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Abstract Interplanetary coronal mass ejections (ICMEs) are the main cause of severe space weather in
near-Earth space. To better understand the evolution of ICMEs in interplanetary propagation, we identified 14
multipoint observed ICME events via various lists of ICMEs, which confirmed the multipoint associations
previously made by other researchers for these events. We use the in situ measurements as well as model results
of these 14 ICMEs to obtain the evolution of the ICME:s in interplanetary space. We found that the dependence
of the average total magnetic field strength on the radial distance is B, & D™""%3*%17 The radial dependence of
the axial magnetic field strength is By o D™1#£0.15_ These dependencies indicate that the decay rates of the
magnetic field are slightly slower than expected from self-similar expansion. The relationship between radius of
the flux rope and radial distance is R o« D*34*%22 which is closed to the expectation of self-similar expansion
but still slightly lower. However, for each group of ICME, their radial dependence varies significantly. Only
36% of events are basically self-similar expansions. This may be due to the effect of the magnetic pressure
difference and velocity difference between an ICME and the background solar wind on the ICME expansion. In
the process of ICME propagation, the axial magnetic flux and helicity can be considered essentially conserved.
We also analyzed the changes in the flux rope axis orientation and found that the majority (71%) of the events
changed the axis direction, and the flux rope axis tends to be horizontal and solar west-east or east-west.

1. Introduction

Coronal mass ejection is a phenomenon in which the sun ejects a large amount of magnetized plasma into
interplanetary space (Aulanier, 2010; GulisanoF et al., 2012; Mierla et al., 2010; Vourlidas, 2014; J. Zhang
et al., 2021). Its interplanetary counterpart is commonly referred to as interplanetary coronal mass ejection
(ICME) (Chi et al., 2016; Fadaaq & Badruddin, 2021; Mustajab & Badruddin, 2011; Plunkett et al., 2001; I. G.
Richardson & Cane, 2012; Russell et al., 2005; J. Zhang et al., 2021). The ICME is an important carrier of strong
southward magnetic fields, and it is generally considered to be the primary interplanetary structure responsible for
geomagnetic storms (Echer et al., 2008; Gonzalez et al., 1994, 2007, 2011; Wang et al., 2002; Xue et al., 2005; J.
Zhang et al., 2003). The geomagnetic storm is a type of severe space weather. Strong geomagnetic storms can
cause severe disturbances in the Earth's magnetosphere, ionosphere and thermosphere (Lockwood et al., 2016,
2020; Wang, Rosen, et al., 2016; Yu et al., 2021). They can also adversely affect or even paralyze navigation,
communication and power transmission systems (Shen et al., 2017; Yu et al., 2023). To reduce the harm caused by
ICMEs, we need to understand the evolution of ICMEs during interplanetary propagation to prepare for ICME
forecasting, which is the significance of our study.

The early evolution of ICMEs is dominated by Lorentz forces, which accelerate the ICMEs and cause them to
expand rapidly (Chen & Kunkel, 2010; Vr$nak, 2008). As the radial distance increases, the Lorentz force de-
creases and is gradually ignored (Vr$nak et al., 2004). In the later stage, the evolution of ICME:s is influenced
mainly by the interaction between ICMEs and the background solar wind. For example, ICMEs are affected by
magnetohydrodynamic drag during propagation (Cargill, 2004; Chi, Shen, Liu, et al., 2023; Shen et al., 2011,
2012, 2014; VrS$nak et al., 2008, 2013), slowing down/accelerating ICMEs that are faster/slower than the
background solar wind; that is, the speed of the ICMEs eventually becomes consistent with the background solar
wind (Gopalswamy et al., 2000).

ZHANG ET AL.

1 of 20


https://orcid.org/0000-0002-3577-5223
https://orcid.org/0000-0002-8887-3919
mailto:clshen@ustc.edu.cn
https://doi.org/10.1029/2025JA034094
https://doi.org/10.1029/2025JA034094
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2025JA034094&domain=pdf&date_stamp=2025-07-05

MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2025JA034094

At present, there are two main approaches used to study the evolution of ICMEs: statistical approach and mul-
tipoint observation approach (Wang et al., 2005). The statistical method uses all the ICMEs observed by
spacecraft/detectors at different locations to study the statistical relationship between the ICME parameters
(magnetic field and radius) and the radial distance (Liu et al., 2005; Wang et al., 2005; Wang & Richard-
son, 2004). Liu et al. (2005) used in situ observation data from the Helios 1 and 2, Ulysses, Wind and Advanced
Composition Explorer (ACE) spacecraft to identify ICMEs and investigate the evolution of the radial width,
density, magnetic field magnitude and temperature of ICMEs during propagation. Wang et al. (2005) identified
ICMEs via in situ observation data from Helios 1 and 2, Pioneer Venus Orbiter (PVO), ACE and Ulysses
spacecraft and analyzed the power law relationships among ICME density, magnetic field magnitude, temper-
ature and radial distance. The multipoint observation method uses multiple spacecraft at different locations to
track labeled ICMEs and analyze the radial evolution of their parameters (Vr$nak et al., 2019; Salman et al., 2020;
Reisenfeld et al., 2003; Riley et al., 2003; J. D. Richardson et al., 2002; Paularena et al., 2001; McAllister
et al., 1996; Gosling et al., 1995). Vrinak et al. (2019) studied the diameter, magnetic field strength, and derived
axial current and axial magnetic flux as a function of the power law of the radial distance of 11 magnetic clouds
observed by at least two radially aligned spacecraft. Davies et al. (2021) analyzed the dependence of the mean
magnetic field strength on the radial distance for 35 ICMEs with multipoint observations and compared the
evolutionary differences before and after 1 AU. Salman et al. (2020) created a catalog containing 47 multipoint
observed ICMEs via in situ observation data from the Mercury Surface, Space Environment, Geochemistry and
Ranging (MESSENGER), Venus Express (VEX), Solar-Terrestrial Relations Observatory (STEREO), and Wind/
ACE spacecraft and analyzed the evolution of the maximum magnetic field intensity in sheaths and ejecta. The
main advantage of the statistical method over the multipoint observation method is the greater number of ICME
events involved.

With the advent of the space age, an increasing number of spacecraft/probes have been launched into space,
performing missions at different radial distances. The increasing number of spacecraft/probes in the heliosphere
provides more multipoint observation events with smaller longitude differences for studying the evolution of
ICME:s. In this study, we utilized a list of ICMESs observed by different spacecraft/detectors at different locations
to identify potential ICME events with multiple observations and investigate their evolution during propagation.

The layout of the article is as follows: Section 2 introduces the list of ICMESs and in situ observation data used in
this study, methods for determining the multipoint observation of ICMEs, and methods for estimating the velocity
and radius of ICMEs. Section 3 describes the evolution of some ICME parameters and the deflection of ICMEs
during propagation. Our main results are summarized and discussed in Section 4.

