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Abstract: In this paper, using a 3D magnetohydrodynamics (MHD) numerical simulation, we
investigate the propagation and interaction of the three halo CMEs originating from the same active
region during 4-5 November 1998 from the Sun to Earth. Firstly, we try to reproduce the observed
basic features near Earth by a simple spherical plasmoid model. We find that the first component
of the compound stream at 1 AU is associated to the first CME of the three halo CMEs. During the
propagation in the interplanetary space, the third CME overtakes the second one. The two CMEs
merge to a new, larger entity with complex internal structure. The magnetic field of the first CME
in the three successive CMEs event is compressed by the following complex ejecta. The interaction
between the second and third CME results in the deceleration of the third CME and the enhancement
of the density, total magnetic field and south component of the magnetic field. In addition we study
the contribution of a single CME to the final simulation results, as well as the effect of the CME-CME
interactions on the propagation of an isolated CME and multiple CMEs. This is achieved by analysing
a single CME with or without the presence of the preceding CMEs. Our results show that the CME
moves faster in a less dense, faster medium generated by the interaction of the preceding CME with
the ambient medium. In addition, we show that the CME-CME interactions can greatly alter the
kinematics and magnetic structures of the individual events.

Keywords: MHD numerical simulation; CME propagation; CME-CME interaction

1. Introduction

Coronal Mass Ejections (CMEs) are powerful solar eruptions that release huge amount
of mass into the interplanetary medium (IPM). Their masses can be as large as 10'°-10' g
moving outwards at speeds ranging from a few hundred to thousands of kilometers per
second [1]. Near solar maximum, CMEs occur at a rate of 3.5 events per day [2], and
sometimes several CMEs originate from the same solar region within a relatively short
interval [3]. Therefore, they may interact with each other during the propagation from the
Sun to 1 AU near solar maximum.

By analyzing in situ observations of CMEs by the Pioneer 9 spacecraft, Intriligator [4]
reported the possibility of CME-CME interaction. Moreover, Burlaga et al. [5] presented
an additional case of CME-CME interaction in the heliosphere using in situ observations of
the twin Helios spacecraft. Using the wide field-of-view (FOV) coronagraphic observations
of large angle spectrometric coronagraph (LASCO; [6]) on board the Solar and Heliospheric
Observatory (SOHO) and long-wavelength radio observations, Gopalswamy et al. [7]
provided the first evidence for CME-CME interaction. In particular, after the launch of the
Solar Terrestrial Relations Observatory (STEREO; [8]), the kinematic evolutions of CMEs
have been widely studied by using the large field view observations from the Heliospheric
Imager (HI) on board the STEREOQ, e.g., [9-16].
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It is known that the kinematics and magnetic field structures of CMEs can be signifi-
cantly altered during interactions with other CMEs in interplanetary space. The evolutions
of CME-CME interaction have been studied by statistical analyses [17-21], as well as ana-
lytical study [22,23]. Wang et al. [22] proposed a simple theoretical model to explain how
the shock compression of the preexisting southward directed magnetic field may enhance a
geomagnetic disturbance. The interaction between multiple CMEs can result in an extended
period of an enhanced southward magnetic field, which can cause intense geomagnetic
storms [24,25]. By investigating the major geomagnetic storms (Dst < —100 nT) during
1996-2005, Zhang et al. [19] found that one third (24; 31%) of the 77 CME-driven storm
events are associated with a complex solar wind flow produced by multiple interacting
ICME:s arising from multiple halo CMEs launched from the Sun in a short period. By
analyzing the eight great magnetic storms (Dst < —200 nT) in solar maximum (2000-2001),
Xue et al. [18] found that half of all great storms were related to successive halo CMEs,
most of which originated from the same active region. The interactions between successive
halo CMEs usually can lead to greater geoeffectiveness by enhancing the southward field
Bz interval either in the sheath region or within magnetic clouds (MCs). Temmer et al. [12]
studied the interaction of two successive CMEs during the 1 August 2010 events. They
found that CME1 represented a magnetohydrodynamic obstacle for CME2, and the strong
deceleration of CME2 was explained by interaction with the slower CME1. Lugaz et al. [9]
analyzed two interacting CMEs of 23-24 May 2010, and found the deflection of the first
CME about 10° toward the Sun—Earth line after the collision of two CMEs. These studies
show that the space weather effect of CMEs can be greatly affected during the CME-CME
interaction.

