the direction being correct, the
predicted velocity change at the
second current sheet is not as
good in V, and V,: the expected
variations are much larger than

the observations. We note that

this particular boundary is highly
asymmetric, with significantly
different densities (from 13 down
to 3cm 3 over the interval shown)
and magnetic field magnitude

on each side. The Alfvén speed

is thus extremely high on the
right-hand side. We speculate that
the overestimation of the predicted
velocity in the Walén test has to
do with this strong asymmetry.
Recent work suggests that plasma
flows in reconnection exhausts
may be linked to a “hybrid” Alfvén
speed [cf. Borovsky and Hesse, 20071,
while the basic Walén test used
here supposes that plasma velocity
follows the local Alfvén speed. In
this case we also note a small-scale
structure at the second current
sheet. It makes this case more
complex than regular reconnection
exhaust and may affect our
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definition of the outside reference
point for the Walén test. Since in
addition all other signatures are
consistent, it is quite probable that
this category 2 case is an actual
reconnection exhaust.

(a) x 108km
3

D

Bx [nT] By [nT] Bz [nT] Acc. Az. Flux

25

A category 3 case is presented in
Figures 3k-30. We identify a bifurcated
structure together with a flow
enhancement (around AV=20km/s).
However, the resolution of the velocity
data is low and does not permit a

ADAD

0.5

(c) 4of T T T T : : ] meaningful Walén test. Yet the

E D E successive increase and decrease in the

X 30 ? 4 V7 components are consistent with

% C Walén predictions, as shown by the

% 2ok E dotted lines in the velocity panels. In

woF E particular, the main plasma flow

<’Ei change is observed in the V7

2 1 ? B A component, compatible with the main
E A E magnetic field change which is also in
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Figure 4. Impact o.fspacecraf.t trajectqry through a MC qn the asymmetry in le.q., Foullon et al.,, 2009].
azimuthal magnetic flux and inferred impact on the estimated eroded
magnetic flux from the direct method of Dasso et al. [2006]. (a) lllustration of ..
several virtual spacecraft crossings (black lines) through a model MC. The 5. Statistical Results
model is a flux tube with a cylindrical geometry whose axis is curved along a . s
Parker spiral direction [cf. Owens et al., 2012]. This figure displays the MC First, we analyze the dIStr.IbUtlon of
central axis and outer boundaries in the ecliptic plane. The Sun center is at the amount of eroded azimuthal
coordinate (0,0) on the graph (where the red lines originate). The angles of ~ magnetic flux and attempt to
the normal to the main axis orientation relative to the trajectory at the point  correlate this with the properties of
of crossing are, respectively, 0, 32, 57, and 62°. (b) Variations in magnetic the surrounding solar wind
field components (nT) as simulated along the spacecraft trajectory in the . .

: . - . environment. We then examine
MC coordinate system and the accumulative azimuthal magnetic flux from . ) .
the integration of B, (in arbitrary unit) for each crossing. (c) Variation of the magnetic reconnection signatures
amount of azimuthal flux eroded (%) as a function of the angle 0,32,57,and  observed at the front and
62° (based on the four trajectories). rear boundaries.

5.1. Selection Criteria

In section 3, we mentioned that to investigate azimuthal magnetic flux imbalance, it is necessary to classify
MCs with respect to boundary identification. Thus, we do not take into account MCs of Quality 3 for which
the positions of both the front and rear boundaries are uncertain. We will only use MCs of Quality 1, and
where appropriate, those of Quality 2 as explained later. The computation of the azimuthal magnetic flux also
requires accurate knowledge of the MC axis orientation. We thus made further selection of the MC quality
based on another set of criteria related to the axis determination.