2. Data and Methods

In this work, we used ICME lists and magnetic field and plasma data observed by the MESSENGER (MES), the
VEX, the twin STEREO (including STEREO-A and STEREO-B), the Wind, the Juno, the Parker Solar Probe
(PSP), the Mars Atmosphere and Volatile EvolutioN (MAVEN), the Solar Orbiter (SO), the BepiColombo (Bepi),
and the Ulysses spacecraft/probes (Chi et al., 2016; Davies et al., 2021; Ebert et al., 2009; Good & Forsyth, 2016;
Jian et al., 2018; Mostl et al., 2017, 2020; Winslow et al., 2015; Zhao et al., 2021). Detailed descriptions of the
instruments on these spacecraft/probes can be found in the literature: for MES, see Anderson et al. (2007); for
VEX, see Zhang et al. (2006); for twin STEREQ, see Galvin et al. (2008) and Luhmann et al. (2008); for Wind,
see Ogilvie et al. (1995) and Lepping et al. (1995); for Juno, see Connerney et al. (2017); for PSP, see Bale
et al. (2016) and Kasper et al. (2016); for MAVEN, see Connerney et al. (2015) and Halekas et al. (2015); for SO,
see Horbury et al. (2020) and Owen et al. (2020); for Bepi see Glassmeier et al. (2010) and Heyner et al. (2021),
and for Ulysses see Wenzel et al. (1989). Based on the ICME lists compiled from observations by these
spacecraft, we identified 33 ICME events with multipoint observations. The determination method is as follows:
First, we use the typical propagation velocity of ICMEs to estimate the time of ICMEs from the previous
observation point to the latter observation point. And we compare the estimated time with the ICME list of the
latter observation point, selecting the most likely related ICME event based on the estimated arrival time. Then,
on the basis of the observed data, we plotted a normalized magnetic field three-component comparison graph of
these ICME:s in the Heliocentric Inertial (HCI) coordinate system, retaining ICME events with similar shapes in
the normalized magnetic field three-component curve. Finally, we calculate the longitudinal differences in these
ICMEs at different observation points, retaining ICMEs with longitudinal differences of less than 20°. Table 1
shows the identified multipoint observed ICME events. The first column is the event label, and the second column
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is the name of the observer. The third and fourth columns are the start and end times of ICMEs, respectively.
Based on the original event lists, we made slight adjustments to these time intervals according to the root mean
square error of the normalized magnetic field three components at the two spacecraft, in order to refine the ICME
boundaries and better support the subsequent analysis. The fifth, sixth, and seventh columns are the longitude,
latitude, and radial distance (in the HCI coordinate system), respectively, at which the observer observes ICME:s.
The eighth and ninth columns are the differences in longitude and radial distance between the pairwise observers,
respectively. The tenth column presents the quality of the magnetic field structure of ICMEs (“bad” refers to the
presence of interplanetary structure such as shock wave or current sheet in the ICME that cause drastic changes in
the magnetic field, whereas ‘good’ refers to the opposite). The eleventh column indicates whether there is an
observation of plasma data when ICMEs are observed (‘yes’ indicates that at least one observer has observed
plasma data, whereas ‘no’ indicates the opposite). Figure 1 shows the time variation of the three-component of the
normalized magnetic field for event Label 18. The graph shows that the normalized magnetic field three-
component morphology observed by VEX (B,/B,, B,/ B,, B,/B,) is very similar to the magnetic field three-
component morphology observed by STEREO-A, with only slight differences in the magnitude of the values.

We removed multiple ICME (M-ICME) events from Table 1 according to the criteria of Shen et al. (2017) and
eliminated events with a magnetic field structure ‘bad’ (which refers to the presence of structures such as shock
waves or current sheets in the ICMEs ejecta), plasma data ‘no’, and a radial distance difference of less than 0.05
AU. We examine the remaining events and exclude the magnetosphere/magnetosheath data from the events. The
region within the magnetosheath and magnetosphere can be identified by the crossings of bow shock, which are
characterized by sudden changes in the strength of the magnetic field (Wang et al., 2018), as shown by the
lavender-shadowed regions in Figure 2. We give the start and end times of the magnetosphere/magnetosheath
regions in ICMEs in Table 2. Then, we use the velocity-modified cylindrical force-free flux rope model proposed
by Wang et al. (2015) to fit the remaining ICMEs, preserving the handedness (H) consistent ICMEs in the event
group, and we do not analyze the other ICMEs here. Finally, only 14 multipoint observation ICME events, which
had also been present in some previous studies, were retained. By fitting, we can obtain several ICME parameters:
the magnetic field strength (By) on the ICME axis, the elevation (6) and azimuthal angles (¢) of the flux rope (@
ranges from —90° to 90°, and ¢ is defined counterclockwise from the positive x-direction toward the sun, ranging
from 0° to 360°); the closest distance (d) of the observed path from the axis of the flux rope; the handedness (H) of
the flux rope; the axial magnetic flux (F,); the helicity (H,,); and the normalized root-mean-square error (;(n) used

to evaluate the goodness of fit.

Figure 3 shows the in situ data and fitting result of the ICME observed by the MES and Stereo-B in the event
Label 8. From the figure, we can see that the fitted results of the three components of this ICME magnetic field are
in good agreement with the observed data. Event Label 8 has been extensively studied (Amerstorfer et al., 2018;
Good et al., 2018, 2019; Good & Forsyth, 2016; Vrsnak et al., 2019) but only Vr$nak et al. (2019) and Good
et al. (2019) provided the fitting parameters. Table 3 presents the fitting results of this paper and theirs. The fitting
models used by Good et al. (2019) and Wang et al. (2015) are both cylindrical force-free flux rope models
(Lundquist solutions model (Burlaga, 1988; Lepping et al., 1990)), but the methods they used to find the best-fit
are different. The method used by Wang et al. (2015) was non-linear least squares fitting (Markwardt, 2009),
while Good et al. (2019) employed Minimum variance analysis (Goldstein, 1983) and Nelder-Mead simplex
method. The fitting model used by Vr$nak et al. (2019) is the force-free uniform-twist Gold—Hoyle configuration
model (Gold & Hoyle, 1960; Wang, Zhuang, et al., 2016). From Table 3, we can find that (a) The axial magnetic
field strength and radius obtained by fitting the three models are not significantly different, around 10%, and the
power-law exponents of the axial magnetic field strength and radius with the radial distance are also not
significantly different. (b) The 8 and ¢ obtained by fitting at the MES are quite different, but the changing trends
of 8 and ¢ seem to be the same. With the propagation of ICME, |0] has a decreasing trend, and ¢ has a tendency to
lean toward the solar east. Overall, there are no systematic differences among these three models.

Because some spacecraft do not carry plasma detectors, some ICME in situ data are missing plasma data, so we
cannot obtain the ICME propagation speed. Therefore, we use the average velocity method to estimate the
propagation speed of ICMEs from missing plasma data. The formula we used to estimate the radius of ICMEs is

R = % (except for event Label 14 in Table 4, because in this Group event the radius of ICMEs are

obtained directly by fitting) and where v is the propagation speed of the ICME, At is the duration of the ICME, and
where 6, ¢ and d are the fitted elevation angle, azimuth angle and closest distance, respectively. This ICME radius
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Data from VEX and STEREO-A in HCI
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Figure 1. The normalized three-component variation map of the ICMEs magnetic field of event Label 18 observed by venus
express (VEX) and STEREO-A. The data gaps in VEX are caused by the spacecraft entering the magnetosphere, and the data
gap in STEREO-A is missing data. From top to bottom, the panels are normalized to the X, y and z components of the
magnetic field in the HCI coordinate system. B,/ B, indicates the ratio of the x component of the magnetic field to the total
strength of the magnetic field. The same applies to B,/ B; and B/ B,. The blue dots represent the magnetic field components of
the interplanetary coronal mass ejection (ICME) as observed by VEX, and the red dots represent STEREO-A. The RMSE
represents the root-mean-square error between them. “0” Represents the start time of the ICME, and “1” represents the end time
of the ICME.

estimation formula was obtained from Vr$nak et al. (2019). We find that this calculation formula is not suitable
for estimating the radius of the ICME when 0 approaches 0° and where ¢ approaches 180° or 360°). Therefore, we
eliminate event groups where the fitting parameter 0 is close to 0° and ¢ is close to 180° or 360°). Finally, we also
calculate the axial magnetic flux @, and helicity H,, by using the formulas for calculating the axial magnetic flux
and helicity given by Wang et al. (2015).