In situ measurements outside of Earth’s direct vicinity have been limited to planetary
missions, which, generally, cannot easily be combined with measurements at 1 AU to
study the interaction of successive CMEs and the formation of complex ejecta. 2D and
3D numerical simulation is powerful tool which can give us deeper insight and help us
to better understand the evolution of CME-CME interaction in IP space, e.g., [26-33].
Lugaz et al. [27] investigated the complex interaction of two CMEs propagating in the
same direction from Sun to Earth by using 3D MHD model. They explained why complex
ejecta resulting from interacting CMEs appear to have a homogenized speed [24,34]. Shen
et al. [31] numerically studied the event during 2-8 November 2008 through 3D MHD
simulations. Results showed that the collision led to extra kinetic energy gain by 3-4% of
the initial kinetic energy of the two CMEs. It proved that the collision of CMEs could be
superelastic [35]. Lugaz et al. [28] combined numerical simulations of the interaction of two
CMEs with different orientations and the analysis of in situ measurements on 19-22 March
2001, and found that such events might result in intense, long-duration geomagnetic storms.
Scolini et al. [33] analyzed three successive CMEs that erupted from the Sun during 4-6
September 2017 by using the EUHFORIA model [36], investigating the role of CME-CME
interactions as a source of the associated intense geomagnetic storm (Dst,,;;, = —142 nT on
September 7). These numerical studies enhance our understanding about how CME-CME
interactions alter their trajectories, morphologies, kinematics, and magnetic structures.
However, few of these studies focus on the contribution of a single CME in the CME-CME
interaction for real multiple interacting CMEs event by using 3D MHD simulation.
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In this study, we select three Earth-directed successive CMEs launched from NOAA
Active Region (AR) 8375 during 4-5 November 1998, and carry out the 3D numerical study
of their propagation and interaction. The successive CMEs with a similar direction provide
a good example of potential interactions of CMEs. Here, we analyze the contribution of
single CME to the final simulation results and the effect of the CME-CME interactions on
the propagation of a single CME, as well as multiple CMEs. The organization of the paper
is as follows. The observations of the 4-5 November 1998 CMEs are given in Section 2,
followed by a brief description of the solar wind and CME model in Section 3. The results
of the 3D simulation and discussion are presented in Section 4, followed by a summary
given in Section 5.

2. Observational Properties of the 4-5 November 1998 CMEs

Three successive Earth-directed CMEs were observed by LASCO/SOHO in AR 8375
on 4-5 November 1998, near the beginning of the 23rd solar cycle. The first event was a
halo CME that was seen on 4 November 1998, at 0418 UT in C2, in the north, west, and
south quadrants. The projected plane-of-sky speed was about 270 km s~! at position angle
(PA) 0 (North Pole). Associated with the halo CME, a C5.2 flare began at 0310 UT on 4
November. The second event was a halo CME on 5 November 1998. The event was first
visible on at 0241 UT in C2 as a bright mound of emission to the south of the occulting disk.
The speed in the plane of the sky was about 380 km s~ ! at PA 165. The third halo CME
occurred late on 5 November, following the M9 flare at about 1945 UT. The event was first
visible in C2 at 2044 UT in the northwest quadrant and later developed into a full halo with
the projected speed in C3 about 1000 km s~! at PA 310.

The plasma and magnetic field data observed by Wind spacecraft corresponding to
the solar events are shown by dotted lines in Figure 1 for the interval 7-10 November
1998. The speed profile in a three day period shows two speed maxima, each preceded
by a shock. The first shock reached 1 AU at 07:36 UT on 7 November (vertical solid
line), and the second one reached 1 AU at 04:41 UT on 8 November (vertical dashed line).
The time delay between the observation of the first halo CME on 4 November and the
arrival of the ejecta on 7 November at Wind is about 77 h, giving a mean transit speed
of ~539 km s~1, consistent with the observed maximum speed 530 km s lat1 AU. The
second component passes the spacecraft for two days (8 and 9 November), and has a
complicated structure. It probably consists of at least two parts, corresponding to the two
halo CMEs observed on 5 November, which interacted and merged into a single component
of a compound stream. The more corresponding observations of three successive CMEs
have been provided by prior studies [34,37]. For the concrete data of the flares event, one
can refer to http://wso.stanford.edu/ (accessed on 9 November 2021).
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Figure 1. Comparison between the in situ data obtained by the Wind spacecraft and the simulation
during the 7-10 November 1998 event. From top to bottom, shown are flow velocity, number density,
magnetic field, and three components of magnetic field in geocentric solar ecliptic (GSE) coordinates.
The two vertical lines indicates the time of the shocks. The simulated results at Earth are shown by
the solid lines. The Wind observations are shown by the dotted lines.