On one hand, Gulisano et al. [2007] highlights the fact that the axis orientation is well determined with MVA
when its inclination is close to the ecliptic plane and the impact parameter is small. On the other hand,

when the intermediate-to-minimum (1,/4;) or maximum-to-intermediate (13/,) eigenvalue ratios from MVA
are lower than 2, the eigenvectors are close to being degenerate [cf. Sonnerup and Scheible, 1998], and
consequently, the MC axis is poorly determined. Also, the application of the nested-bootstrap method on MVA
sometimes shows significant uncertainties in axis determination owing to substructures in MCs. This leads to
errors in azimuthal flux imbalance estimates (cf. all curves generated in Figure 2) that we quantify with the
computation of the standard deviation for @ and ¢. We found that for values of A@ and A greater than 15°, the
scattering becomes particularly significant so that flux imbalance estimates are deemed unusable.
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Figure 5. MC schematic with the angle A et i as defined in Janvier et al. [2013]. (a) Definition of all angles in GSE coordinate
system relative to the axis orientation including the angles ¢ and 6. (b) Variation of the angle 1 in the plane of the MC along
the flux tube (cf. text for further details).

The flux rope fitting is also impacted by various errors: magnetic field fluctuations inside the MC [Janoo et al.,
1998], incorrect boundary selection, or noncircular MC cross section [Savani et al., 2011a, 2011b]. Also, when
the impact parameter is high, the MC structure is not clearly identifiable as a cylindrical structure [e.g., Riley
et al., 2004; Démoulin et al., 2013; Savani et al., 2013].

Finally, we add a geometrical criterion related to the fact that azimuthal flux variations are biased when the
spacecraft crosses the leg of the MC. Figure 4 shows various crossings inside a noneroded MC in the plane
containing its axis. The MC is modeled with a force-free field where the flux tube is in the ecliptic plane and
curved according to a Parker spiral [cf. Owens et al., 2012]. For each trajectory, the angle o between the
normal at the axis orientation to the trajectory is gradually increased (0°, 32°, 57°, and 62°, respectively, for the
trajectories A, B, C, and D) as illustrated in Figure 4a. The magnetic field vector is generated, and we apply
MVA to determine the magnetic field components in the MC coordinate system and integrate B,. We then
compute the accumulative azimuthal magnetic flux. The corresponding amounts of eroded magnetic flux are
summarized in Figure 4c. For trajectory A, the crossing is perpendicular to the MC axis. The B, component is
completely symmetric, and the associate curve of the accumulative azimuthal magnetic flux cuts the axis
exactly at the rear boundary. However, for higher values of the angle between the trajectory and the normal,
B, becomes asymmetric. This demonstrates that despite the fact that the present model does not account for
any type of erosion process, the trajectory of the spacecraft crossing (i.e., in the fashion of a MC leg crossing)
can lead to asymmetries in azimuthal magnetic flux which may be misinterpreted as the result of erosion. This
apparent flux imbalance stems from the axis bending. There is a systematic effect so that it is always the rear
part of the MC which has more flux. We note, however, that false erosions larger than 10% only occur for
angles greater than 45°.

(@) 6F — 7 (b) g ]
o 5 [ B — 6
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Figure 6. (a) Distribution of MCs from group MVA as a function of the amount of eroded azimuthal magnetic flux at the
front (—100 to 0%) and at the rear (0 to 100%). (b) Distribution of group MVA as a function of the absolute value of
eroded azimuthal magnetic flux.
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Figure 7. Results of the various correlation analyses performed for the set of MCs from group MVA, all as a function of the amount of eroded azimuthal magnetic flux.
(a) Average speed of MCs < V>, (b) ambient solar wind speed, (c, d) local variation in speed at the front or rear boundary (AVfront/ AVyear), and (e, f) average Alfvén
speed at front or rear boundary. The Pearson correlation coefficients (R) are indicated.

To account for this effect, we note that the MC axis determination gives implicit information about the
spacecraft trajectory orientation through the MC. Janvier et al. [2013] introduced two new angles to
define axis orientation, which are presented in Figure 5: the angle i is the inclination angle of the MC
axis to the ecliptic plane, and the angle 1 evolves along the flux rope and indicates whether the
spacecraft crosses a MC leg (if the axial shape is known to be regular). Following the modeling of
Figure 4 for a MC axis in the ecliptic plane, we estimate that 1 values included between +45°
correspond to a spacecraft trajectory sufficiently close to the apex so that errors on the azimuthal flux
imbalance should be lower than 10%.