3. Results and Analysis

Table 4 lists the fitting parameters for 14 sets of ICMEs, estimation results of the velocity and radius, and power
exponent values (PE) of the power-law relationship between the average total magnetic field strength (B,), axial
magnetic field strength (By), radius (R), axial magnetic flux (®,), helicity (H,,) and radial distance (D). The labels
in the brackets in the first column of Table 4 correspond to the labels in Table 1. The eighth column (the closest
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Table 1

The List of Multipoint Observation ICME Events

Label Observer Time begin Time end @' o' D A¢’ AD Structure Plasma

1 Wind* 1998-03-04T14:37:30 1998-03-05T20:29:09 88.11 —7.31 098 6.21 442 bad yes
Ulysses®  1998-03-23T13:30:00 1998-03-28T18:00:00 81.90 —4.90 5.40

2 Wind* 2007-05-21T22:24:00 2007-05-22T13:15:00 164.52 —1.91 1.00 2.72 0.06 bad yes
STB¢ 2007-05-22T04:20:00 2007-05-22T22:00:00 161.80 —2.60 1.06

3 MES* 2007-05-24T22:45:07 2007-05-25T05:54:14 112.40 —1.60 0.67 1.31 0.05 good no
VEX! 2007-05-25T03:36:00 2007-05-25T09:44:00 113.71 —3.50 0.72

4 VEX! 2008-12-29T20:45:36 2008-12-30T07:48:05 329.08 1.94 0.72 9.02 0.31  good yes
STB¢ 2008-12-31T04:00:00 2008-12-31T21:25:00 338.10 3.00 1.03

5 VEX¢ 2009-06-02T18:38:53 2009-06-03T12:20:10 218.16 2.40 0.73 9.04 0.23  bad yes
STA® 2009-06-03T06:42:00 2009-06-04T22:40:00 227.20 5.50 0.96

6 VEX¢ 2009-07-10T17:15:55 2009-07-11T06:02:29 278.26  3.81 0.73 9.66 0.23  good yes
STA® 2009-07-11T23:30:00 2009-07-12T19:20:00 268.60  7.30 0.96

7 MES* 2009-08-28T01:22:05 2009-08-28T15:36:00 212.20 —2.20 0.56 3.60 0.52  bad yes
STB¢ 2009-08-30T16:20:00 2009-08-31T05:40:00 208.60  3.30 1.08

8 MES* 2010-11-05T16:52:19 2010-11-06T13:07:41 246.60 —0.40 0.46 040 0.62  good yes
STB® 2010-11-08T02:46:00 2010-11-09T09:06:00 247.00 6.60 1.08

9 VEX! 2011-03-19T04:53:04 2011-03-20T00:32:05 187.03 0.52 0.73 427 0.23  good yes
STA® 2011-03-19T23:34:00 2011-03-21T00:10:00 191.30  1.50 0.96

10 VEX* 2011-03-22T17:28:02 2011-03-23T18:20:44 192.61 0.89 0.73 1.89 0.23  good yes
STA® 2011-03-23T06:55:00 2011-03-24T23:17:00 194.50 1.90 0.96

11 VEX¢ 2011-04-05T16:25:37 2011-04-06T02:50:00 214.69 2.24 0.73 549 0.23  good yes
STA® 2011-04-06T09:40:00 2011-04-06T23:41:00 209.20  3.70 0.96

12 VEX¢ 2011-04-20T06:51:50 2011-04-20T22:00:29 237.78 3.30 0.73 12.78 0.23  good yes
STA® 2011-04-21T07:12:00 2011-04-22T10:58:00 225.00 5.30 0.96

13 MES* 2011-10-15T11:16:48 2011-10-16T06:23:02 161.70 —3.40 0.46 3.71 0.26  good no
VEX! 2011-10-16T06:57:36 2011-10-17T09:38:53 165.41 —0.90 0.73

14 Wind* 2011-10-31T00:58:30 2011-11-01T17:19:00 321.47 4.59 098 298 0.30 bad yes
Juno® 2011-11-02T10:22:30 2011-11-04T08:19:30 324.45 4.16 1.28

15 MES* 2011-11-05T01:03:12 2011-11-05T14:45:17 221.30 —1.80 0.44 430 0.65  good yes
STB® 2011-11-06T22:50:00 2011-11-08T18:00:00 225.60  5.00 1.09

16 MES* 2011-12-31T02:23:58 2011-12-31T09:10:10 128.00 —2.80 0.42 440 0.54  good yes
STA® 2012-01-01T17:00:00 2012-01-02T04:00:00 132.40 —5.40 0.96

17 STB® 2012-05-13T03:50:00 2012-05-14T03:00:00 38.70 —4.30 1.00 4.09 1.14  good yes
Juno® 2012-05-18T19:10:30 2012-05-20T15:40:37 42.79 —-5.00 2.14

18 VEX 2013-01-08T15:54:32 2013-01-09T19:17:32 166.96 —0.82 0.73 496 0.24  good yes
STA® 2013-01-09T11:30:00 2013-01-10T17:00:00 162.00 —2.20 0.96

19 Wind* 2013-04-14T16:39:00 2013-04-15T18:00:00 129.10 —5.59 0.99 1.06 0.62  good yes
Juno® 2013-04-17T01:21:30 2013-04-19T20:47:29 130.16 —5.60 1.61

20 MES' 2013-05-01T08:51:54 2013-05-01T22:30:12 277.20 1.40 0.36 5.00 0.60  good yes
STA® 2013-05-03T05:50:00 2013-05-04T16:10:00 282.20  7.20 0.96

21 MESf 2013-07-11T04:22:28 2013-07-11T22:53:30 215.80 —2.00 0.45 0.89 0.56  good yes
Wind* 2013-07-13T05:30:00 2013-07-14T23:33:00 21491 4.13 1.01