3. Numerical Model

The numerical technique used in this paper is 3D SIP-CESE MHD model [38,39].
This model can reproduce the solar wind background by means of an artificial heat-
ing/acceleration source term in the energy equation, which is given by:

Se = Qo — exp(—1/Lg), (1)

where the constant value Qg - % and Lg are the intensity and decay length of heating,

respectively. The constant value of Q is set to be 0.6 x 107® Jm3s™!, and L is set to be
0.9 R;. The expansion factor, f; = (II;—:S)Z lf 11:5 , is determined by using potential field source
surface (PFSS) model [40,41] with the source surface at 2.5 Rs. Here, Rs and Ry are the solar
radius and the source surface radius, and Bg_ and Bg_, are radial magnetic field strength at

the solar surface and at Rys. The model uses a variable specific heat ratio 7y [42]:

. 2 —_ .
’Y:{ Yo + (71 — 70) sin (%rrzfrll) if n<r<m, o)

7 if r> 79,
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In this way, y allows a smooth variation from 7y = 1.2 close to the Sun to ¢ = 1.46
near 1 AU. Here, the radial distances r1 and r, are taken to be 1 Rs and 20 R;, respectively.

The temperature and plasma density at the photosphere are assumed to be 1.5 x 10¢ K
and 1.34 x 10713 kg m~3, respectively. The simulation domain is centered at the Sun and
extending to 235 Rs. Here, the spatial resolution in the radial direction gradually varies
from 0.05 R; at the inner boundary on the solar surface to 1.0 Rs near 1 AU.

By using the observed photospheric magnetic field data from the photospheric magne-
togram and Parker’s 1D solar wind solution [43] as the initial values, the quasi-steady solar
wind is computed. Figure 2 shows the three-dimensional coronal field and heliospheric
current sheet (HCS) structure. It can easily be seen that the magnetic field and radial speed
possess a typical characteristic of the rising phase of a solar cycle. The coronal magnetic field
shows a mixed dipole/quadrupole configuration with large tilt angle of the dipole. The
latitudinal extent of the HCS expands to higher latitudes. Figure 3a shows the steady-state
solution in the solar equatorial plane. It can be seen that the interplanetary magnetic field
(IMF) lines are stretched by the solar wind outward into Archimedean spirals due to the
solar rotation and the IMF freezing-in effect. The magnetic field generates the sector struc-
ture due to the different IMF directions in the solar equatorial plane. Figure 3b shows the
information on how the solar wind speed is structured in the Sun-Earth meridional plane.

Figure 2. (a) Three-dimensional steady state magnetic field structure and (b) steady state current
sheet in the solar corona domain.

In the following, the modeled CME is described briefly. A high speed, high density
and high pressure spherical plasmoid is superposed on the ambient steady state solar wind
to generate the CME. The other parameters of the initial perturbation, including the density,
temperature and radial velocity, are defined as follows:

0 = 0+ Pmax(1 — a%/aZye)
T = Ty + Tmax(1 — a2/a%.0) 3)
Uy = Uy + vmax(l - az/agme)

where acme and a denote the radius of the plasmoid and the distance from its centre,
respectively. pg, vr9 and Ty are the density, radial velocity and temperature of the ambient
solar wind, respectively. Pmax, Umax and Tmax are the maximum density, radial velocity and
temperature superimposed on top of the ambient solar wind, respectively.
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In the spherical plasmoid, the initial magnetic field is taken to be the following
form [39] in local spherical coordinates rt,0t, 4>f ):

B,. = (2By/ar’)jy (ar’) cos 60
By = —(Bo/ar’)[sin(ar’) — ji(ar’)] sin 6 4)
By = £Boji (ar®) sin B¢

where « = 4.493409458a_,}, is derived from the force-free condition of V x B = aB with
the boundary condition of B,; = 0 at 7’ = acme. Bp is a constant magnetic field strength
superimposed on the ambient solar wind, and ji (x) = x 2 sin x — x~! cos x. The parameter
« becomes negative for left-handed polarity. The reader refer to Feng [44] and references
therein for more details of simulating the ambient solar wind and solar eruptions.
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Figure 3. (a) Steady state solution in the solar equatorial plane. The black streamlines denote the
magnetic field lines. The black circle represents Earth. (b) Steady state solution in the Sun—Earth
meridional plane. The color contours represent the radial speed (km s~ 1).