Based on the above arguments, we used the following criteria to select a proper subset of MC for our analysis
for both results using MVA and FRF:

1. Group MVA

Quality 1 MC.

Ratio 1,/A; and A3/4, > 2.
AQ et Ap < 15°.

A< |45°.

Impact parameter p < 0.6.

P an oo
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Table 2. Average Parameters Estimated for Groups MVA and FRF Defined in Section 5.1 and MVA* and FRF* Defined in Section 5.2°

Group MVA

Group FRF

MC Eroded at the Front MC Eroded at the Rear

MC Eroded at the Front MC Eroded at the Rear

Number of MCs

Average rate of eroded azimuthal flux (%)

Average azimuthal eroded flux (x 102 Mx/UA)

Average velocity of MCs (km/s)
AVfront mean (km/s)

AVyear mean (km/s)
VAIfvéngont (km/s)

VAIfvén ey, (km/s)

23 27
42 (23/5) 33 (26/5)

1.07 (0.92/0.20) 0.90 (1.61/0.31)
381.4 (52.2/10.9) 452.7 (152.5/29.3)
52.8 (40.4/8.4) 96.3 (135.1/26.0)
—29.4 (46.5/9.7) —16.0 (56.7/10.9)
46.3 (21.0/4.4) 70.7 (40.2/7.8)
67.4 (40.6/8.5) 71.3 (49.1/9.4)

Group MVA*

19 26
24 (15/3) 28 (18/4)

0.38 (0.35/0.08) 0.62 (0.74/0.15)
4179 (72.3/16.6) 426.8 (119.4/23.4)
54.2 (78.2/17.9) 58.9 (69.0/13.5)
—51.3 (54.6/12.5) —23.8 (46.3/9.1)
64.5 (52.0/11.9) 88.1 (117.9/23.1)

68.2 (36.7/8.4) 64.6 (61.2/12.0)

Group FRF*

MC Eroded at the Front MC Eroded at the Rear

MC Eroded at the Front MC Eroded at the Rear

Number of MCs

Average amount of eroded azimuthal flux (%)
Average azimuthal eroded flux (x 102 Mx/UA)

Average velocity of MCs (km/s)
AVfront mean (km/s)

AVyear mean (km/s)
VAIfvéngront (km/s)

VAIfvén ey, (km/s)

44 36
44 (25/4) 33 (23/4)

1.13 (1.14/0.17) 0.95 (1.60/0.27)
406.9 (71.7/10.8) 471.1 (151.0/25.2)

50.4 (52.1/7.9) 107.2 (126.6/21.6)
—31.5 (59.2/8.9) —14.0 (59.2/7.9)
64.4 (51.0/7.7) 76.0 (43.2/7.2)
67.5 (67.2/10.1) 69.0.3 (34.9/5.8)

35 44
23 (15/3) 31 (20/3)

0.32 (0.29/0.05) 0.53 (0.69/0.10)
419.9 (66.8/11.3) 4255 (133.2/20.1)
40.2 (74.5/12.6) 67.9 (74.8/11.3)
—49.4 (59.8/10.1) —27.0 (48.9/7.4)

61.8 (40.8/7.4) 76.7 (90.6/13.8)
81.8 (74.0/12.7) 67.3 (43.3/6.6)

*The standard deviation, o, is indicated in brackets with the uncertainty on the average c/v/n where n is the size of the sample. The lines are (1) number of MCs in
each group by splitting MCs eroded at the front and those eroded at the rear, (2) average (percentage) amount of eroded azimuthal flux for each category, (3) average
azimuthal magnetic flux eroded (x 10%! Mx/UA) from the direct method [Dasso et al., 2006], (4) average velocity of MCs (km/s), (5) AVfront = Vmc — Vew,front: Where
the ambient solar wind (Vs front) is the local proton speed at the MC front and ahead of the shock if present, and V)¢ is the average of proton speed in
the first 5% of the MC, (6) AViear = VMc — Vsw,rear Where Vs, rear is the highest speed in the 6 h interval following the MC based on 30 min average and Vjc is
the average proton speed in the last 5% of the MC, and (7) and (8) hybrid Alfvén speed at MC front and rear boundaries (cf. section 5.2).