22 MES! 2013-09-13T04:50:17 2013-09-13T16:29:03 147.80 —3.30 0.45 8.80 0.59  good yes
STB® 2013-09-16T04:20:00 2013-09-17T00:25:00 139.00 —5.00 1.04
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Table 1
Continued
Label Observer Time begin Time end ¢’ o' D A¢’ AD Structure Plasma
23 Wind* 2013-12-01T13:30:00 2013-12-02T23:54:22 353.86 0.80 0.98 0.79 0.37  good yes
Juno® 2013-12-02T21:44:30 2013-12-04T19:18:29 354.65 4.30 1.35
24 MAVEN# 2016-01-19T01:47:00 2016-01-22T01:58:00 106.54 —5.60 1.65 10.84 3.68  bad yes
Juno® 2016-02-09T11:08:11 2016-02-13T00:02:31  95.70 —5.35 5.33
25 Wind* 2016-03-05T18:08:34 2016-03-06T17:10:10 89.47 —7.23 098 8.03 4.40  good yes
Juno® 2016-03-22T04:53:31 2016-03-23T19:42:52 97.50 —5.46 5.38
26 SO# 2020-04-19T10:00:00 2020-04-20T07:05:00 129.96 —-3.90 0.81 5.12 0.19  good yes
Wind® 2020-04-20T07:55:42 2020-04-21T06:25:42 135.08 —5.13 1.00 1.52 0.01
27 Bepi® 2020-04-20T08:50:00 2020-04-21T07:50:00 133.56 —5.50 1.01 3.60 0.20
Bepi® 2020-05-29T15:27:00 2020-05-30T05:00:00 167.49 —2.73 098 5.60 0.03  good yes
Wind#® 2020-05-30T04:18:00 2020-05-30T15:54:00 173.09 —0.88 1.01
28 Bepi® 2021-05-25T00:27:00 2021-05-26T04:42:00 56.18 —3.24 0.79 16.11 0.16  bad yes
SO® 2021-05-27T20:14:00 2021-05-28T10:27:00 72.29 —-0.98 0.95
29 Bepi® 2021-07-01T01:14:00 2021-07-01T17:24:00 99.66 —3.80 0.83 3.77 0.08  good no
SO# 2021-07-01T11:12:00 2021-07-02T03:43:00 103.43 —1.75 0.91
30 Bepi® 2021-07-25T22:10:00 2021-07-26T10:48:00 129.52 —2.95 0.78 0.26 0.02  good no
SO® 2021-07-26T01:38:00 2021-07-26T11:00:00 129.78 —2.02 0.81
31 PSP® 2021-09-12T15:53:00 2021-09-13T07:39:00 236.02 3.23 0.72 1.77 024  good yes
STA® 2021-09-13T16:58:00 2021-09-14T12:22:00 23425 6.02 0.96
32 SO® 2021-10-30T22:19:00 2021-10-31T07:48:00 319.72 2.10 0.82 2.62 0.16 bad yes
Wind® 2021-10-31T09:34:00 2021-10-31T14:50:00 322.34  4.42 0.98
33 SO# 2021-11-04T00:20:00 2021-11-04T19:38:00 324.85 2.00 0.85 134 0.14 good yes
Wind* 2021-11-04T07:00:00 2021-11-05T04:17:08 326.19  4.02 0.98
Note. ¢', 6" and D are the longitude, latitude and radial distance in the HCI coordinate system, respectively. A¢’, AD are the
differences in longitude and radial distance between the two spacecraft, respectively. “Bad” refers to the presence of structures
such as shock waves or current sheets in the ICMEs ejecta that cause drastic changes in the magnetic field, whereas “good”
refers to the opposite. “Yes” means that the spacecraft has observed plasma data at this time, and ‘no’ means that it does not. D
and AD are in units of AU, and €', ¢’ and A¢’ are in units of degree. MES: MESSENGER; VEX: Venus Express; STA:
STEREO-A; STB: STEREO-B; PSP: Parker Solar Probe; MAVEN: Mars Atmosphere and Volatile EvolutioN; SO: Solar
Orbiter; Bepi: BepiColombo. “Events from Chi et al. (2016). ®Events from Ebert et al. (2009). “Events from Jian et al. (2018).
YEvents from Good and Forsyth (2016). “Events from Davies et al. (2021). ‘Events from Winslow et al. (2015). Events from
Mostl et al. (2017, 2020).
distance d) and ninth column (normalized root-mean-square y,,) of Table 4 can often be used to evaluate the
goodness of fit (Lepping et al., 2006; Wang et al., 2015). The absolute values of d in Table 4 are all less than 0.95,
and those of y,, are less than 0.6, which indicates that these ICMESs are well fitted. According to Tables 1 and 4, the
minimum longitude difference of the ICMEs involved in this study is 0.40°, and the maximum longitude dif-
ference is 9.02°. The radial distance ranges from 0.36 AU to 2.14 AU. The minimum radial distance difference is
0.14 AU, and the maximum radial distance difference is 1.14 AU.
3.1. Total Magnetic Field Strength and Axial Magnetic Field Strength
We studied the evolution of the average total magnetic field strength (B,), axial magnetic field intensity (By) and
radius (R) of ICMEs during interplanetary propagation. Figure 4a) shows the distribution of the average total
magnetic field strength for each set of ICMEs as the radial distance changes in a double-logarithmic coordinate
system. In Figures 4a, 4c and 4e, the colors indicate different ICME groups, while the dashed lines represent the
corresponding trends within each group, consistent with the representation in Figures 6a and 6¢. From Figure 4a,
we can obtain B,(D), : B, x D™"68*%17 with a Pearson correlation coefficient of cc = —0.89. This dependence
indicates that the rate of decay of the average total magnetic field strength is slightly less than would be expected
ZHANG ET AL. 6 of 20

85U8017 SUOWWOD 8AIEa.D 3(qedlidde ays Aq pausenob are sejoife YO ‘8sn 4O Sa|nJ 40} Areiq1 8UUO /8|1 UO (SUORIPUOD-PUE-SWBI W00 A8 1M Aeiq U [UO//SdnL) SUORIPUOD pue W | 8L 885 *[5202/20/22] uo Ariqiiauluo A8|im ‘80w s JO AIsAIUN AQ #601E0VLSZ0Z/620T OT/I0p/wod A8 |im Are.q i jpul|uo'sgndnBe;/sdny wo.y pepeojumoq ‘. ‘5202 ‘Z0v669T2



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics

10.1029/2025JA034094

Data from MESSENGER in RTN

s Y
wo N

100

80

60 \

B (nT)
o

. i . o
o]

20

100

50

Br (nT)

—sof ) aﬁwﬁ .'

-100 ) \"-- L2 L
100

Bt (nT)

—-100 -
100 : - T

50 :
¥

O

Bp (nT)

-50

1900 1800 ~00:00 06:00  12:00 18:00 00:00
Time (start from 2011 Nov 04 12:00:00 UT)

Figure 2. Magnetic field measured by MESSENGER. From top to bottom, the panels represent the total magnetic field
strength |B|, the R component Bg, the T component B; and the N component By of the magnetic field, respectively. The
black dots indicate the magnetic field in situ data. The red vertical lines represent the start and end times of the interplanetary
coronal mass ejection body. The lavender-shadowed regions indicate the magnetosheath and magnetosphere behind the
planetary bow shock.

1.52 and

from isotropic self-similar expansion. Our result is slightly different from the conclusions (B, x D~
B, & D™140£008) of [ju et al. (2005) and Wang et al. (2005). In the study of Liu et al. (2005) and Wang
et al. (2005), they analyzed 216 and 600 ICMEs respectively, all of which mainly occurred in Solar Cycles 21 and
23, with radial distance ranging from 0.3 to 5.4 AU. However, in this study, only 28 (14 groups) ICME events
were involved, with radial distance ranging from 0.36 — 2.14 AU, and the events were mainly occurred in Solar
Cycle 24. The difference in the number of ICMEs, the difference in the range of radial distance and the difference
in the space environment caused by the different degree of solar activity may be the cause of the difference in the

power-law rate relationship between the average total magnetic field strength and the radial distance.

We also separately fit the power-laws of B, and D for each group of ICMEs, and the fitted power-law exponents
PEg, are shown in Table 4 and Figure 4b. From Figure 4b, we find that PEp presents a relatively large scatter
distribution (from —2.13 to —0.69), which is also present in the studies of Davies et al. (2022), Good et al. (2019),
I. G. Richardson (2014), Salman et al. (2020) and Vr$nak et al. (2019). This distribution indicates a significant
difference in the radial dependence of the average total magnetic field intensity among each group of ICMEs. We
calculate the mean and standard deviation of PEg, and thus obtain a power-law relationship between B, and D,

B,(D), : B, x D™""*%04 Unsurprisingly, the results also show that the rate of decay of the average total magnetic

field strength is slightly lower than would be expected from isotropic self-similar expansion. The power-law

relationship between B, and D obtained in this study is very close to B,(D): B, D™1:40+053

Davies et al. (2022).

obtained by
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Table 2

Magnetosphere/Magnetosheath Regions in Some ICMEs

ICME Magnetosphere/Magnetosheath

Label  Observer time begin time end time begin time end

1(15) MES* 2011-11-05T01:03:12  2011-11-05T14:45:17  2011-11-05T06:40:00  2011-11-05T07:18:00
2011-11-05T07:40:00  2011-11-05T11:30:00

2 (18) VEX* 2013-01-08T15:54:32  2013-01-09T19:17:32  2013-01-08T23:50:00  2013-01-09T00:13:00
2013-01-09T00:47:00  2013-01-09T01:13:00
2013-01-09T01:50:00  2013-01-09T02:13:00
2013-01-09T02:50:00  2013-01-09T03:13:00
2013-01-09T04:20:00  2013-01-09T07:20:00

3 (20) MES® 2013-05-01T08:51:54  2013-05-01T22:30:12  2013-05-01T15:25:00  2013-05-01T16:50:00

4 (21) MES® 2013-07-11T04:22:28  2013-07-11T22:53:30  2013-07-11T06:10:00  2013-07-11T10:20:00
2013-07-11T11:25:00  2013-07-11T18:05:00

5(22) MES" 2013-09-13T04:50:17  2013-09-13T16:29:03  2013-09-13T05:20:00  2013-09-13T05:40:00

2013-09-13T08:20:00
2013-09-13T12:20:00

2013-09-13T11:50:00
2013-09-13T13:30:00

Note. The labels in parentheses in column 1 correspond to those in Table 1. *events from Good and Forsyth (2016). ®events
from Winslow et al. (2015).

Figure 4c shows the distribution of the axial magnetic field strength with the radial distance in a double loga-
rithmic coordinate system. The colors and dashed lines in Figure 4c have the same meaning as those in Figure 4a.
From Figure 4c, we can obtain the power-law relationship By with D, By(D), : By « D~*%%15 Pearson cor-
relation coefficient cc = —0.90, which is similar to B,(D),. By(D), differs slightly from the conclusions of Good
etal. (2019) (PE = —1.76 £ 0.04, ranging from 0.32 — 1.1 AU), Farrugia et al. (2005) (PE = —1.73, ranging
from 0.3 — 1 AU), and Leitner et al. (2007) (PE = —1.64 = 0.40, ranging from 0.3 — 1 AU), likely due to
variations in the radial distance ranges analyzed in each study. Similarly, we separately fit By and D for each
group of ICMEs, and the fitted power exponents PEg are shown in Figure 4d. From Figure 4d, we find that PEg,
also exhibits a relatively large scatter distribution, ranging from —2.01 to —0.26, which is larger than the range of
PEp . Another power-law relationship between B, and D obtained by calculating the mean and standard deviation

of PEg, By(D),: Byox D051 g also similar to B,(D),. By(D), is basically consistent with another

conclusion By o D™1¥*071 reached by Good et al. (2019). Both By(D), and By(D), indicate that the decay rate of
the axial magnetic field strength is slightly slower than the expected isotropic self-similar expansion.

3.2. Flux Rope Radius

Figure 4e shows the distribution of the flux rope radius with the radial distance in a double logarithmic coordinate
system. From Figure 4e, we can obtain the power-law relationship R with D, R(D), : R & D*3*022 and the
Pearson correlation coefficient cc = 0.62. The R(D), is consistent with the results of Vr$nak et al. (2019) and
Bothmer and Schwenn (1998). The power exponent PEy obtained via power-law fitting alone is shown in
Figure 4f. Figure 4f shows that PEj still presents a relatively large scatter distribution, ranging from 0.2 (slow
expansion) to 1.04 (self-similar expansion). There are 36% (5 groups) of events that meet the expectation of self-
similar expansion (PEy from 0.9 — 1.1). Another power ratio relation between R and D is obtained by PEf,
R(D);, : R D*%8+926 These dependencies indicate that the expansion rate of the radius is in line with the ex-
pected self-similarity expansion, but slightly slower.

We found that the radius expansion rate distribution of ICME:s is very dispersed. Here, we have attempted to try to
explain this phenomenon. We divided 14 multipoint observation events into 4 groups according to the radial
distance of the ICME event group, namely Group 1 (including Labels 2, 5, 8, 9, and 10, from ~0.4 AU to ~1 AU),
Group 2 (Labels 1, 3, 4, 7, and 13, from ~0.7 AU to ~1 AU), Group 3 (Labels 12 and 14, from ~0.8 AU to ~ 1
AU), and Group 4 (Labels 6 and 11, events without the same start and end positions). Events in Group 4 were not
included in the analysis. The maximum of the total magnetic field strength (B,,,,) and the leading edge velocity
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Figure 3. Comparison of in situ data and fitting result of interplanetary coronal mass ejection (ICME) observed by the MES
and Stereo-B in event Label 8. Subfigure (a) shows the observational data and the fitting results of ICME at MESSENGER
spacecraft, and subfigure (b) is at the Stereo-B spacecraft. The blue dots represent in situ observation data. The red lines
represent the data obtained by fitting the flux rope model. The black vertical lines represent the start and end times of the

ICME body.
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Table 3
A Comparison of the Fitting Results of Different Fitting Models for Event Label 8

MES STB PE; PEg

Model By 0 ¢ H R 7 By 0 ¢ H R 7

This paper 554 —=51.8 54.1 1 0.1175 0.096 19.09 -325 88.8 1 0.1531 0.084 —1.25 0.31
Vrsnak et al. (2019) 49.8 —60.1 885 1 0.104 0.058 203 =322 828 1 0.145 0.063 —1.08 0.4
Good et al. (2019) 54.6 —38.8 1428 1 / 0.07 199 -334 924 1 / 003 -1.19 /
Maximum deviation 10% 213 887 / 11% / 6% -09 36 / 5% [/ / /

Note. The fitting model used in this paper was proposed by Wang et al. (2015). In the Vr3nak et al. (2019), the parameter ;(3 is
from the E,,,; parameter. In the Good et al. (2019), the parameter ¢ is in the Spacecraft Equatorial (SCEQ) coordinate. The
table gives the converted ¢ values.

(Viemge) of each ICME and the magnetic field strength (Bgy) and velocity (V) of the background solar wind
were subsequently calculated, as shown in Table 5.

We also calculated the average PER of Group 1 and Group 2 (PEg, and PEs;), which excludes ICME events
propagating in high-speed solar wind (Vgy > Viepr) (Labels 1 and 13). Not surprisingly, we find that
PE; = 0.66> PE;, = 0.42. This indicates that the expansion rate of the ICME propagating from ~0.4 AU to
~0.7 AU tends to be greater than the expansion rate propagating from ~0.7 AU to ~ 1.0 AU. Figure 5a shows the
variation in the magnetic pressure differential with the radial distance at the initial positions in Group 1 and Group
2. The magnetic pressure difference decreases with increasing radial distance, which may be the reason for the
larger expansion rate of the ICME as it propagates from ~0.4 AU to ~0.7 AU.

Figure 5b shows the distribution of the magnetic pressure difference (APg) between the ICME and the back-
ground solar wind at the initial position for each multipoint observed event in Groups 1, 2, and 3 with respect to
the expansion rate of the ICME radius. We found that in Group 1, the expansion rate of the ICME increased with
increasing magnetic pressure difference (positive correlation), whereas in Groups 2 and 3, the expansion rate of
the ICME decreased with the increasing magnetic pressure difference (negative correlation). This indicates that
the ICME propagates from approximately 0.4 AU to approximately 0.7 AU, and its radius expansion rate is
usually related to the initial magnetic pressure difference, whereas other factors affect its expansion rate from
approximately 0.7 AU to approximately 1 AU. This conclusion is similar to that of Lugaz et al. (2020).