2. Group FRF

a. Quality 1 MC.

b.

Impact parameter p < 0.6.

c A<|45.
d. Fitting method converges.

Groups MVA and FRF, respectively, comprise 50 and 30 events (Wind, STEREO-A, and B lists combined).

5.2. Analysis of Azimuthal Magnetic Flux Imbalance

The results for group “MVA” suggest that 46% of the MCs are eroded at the front and 54% at the rear. Figure 6a
presents the distribution of the amount of eroded azimuthal magnetic flux, normalized to the estimated total

% Eroded flux (FRF)
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Figure 8. Variation of the amount of eroded azimuthal magnetic
flux as determined using main axis determination from FRF as a
function of that determined from the results of MVA. Only MCs
simultaneously belonging to groups MVA and FRF are plotted.
Erosion is systematically underestimated by 33% when using the
results from FRF.

azimuthal magnetic flux in the MC (in percent).
MCs eroded at the front are plotted on the left in
the range —100% to 0%. Those eroded at the
back are in the range 0% to 100%. In absolute
value (Figure 6b), i.e., not making the distinction
between front and rear, the distribution
decreases gradually but yet shows a significant
average value of 46% erosion for the present set
of MCs. We recall that the total azimuthal flux is
underestimated for impact parameters p > 0 so
that the amounts of erosion (in percent relative to
the total azimuthal flux of the MCs) reported
should be viewed as upper estimates.

Compression processes (at the front or rear of
MC) may play a key role in MC erosion. Indeed,
compression in the sheaths of MCs, for instance,
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leads to an increase in Alfvén speed at the MC boundary, which will enhance the reconnection rate if
reconnection is ongoing. Because compressions are driven by flows, we analyzed the amount of azimuthal
eroded flux with respect to the MC (Figure 7a) and ambient solar wind (Figure 7b) speeds. The ambient solar
wind (Ve front) here is the local measurement of proton speed at the MC front. This value was selected by eye
ahead of the front boundary or before the shock/sheath if present. Neither plots show obvious correlations. We
then analyzed potential correlations between erosion and the speeds across the front and rear boundaries,
keeping in mind the possible role of compression process. The results are presented in Figures 7c and 7d. The
computation of AVgone corresponds to the difference between the average of the MC speed in its first 5%
(time wise, in order not to be biased by the MC expansion) and Vi front (AVfront = Ve — Vsw,front With Vew front
still ahead of the shock if present). For AV,a, We calculate the difference between the MC speed (last 5% in
trailing part of the MC) and the velocity of the solar wind at the rear. The procedure to compute Vs rear

is different: based on 30 min averages, we use the highest speed in the 6 h interval following the MC. In
Figures 7a-7d correlations were searched both across all erosion values and separately for front (—100-0%)
and rear (0-100%) erosions (because it is not necessarily meaningful to try to correlate these various parameters
throughout all values of erosion). However, regardless of such issues, our data set does not show any
obvious correlation.

Since the reconnection rate scales with the local Alfvén speed, we also investigated potential correlations
with the Alfven speeds measured at the MC boundaries. Cassak and Shay [2007] used conservation laws to
derive a hybrid Alfvén speed which should relate to the reconnection rate in the case of asymmetric
reconnection. Assuming antiparallel reconnection between plasmas of different magnetic field strengths and

densities, they defined (in MKS units)
BB,
Vy=/—
HoPo

_ Bipy + Bopy
° B, + B,

with

Here By and B; (p and p,) are, respectively, the magnetic field strengths (densities) averaged over 15 min
intervals adjacent to the boundaries, and pg is the density in the outflow region. The amount of erosion as a
function of the local hybrid Alfvén speed at the MC boundary (front boundary for front erosion and rear
boundary for rear erosion) is displayed in Figures 7e and 7f. Again, no meaningful correlation is observed for
the local hybrid Alfvén speed. Although not shown, we have also investigated the correlation with the
local magnetic shear, as well as with a hybrid Alfvén speed that is a function of the magnetic shear. But again,
no correlations were found. As further discussed in section 5, this lack of correlation may be explained by the
fact that erosion occurs all the way from the Sun to the Earth so that local measurements at 1 AU may be
unrelated to what occurred earlier during propagation.

This analysis was also performed for group FRF based on results from FRF. It is not detailed here, but again, no
relationships were found. We noticed, however, a major difference in the distribution of the amount of
eroded flux, which is explained in section 5.

Due to our stringent selection criteria, both subsets A (50) and B (30) contain a relatively low number of
events as compared to the total number of MCs observed by Wind and STEREO lists. We thus performed all
the analyses on various other subsets, for instance, by including all MCs of category 2 or releasing the criteria
on p or 4, but again, no correlations were found. In the tables, results are given, for example, for the subsets
called MVA* and FRF*, defined as follows:

1. Group MVA* (87 MCs)

Qualities 1 and 2 MC.
Ratio 1,/4; and A3/4, > 1.5.
A et Ap < 15°.

4<160°.

Impact parameter p < 0.8.

P ap T
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2. Group FRF* (89 MCs)

a. Qualities 1 and 2 MC.

b. Impact parameter p < 0.8.
c. A<160°.

d. Fitting method converges.

5.3. Magnetic Reconnection Signatures

Now we give the results of our search for magnetic reconnection signatures at MC boundaries. Since we care
about the occurrence of erosion from magnetic reconnection at their outer boundaries, we only study
boundaries whose identification is well established. We thus analyzed all boundaries of MCs of qualities 1, 2 F
(front boundary), and 2R (rear boundaries). Table 1 gives the number of signatures observed, classified
according to criteria described in section 3 (the detailed lists can be found in columns 16 and 17 in
Tables S1-S3 in the supporting information).

1. Wind Data. Of the 83 front boundaries examined, 15 signatures consistent with magnetic reconnection
(categories 1-3) were observed. Thus, 18% of the front boundaries show signatures of magnetic
reconnection. Of the 60 rear boundaries examined, 17 signatures (categories 1-3) of magnetic reconnection
were found (28%). This gives an average of ~22% on all boundaries.

2. STEREO-A. We examined 42 front boundaries and 38 rear boundaries. For front boundaries, 11 category
1 signatures were found and 27 with categories 1 and 2 signatures. Numbers are 10 (category 1) and
22 (categories 1 and 2) for rear boundaries. Hence, the frequency of magnetic reconnection signatures is
in the ranges 26-64% at front boundaries and 26-58% at the rear.

3. STEREO-B. We examined 46 front boundaries and 34 rear boundaries. For front boundaries, 16 category
1 signatures were found and 24 with categories 1 and 2 signatures. For the rear boundaries, 9 and 17
events were found for category 1 and categories 1 and 2, respectively. Hence, the frequency is included in
the range 35-52% at the front and 26-50% at the rear.

6. Discussion

The purpose of this study is to quantify two key signatures of the erosion process at the front or rear of MCs:
(1) the imbalance in azimuthal magnetic flux and (2) signatures of local magnetic reconnection. Our first main
finding is that erosion as suggested from azimuthal magnetic flux imbalance occurs both at the front and rear
boundaries and in similar proportions (groups MVA and MVA¥).

For group MVA (axis orientation is determined with MVA), 23 MCs are eroded at the front and 27 at the
rear, with the amount of eroded azimuthal magnetic flux being 42% for MC eroded at their front
(1.07 x 102" Mx/AU of flux eroded) and 32.8% for MCs eroded at the rear (0.9 x 102" Mx/AU of flux
eroded). Concerning the subset MVA* (with less restrictive criteria), the results are similar. It should be
noted that the dispersion of the results are significant, highlighting the variability inherent in the
methods and selection process (standard deviation o is indicated in brackets in Table 2, with the
uncertainty on the average o/V(n) where n is the size of the sample).