Figure Sc shows the distribution of the velocity difference (AV) between the ICME and the background solar
wind vs. the ICME expansion rate. We find that (a) in Group 2, the ICME propagating in high-speed solar wind
(AV < 0) tends to expand faster than the ICME propagating in low-speed solar wind (AV > 0); (b) in both Group 2
and Group 3, the expansion rates of ICME decrease with increasing AV. According to the drag-based model
proposed by VrS$nak et al. (2013), the drag force received during ICME propagation is often proportional to the
square of the velocity difference between the ICME and background solar wind. The larger the velocity difference
is, the greater the drag force on the ICME, which may make it more difficult for the ICME to expand or even
change the shape of the ICME cross-section.

In summary, the magnetic pressure difference and the velocity difference between the ICME and the background
solar wind are two factors that affect the expansion rate of the ICME. This view is similar to that of Lugaz
et al. (2020) and Démoulin and Dasso (2009). The dominant factors are different in different locations. At
~0.4— ~0.7AU, the ICME expansion rate is affected mainly by the magnetic pressure difference. At
~0.7— ~1.0 AU, the ICME expansion rate is influenced mainly by the velocity difference.

3.3. Axial Magnetic Flux and Helicity

Figure 6a shows the evolution of the axial magnetic flux and the power-law relationship between ®, and D,
®,(D), : ®, x D*!1#£%52 The Pearson correlation coefficient of this power-law relationship is only cc = 0.05.
Given the large uncertainty in the power-law exponent and the very low correlation coefficient and the fact that the
start and end times of ICMEs chosen at one location may not exactly match those chosen at another location, the
axial magnetic flux can therefore be considered constant. The PEg, of each group of ICMESs obtained via power-law
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Table 4

ICMEs Parameters and Power Law Relationship of Parameters and Radial Distance

Label Observer B, By 0 17 H d Xn v R D, H, PEg  PEg, PEr PEy  PEp,

1** @) VEX® 1034 1416 —-12.7 3193 -1 0.72 0.50 359 0.0466 9.22E+19 130E+41 -0.88 —0.76 1.02 129 255
STB* 756 10.83 34 3298 -1 0.69 037 454 0.0669 1.45E+20 3.22 E+41

2% (8) MES*® 4432 5540 -51.8 54.1 1 —046 031 457 0.1175 229E+21 2.04E+43 -1.19 -125 031 -0.63 —0.58
STB* 16.19 19.09 -32.5 88.8 1 —-0.12 029 415 0.1531 134E+21 1.25E+43

3% (9) VEX® 16.58 16.82 —16.7 3179 -1 0.60 0.58 542 0.1130 643 E+20 263E+42 -196 -154 072 -0.10 0.08
STAY 9.61 10.94 20 2319 -1 —0.55 0.53 492 0.1382 6.26 E+20 2.69 E+42

4*0 (11) VEX® 17.08 25.57 156 36.7 1 —-0.79 041 592 0.0768 4.52E+20 191E+42 -142 -1.60 035 -090 -I1.15
STAY 11.53 1643 —0.5 407 1 —-0.73 034 522 0.0846 3.52E+20 1.39 E+42

5% (15) MES*® 36.32  49.80 112 2090 -1 -053 034 557 0.0556 4.62E+20 1.67E+42 -1.71 -1.75 057 -0.60 —0.78
STB* 7.64 10.11 2.1 3474 -1 0.65 035 619 0.0938 2.67E+20 8.16 E+41

6" (17) STB* 10.83 17.60 6.1 2227 -1 —093 038 354 0.1848 1.80E+21 1.74E+43 —-145 -1.50 092 035 0.77
Juno® 359 5.63 72 2212 -1 —094 047 344 03728 234E+21 3.12E+43

7P (18)  VEX® 18.63 2298  70.6 286.5 1 049 034 493 0.1859 238E+21 2.19E+43 —-0.69 -026 020 0.13 1.07
STAY 1534 2136 642 200.8 1 0.56 0.28 500 0.1965 247 E+21 2.95E+43

8" (20) MES"  101.61 9893 —03 3048 -1 —0.18 052 559 0.0768 1.75E+21 143E+43 —-198 —201 091 -0.19 —029
STAY 1482 1398 27.0 3110 -1 -0.16 0.57 546 0.1860 1.45E+21 1.07 E+43

9° (21) MES" 37.10 48.16 —6.0 2536 -1 -—033 035 477 0.1085 1.70E+21 1.18E+43 —-137 —-1.57 095 032  0.70
Wind' 1231 1357 -27.6 2804 -1 —-0.06 0.36 463 0.2326 220E+21 2.07 E+43

10° (22) MES" 3295 32.17 6.7 71.1 1 —-033 058 365 00515 256E+20 5.62E+41 -2.13 —-1.83 058 -0.67 —-092
STB* 546 6.88 27.1 101.0 1 —042 033 319 0.0838 1.45E+20 2.58 E+41

117 (23) Wind! 874 1291 351 2026 -1 0.77 043 509 0.2178 1.84 E+21 149E+43 -155 -1.65 059 -048 —0.54
Juno® 529 757 =332 1892 -1 0.85 0.55 450 0.2633 1.57E+21 1.25E+43

127* (26) SO 18.74 21.44 99 8.6 -1 —-024 041 333 0.0873 490E+20 2.19E+42 -124 -1.12 080 047 1.14
Wind' 14.45 16.95 225 835 -1 —025 037 369 0.1031 540E+20 2.79 E+42

135 (31) PSP 11.24 1491 364 760 -1 0.56 033 368 0.0828 3.06 E+20 8.08 E+41 —-2.10 -1.78 1.04 029 0.5
STA! 620 9.02 488 925 -1 0.67 029 353 0.1110 3.33E+20 9.45E+41

145 (33) SO 1838 2047 5.1 180.2 1 —-071 0.32 - 0.0302 5.60E+19 8.68E+40 —1.04 —0.44 0.63 0.82 2.0l
Wind' 15772 19.16 2.6 1823 1 -0.63 0.30 — 0.0332 633 E+19 1.17 E+41

ave - - - - - - - - - - - - —1.48 —136 0.68 0.01 0.33

std - - - - - - - - - - - - 044 051 026 0.6l 1.08

Note. B, is the average value of the total ICMESs' magnetic field strength calculated from the observed data. By, 6, ¢, H, d, and y,, are the axial magnetic field strength,
elevation angle, azimuth angle, handedness, closest distance and normalized root-mean-square error of the fitted flux rope, respectively. v is the speed of the ICMEs
derived from observations or estimates. R is the radius of the ICME flux rope. ®, and H,, are the axial magnetic flux and helicity of the ICME flux rope, respectively. PEp ,
PEg , PEg, PEg_and PEy are the power exponent values of the power law relationship between the total magnetic field strength, axial magnetic field strength, radius,
axial magnetic flux and helicity and radial distance of ICMEs, respectively. “Ave” and “std” represent the average values and standard deviations of the power exponent,
respectively. B, and By are in units of nT, @ and ¢ in units of degree, d in units of R, v in units of km - s~!, R in units of AU, ®_ in units of MX, and H,, in units of MX?. The
labels in parentheses in column 1 correspond to those in Table 1. Event Label 33: Due to the presence of plasma observation data from both observers, the radius of the
flux rope can be directly obtained through fitting. *Good et al. (2019). Salman et al. (2020). “events from Good and Forsyth (2016). devents from Jian et al. (2018).
°Vrinak et al. (2019). ‘Davies et al. (2022). Zevents from Davies et al. (2021). "events from Winslow et al. (2015). ‘events from Chi et al. (2016). Mastl et al. (2022). “the
LineupCAT (https://helioforecast.space/lineups). 'events from Mostl et al. (2017, 2020) and the ICMECAT (https://helioforecast.space/icmecat).

fitting is shown in Figure 6b, and another power-law relationship between @, and D is obtained by using its average
value and standard deviation, ®,(D),, : ®, & D*1 06! 'which is compatible with ®,(D) = constant.

We also investigated the evolution of the flux rope helicity during interplanetary propagation, as shown in
Figure 6¢c. From Figures 6¢c and 6d, we can obtain two kinds of dependences between H,, and D,
H, (D), : H, «D***08% with the Pearson correlation coefficient cc = 0.11 and H,,(D), : H,, & D*¥*1% The
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Figure 4. Evolution of the total magnetic field strength, axial magnetic field strength and radius of ICMEs. Panels (a, c, and e)
show the power-law relationship of the total magnetic field strength, axial magnetic field strength, and radius with radial
distance of all ICMEs, respectively (except for the Label 14 in Panels (c, e)). Each color represents a set of ICMEs. Dotted
lines of different colors connect the same set of ICMEs the data points. The black dashed line represents the power-law
relationship obtained by fitting all data points. “cc” is the correlation coefficient of the power law relationship. Panels (b,
d and f) show the power-law exponential distribution of the total magnetic field strength, axial magnetic field strength, and
radius with radial distance of each group of ICMEs, respectively. “Mean” and “Std” represent the mean and standard

deviation of the power-law exponents.
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Table 5
Classification and Parameters of ICME
Group Label D PER Biax Bgw APy Vieme Vew AV
Gl 2 0.46 0.31 54.88 12.75 0.1134 - - -
1.08 17.65 2.46 0.0122 414.80 294.04 120.76
5 0.44 0.57 71.53 17.35 0.1916 - - -
1.09 10.06 4.47 0.0032 618.67 469.18 149.49
8 0.36 0.91 162.65 34.67 1.0047 - - -
0.96 21.94 3.81 0.0186 545.83 452.25 93.58
9 0.45 0.95 75.11 22.13 0.2050 - - -
1.01 16.43 5.09 0.0097 463.08 374.93 88.15
10 0.45 0.58 73.32 29.71 0.1788 - - -
1.04 6.29 5.53 0.0004 318.50 311.97 6.53
G2 1 0.72 1.02 20.97 7.52 0.0152 - - -
1.03 8.98 5.78 0.0019 454.23 478.62 —24.39
3 0.73 0.72 35.00 10.30 0.0445 - - -
0.96 12.88 5.00 0.0056 492.23 401.49 90.74
4 0.73 0.35 19.68 6.26 0.0139 - - -
0.96 14.00 6.57 0.0061 522.27 394.12 128.15
7 0.73 0.20 39.20 9.07 0.0579 - - -
0.96 18.36 5.72 0.0121 500.10 357.55 142.55
13 0.72 1.04 13.94 7.91 0.0052 - - -
0.96 7.52 4.60 0.0014 353.10 387.00 —33.89
G3 12 0.81 0.80 21.20 3.86 0.0173 - - -
1.00 16.29 2.44 0.0103 369.33 295.30 74.03
14 0.85 0.63 24.65 7.59 0.0219 - - -
0.98 23.64 2.81 0.0219 700.28 495.95 204.33
Note. Bpax, Vieme> Bsw, Vsw, APg and AV are the maximum ICME total magnetic field strength and leading edge velocity,
the background solar wind magnetic field strength and velocity, and the magnetic pressure difference and velocity difference,
respectively. The units of B,,,, and Bgy are nT. V;cye, Vs and AV are measured in km/s. The unit of APp is %1078 Pa. The
quality of the magnetic field data in Label eight is not very good, and there may be a part of the magnetic field data in
Mercury's magnetosphere.
dependence between H,, and D is similar to that between @, and D, both of which have large uncertainties and
very low correlation coefficients. Therefore, helicity can also be considered a constant.
3.4. Flux Rope Axis Orientation
ICMESs may interact with other ICMESs or interplanetary structures during interplanetary propagation, causing
deflection of ICMEs (Gopalswamy et al., 2001; Liu et al., 2019; Lugaz et al., 2012; Shen et al., 2012; Wang
et al., 2004, 2014). In this work, we studied how the flux rope axis orientation changes in the propagation process
by fitting the elevation and azimuthal angles (6 and ¢) obtained. Figure 7a shows the variation in elevation angle
for each group of ICME. We find that in 57% (8/14) of cases the absolute value of € decreases with the prop-
agation of the ICME. If the cases that @ at the inner spacecraft is close to zero are removed, 8 of 7/9 of the event are
decreasing. This phenomenon indicates that with the propagation of ICME, the flux rope axis tends to approach
horizontal. This result is consistent with the conclusion of Good et al. (2019). Figure 7b shows the distribution of
azimuthal angle with radial distance. In this panel, there is a weak indication that the flux rope axis has a tendency
toward the solar east (¢ = 90°) or the solar west (¢ = 270°), indicating a general east-west alignment. The
changes in the elevation and azimuthal angles (|A6|, |[A¢|) of the same group of ICMEs under different radial
distances are shown in Figure 7c—7e. When |A6| > 10° or |A¢h| > 20°, we considered that the direction of the flux
ZHANG ET AL. 13 of 20
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12 rope axis has changed. From these three panels, we found that |A8| and |Ag|
@ CC=0.93 generally have progressively decreasing distribution. 71% (10/14) of the
or * events had a change in the direction of the flux rope axis (elevation or
_osh azimuthal angle changes), indicating that the propagation direction of part of
£ ICMEs would change or the local flux rope structure would distort during
E 06k interplanetary propagation.
3
I . 4. Discussion and Conclusion
020 T o In this study, we established 33 ICME events with possible multipoint ob-
ool T : S servations on the basis of interplanetary data and ICME lists observed by the
) ) ) LT X MESSENGER, the VEX, the twin STEREO (including STEREO-A and
0.0 02 04 Distangz (AU) 08 1.0 12 STEREO-B), the Wind, the Juno, the Parker Solar Probe, the Mars Atmo-
sphere and Volatile EvolutioN, the Solar Orbiter, the Bepi Colombo, and the
L2 7 T o Ulysses spacecraft or probes. The results are shown in Table 1. We have fitted
® ,"I gggi 2008(32 I the ICME:s of 14 groups of events that satisfied the conditions, which have
]'0? + ,"I CCp3 =-1.00 - EZ also appeared in some previous studies, and the fitting results are shown in
'\,': ,"I A Table 4. On the basis of the fitted parameters and in situ observation data, we
08 ‘L ,", studied the power-law relationships between the average total magnetic field
e |i /'l intensity, axial magnetic field intensity, radius, axial magnetic flux and hel-
& 0o T“.‘ ,"l* icity of ICMEs and the radial distance, and investigated the deflection during
oal E:‘\\ /,"I the interplanetary propagation of ICMEs. The main findings are as follows:
‘: “‘.‘ *,f' 1. Through power-law fitting of all the data, we found power-law relation-
02F ‘:+\| ,"’ ships between the average total magnetic field strength, axial magnetic
: ,‘(l field strength, and flux rope radius of ICMEs and the radial distance
040 = 02 0 06 03 10 12 B(D),: B, D™"%¥=017 " By(D),: Byoc D™= and  R(D),: R
APg (x1078 Pa) o DO84£022  The PEBM = —1.68 £ 0.17 is slightly smaller than the
12 PEg = —1.52 obtained by Wang et al. (2005) and the
o CCar=-0.15 P PEg = 1.40 + 0.08 obtained by Liu et al. (2005). This may be due to
ok T CCq2=-0.96 e differences in the number of ICMEs analyzed, the range of radial distance,
[, :\3::\ *, CC3=-1.00 ke and the space environment. The PEp,, = —1.54 + 0.15 is slightly larger
than the conclusions of Good et al. (2019) (PE = —1.76 + 0.04), Far-
rugia et al. (2005) (PE = —1.73), and Leitner et al. (2007)
(PE = —1.64 %+ 0.40), probably due to the larger maximum radial dis-
tance. The PEg,, = 0.84 + 0.22 is basically consistent with the results of
Vrsnak et al. (2019) (PE =0.84 + 0.29) and Bothmer and
Schwenn (1998) (PE = 0.78 + 0.10).
N 2. By calculating the average and standard deviation of the power exponents
of each group of events, other dependency relationships
0955 0 50 100 150 200 250 300 B,(D), : B, o D148 2044 By(D), : B o« D7I30£051 - apg R(D),: R