Aside from methodology and selection, part of the differences might also arise from the occurrence of other
physical processes. It was recently suggested [Manchester et al., 2014a], in a case study using both data and
simulation, that reconnection at the rear of MCs may lead to the addition of flux to the structure. Unlike
erosion, this may only occur if a rarefaction occurs at the rear rather than compression. It was also pointed out
by Manchester et al. [2014b] that an azimuthal flux asymmetry may appear when a higher speed, very dense
filament-type material located in the trailing part of the magnetic cloud is capable of pushing through the
entire structure. The asymmetry then results from sideways transport of the frontside magnetic flux (from
pressure gradients). However, such configurations are rare and unlikely to bias the present statistical results.

In Table 2 we also present the results for group FRF and FRF* (MCs whose axis orientation is determined with
FRF). We clearly note that the amount of eroded azimuthal magnetic flux for these groups are lower: 24%

for front erosion and 28.4% for rear erosion for group FRF and, respectively, 23.3% and 30.6% for group FRF*.
This systematic difference between groups MVA and FRF may stem from the method employed to estimate
the axis orientation. Figure 8 compares the amounts of eroded azimuthal magnetic flux (without distinction
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between erosion at the front and at the rear) found between the two methods used for axis orientation
determination (groups MVA and FRF) for MCs which are in both groups. We notice that when the axis
orientation is determined with FRF, the erosion is systematically underestimated by nearly 33%. This value
reaches 40% when groups MVA* and FRF* are analyzed.

FRF is based on the assumption of a circular cylindrical geometry so that the underlying model has an axis of
symmetry. So, in fact, applying this model on an eroded structure, which is asymmetric by definition,
constitutes an inconsistency. The reader is referred to Figure 1 in Ruffenach et al. [2012] where these
symmetry/asymmetry issues are addressed. Fitting MC magnetic field components with Lundquist solutions
thus forces the result to be symmetric, which is consistent with the tendency of this method to find
systematically lower values of the erosion. The method is thus not appropriate for the reconstruction of
eroded MCs. It must be noted that if erosion is large, the determination of the axis by MVA will also be altered,
although possibly less than with FRF as is suggested by the clear trend observed in Figure 8. We have,
however, no means of quantifying the impact on erosion estimates through the direct method of Dasso et al.
[2006, 20071. This limitation adds to the fact that the total azimuthal flux of the MCs is underestimated by this
method when impact parameters are large and suggests that the estimates of the relative amounts of
erosion (in percent) given here should be viewed as upper limits (with added significant uncertainties
intrinsic to the method; cf. column 15 of the supporting information tables). Future studies, when larger MC
data sets are available, will be necessary to disentangle these possible biases.

Despite these limitations, we searched for possible correlations between the amount of eroded azimuthal
magnetic flux (front or rear) and various parameters (Figure 7). We did not find any. In particular, we did not
find any trend between the amount of erosion and the MC speed, ambient solar wind speed, or their changes at
the front and rear boundaries. This lack of trend may be surprising since compression processes at either

the front or rear may increase the local Alfvén speed and in turn the local reconnection rate. However, this
may be explained by the fact that most of the erosion is thought to occur in the inner heliosphere, typically
inside of Mercury’s orbit [Lavraud et al., 2014]. No trends were found when analyzing parameters such as

the local hybrid Alfvén speed or local magnetic shear either. Similarly, such lack of correlation may simply result
from the fact that measurements made locally at 1 AU are typically unrelated to the conditions that prevailed
during propagation in the inner heliosphere and that potentially controlled most of the erosion process.