AV (km/s)

Figure 5. Correlation between ICMEs parameters. (a) Relationship between
magnetic pressure difference between the interplanetary coronal mass
ejection (ICME) and background solar wind and radial distance.

(b) Distribution of the magnetic pressure difference between the ICME and
the background solar wind and the expansion rate of the ICME radius.

(c) The correlation between the ICME expansion rate and the velocity
difference between the ICME and background solar wind. The blue fit
results in panel (b) are obtained by removing Label 8.

o DY8+026 ' are obtained. Only 36% of the event group is basically the
expansion of the self-similar. The PEp, = —1.48 + 0.44 is basically
consistent with the PE = —1.46 * (.53 obtained by Davies et al. (2022).
The PEg, = —1.36 * 0.51 is basically consistent with another conclu-
sion PE = —1.34 = 0.71 reached by Good et al. (2019). However, the
PER, = 0.68 £ 0.26 is different from the PE = 0.38 + 1.08 obtained
by Vr$nak et al. (2019). This may be because the study of VrSnak
et al. (2019) includes a number of events in which the ICME radius
decreases.

3. Similarly, the power-law relationships between axial magnetic flux and
helicity and radial distance are obtained by all data fitting:

®,(D),: ®,x D*14%052 and H,,(D), : H,, « D*¥3*%8 Obtain another power-law relationship between axial
magnetic flux and helicity and radial distance through the mean and standard deviation:
@.(D), : ®, x D*01+06! and H, (D), : H,, o D**3*1% These dependencies indicate that the axial magnetic
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Figure 6. Evolution of the axial magnetic flux and helicity of ICMEs. Panels (a, ¢) show the power-law relationship of the
axial magnetic flux and helicity with radial distance of all ICMEs, respectively (except for the Label 14). Each color
represents a set of ICMEs. Dotted lines of different colors connect the same set of ICMEs data points. The black dashed line
represents the power law relationship obtained by fitting all the data points. ‘cc’ is the correlation coefficient of the power-
law relationship. Panels (b, d) show the power-law exponential distribution of the axial magnetic flux and helicity with radial
distance of each group of ICMEs, respectively. “Mean” and “Std” represent the mean and standard deviation of the power
exponents.

flux and helicity can be considered constant during ICMEs propagation, considering the large uncertainty of
the power exponent and the very low correlation coefficient and that the start and end times of ICMEs are not
exactly matched at different locations. These are consistent with the conclusion of Vr$nak et al. (2019).

4. We find that the flux rope axis tends to be horizontal and solar west-east or east-west. We also find that the
majority (71%) of the flux rope axis direction changes during interplanetary propagation, mainly due to
changes in elevation angle. The conclusion is basically consistent with the conclusions of Good et al. (2019)
and Davies et al. (2022).

Overall, the expansion rate of the flux rope radius is similar to the self-similar expansion expectation. However,
the expansion rates of most events vary significantly, from slow expansion to self-similar expansion. We think
this is caused by the magnetic pressure difference and velocity difference between ICMEs and the background
solar wind. Around 0.4-0.7 AU, the magnetic pressure difference may be the dominant factor in the expansion
rate of the ICME radius. The greater the magnetic pressure difference, the greater the expansion rate. At this stage,
the ICME may expand faster than expected by self-similar expansion due to excessive magnetic pressure dif-
ference. With the propagation of ICME, the radial distance increases, the magnetic pressure difference decrease
rapidly. The influence of magnetic pressure difference on radius expansion rate is gradually weakened, and the
influence of velocity difference is gradually obvious. Near the 0.7 — 1 AU, the dominant factor affecting ICME
expansion becomes velocity difference. The expansion rate of an ICME propagating in a fast solar wind is
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Figure 7. The deflection distributions of the elevation and azimuth angles of ICME:s. (a) The distribution of elevation angle
(0) with radial distance. (b) The azimuthal angel (¢) distribution with radial distance. Each color represents a set of ICMEs.
Dotted lines of different colors connect the same set of ICMEs the data points. (c) Elevation deflection of ICMEs. A@ is the
change in the elevation angle of ICMEs during propagation. (d) Azimuth deflection of ICMEs. A¢ is the change in thr azimuth
angle of ICMEs during propagation. (e¢) The simultaneous distribution of the elevation and azimuth deflection of ICMEs. The
two dashed lines in panel () represent [Af] = 10°and |A¢| = 20°, respectively. ‘Mean’ and ‘Median’ in panels (c, d) represent
the mean and median of the elevation angle or azimuth angle.
generally larger than that of an ICME propagating in a slow solar wind. In the slow (fast) solar wind, the larger the
velocity difference, the smaller (larger) the expansion rate.
The decay rate of the magnetic field is not consistent with the expansion rate of the radius. A possible explanation
is that ICMEs undergo magnetic reconnection with the magnetic field of the ambient solar wind during
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propagation. Magnetic reconnection will strip the magnetic field outside the ICMEs, resulting in a decrease in the
radius of the ICMESs and a decrease in magnetic flux (Wang et al., 2018). Another explanation is the ‘pancaking’
effect (Crooker & Intriligator, 1996; Manchester et al., 2004; Riley & Crooker, 2004; Riley et al., 2003; Russell &
Mulligan, 2002). It means that due to the influence of slow solar wind, the cross section of the flux rope is
deformed, deviating from the cylindrical symmetry approximation and expanding more in the direction
perpendicular to the plane of the flux rope axis than in the radial direction. Using the fitting program based on
cylindrical symmetry to fit ICMEs with non-cylindrical symmetric cross section may reduce or increase the axial
magnetic field.

In this work, we used relatively simple velocity estimation methods, and the lack of plasma data when ICMESs are
fitted may cause the radius calculated from the fitting parameters to be too large. However, we believe that the
calculated radius is generally relatively large, which does not affect the dependence of the ICME radius on the
radial distance. With the launch of China's first Mars mission, Tianwen-1 (Wan et al., 2020), several studies have
been conducted to identify the ICME structure at Mars and to investigate the evolution of ICMEs from their
eruption to Mars (Chi, Shen, Cheng, et al., 2023; Chi, Shen, Liu, et al., 2023; Ma et al., 2024; H. Zhang
et al., 2024). In the future, we will utilize the MOMAG (Liu et al., 2020) data onboard Tianwen-1 to complement
our data beyond 1 AU.
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