Regarding local magnetic reconnection signatures at MC boundaries, it was necessary to classify them. The
Walén test could only be performed on Wind data, which has sufficient temporal resolution over what are
typically short time intervals. For MCs with well-determined boundaries, we note the frequent observation of
local magnetic reconnection signatures in the range 20 to 50% depending on spacecraft and criteria. These
results are compatible with the rate of 42% found at boundaries of small flux ropes by Tian et al. [2010]. Thus,
magnetic reconnection is common at MCs boundaries at 1 AU. We may further note that reconnection is
expected to be even more frequent in the inner heliosphere, thanks to a higher probability of the occurrence
of a low plasma g [Swisdak et al., 2010]. The observed large occurrence of reconnection signatures at the
boundaries of MCs is compatible with the significant amount of erosion statistically found based on the
imbalance of the azimuthal magnetic flux imbalance within MCs.

Finally, we note that only 41% of MCs (MVA* group) eroded at the front showed evidence of local
reconnection signatures at the front boundary, and similarly only 36% for the rear boundary. This is in fact
not unexpected since the observation of reconnection locally at 1 AU does not have to be related to whether
or not reconnection actually occurred earlier during propagation given the expected large spatial and
temporal changes in plasma and magnetic field properties (e.g., shear angle, ) across the boundaries from
the Sun to 1 AU. Similarly, the in situ observation of magnetic reconnection at the boundaries at 1 AU does not
necessarily imply a large amount of erosion (e.g., if reconnection at a given MC only occurred late during
propagation to 1 AU, the estimated erosion would be small). Finally, as noted by Wang et al. [2012], the criteria
we used for identifying magnetic reconnection (mainly bifurcated current sheets and Walén test) are likely
not unique; reconnection and erosion may be at work despite the lack of such signatures.

7. Conclusion

In this statistical study, we analyzed 109 MCs observed by Wind, 78 by STEREO-A, and 76 by STEREO-B during
the period 1995-2012 on the basis of published lists. Due to the importance of reliable boundary
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determination in the implementation of the methods, we investigated in detail each event to define the MC
boundaries with the best accuracy. Once the different key parameters (axis orientation, amount of eroded
azimuthal magnetic flux at the front or rear boundaries, MC velocity, and AV at boundaries) were calculated, we
performed a selection based on important parameters such as MC quality (from boundary identification),
impact parameter, ratio of eigenvalues from MVA, and geometrical considerations (angle 2 which determines
the MC trajectory through the MC). Our analysis also focused on finding potential local reconnection exhausts
at the MC boundaries, which also required classification depending on the quality of the signatures.

The main findings of the present study are as follows:

1. The analysis of azimuthal flux imbalance in MCs at 1 AU suggests that erosion by magnetic reconnection is
a frequent process.

2. It suggests that erosion can occur either at the front or at the rear and in similar proportions.

3. The absolute value of the amount of azimuthal magnetic flux is significant, albeit with significant uncertainties:
on average 42% at the front and 33% at the rear (relative to the total azimuthal flux content).

4. These results are consistent with the frequent (up to ~30%) observation of reconnection exhausts locally at both
the front and rear boundaries. This is particularly strengthened by the fact that the observations are from
1 AU, where conditions are not as favorable to reconnection as closer to the Sun where the plasma f is lower.

5. Fitting MCs presupposing an axisymmetric geometry is not adapted to analyze erosion, which by assumption
creates an asymmetric magnetic structure. Flux rope fitting thus should not be used to study erosion.

6. The erosions estimated in the present study do not seem to be linked to solar wind and MC parameters as
measured at 1 AU. The main reason is likely that parameters at 1 AU are not representative of the solar
wind conditions that prevailed during the propagation of the MC between the Sun and 1 AU.

Azimuthal flux imbalance and local reconnection signatures thus consistently suggest that erosion is
frequent and substantial. However, the flux imbalance analysis relies on methods which have significant
potential drawbacks, in particular when impact parameters are large (for total flux estimate) and when the
actual erosion is large (which impacts MVA and FRF determination of the main axis). Further quantification of
the erosion process and of the impact of the limitations of the methods used here will require much larger
MC data sets. In the future, it will also be interesting to investigate this process closer to the Sun based on
data from Solar Orbiter, Solar Probe Plus, and Bepi Colombo.
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