The initial parameters corresponding to the three successive CMEs are shown in
Table 1. The three successive CMEs are launched from N17E01, N19W11 and N22W18 to
conform to the locations of the flares/CMEs, respectively. The initial speeds of the three
CMESs come from the catalog by Michalek et al. [37], determined by the observation data
of LASCO/C2 combined with CME’s “Cone Model”. According to their occurrence time,
the three successive CMEs are added at t = 0 h, 23.5 h, and 40.5 h, respectively. That is, the
launch time of each CME corresponds to the flare onset time on the Sun. The three CMEs
are launched at 2.0 R, with the radiuses of 0.8 R;. In the simulation, we empirically choose
the other parameters of the CME model to reasonably match the simulated properties of the
ICMESs with in situ measurements at 1 AU. Other parameters involved in the perturbation
are given in Table 1 after tuning, since they are not available directly from observations.
The corresponding energies added to the corona are also given in Table 1.
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Table 1. Perturbation parameters (velocity unit: km s 1 density unit: 10” cm 3, temperature unit:
10° K) used in simulating the three successive CMEs and their corresponding energies (E represents
energy with unit: 1031 ergs).

Vmax Pmax Tmax By Magnetic E Kinetic E Thermal E Total E

CME1 270 0.73 247 3.0 2.46 0.026 0.297 2.78
CME2 380 0.73 2.44 3.0 242 0.050 0.297 2.77
CME3 1000 141 2.38 6.0 9.74 0.507 1.483 11.73

4. Simulation Results and Discussion

We first perform a simulation of the propagation and interaction of three successive
CMEs on 4-5 November 1998 (labeled as CME123) using the 3D SIP-CESE MHD model.
A three-dimensional view 50 h after the eruption of the first CME is shown in Figure 4,
where the lines represent the magnetic field. Here the fronts of the three CMEs are shown
as the isosurfaces of p = 1.5p4,4 and false color representations of velocity magnitude
cover the isosurfaces, where py;,,4 is the density of the background solar wind. When the
front of the first CME reaches 147 R;, the second one and the third one reach 83 R; and 51
Rs, respectively. Figure 1 displays the comparison of our simulated results at Earth and
the Wind in situ observations. According to the solar wind data observed by Wind, the
first shock arrives at 1 AU with density 16 cm—3 and velocity 530 km s~1 and the second
component with velocity 635 km s~! and maximum density 36 cm~3. The simulated
parameters show that the first component has velocity 434 km s~!, 96 km s~! slower than
the observed and density 23 cm 3,8 cm 3 greater than the observed data, respectively.
The simulated velocity and density of the second component are in good agreement with
the observed values. The simulated results can successfully reproduce two speed maxima
corresponding to two components consistent with the observation. The arrival time of the
first shock is almost consistent with that of the interplanetary shock observed by Wind
spacecraft. The computed second shock arrives at Earth 3 h earlier than the observed.
Here, we use the value of the relative density (0 — pwind)/ Pwing being 0.5 as the criterion to
identify the position of the shock front, where p is the total density and py,;,,4 is the density
of the background solar wind. Because the numerical study is computed by only two-order
scheme, and the spatial resolution is 1.0 Rs near 1 AU, the results can’t achieve high shock
resolution as expected with the high resolution shock capturing schemes. In future, we can
efficiently capture strong gradients by constructing high-order accurate shock capturing
scheme or using adaptive mesh refinement.

The computed magnetic field shows the increase in the total magnetic field magnitude,
and in particular the magnetic field component Bz, similar to that observed by Wind
spacecraft. Because the simulated magnetic field is small, the computed magnetic field
in Figure 1 is multiplied by 2 in order to compare our simulated results at Earth and
the Wind in situ observations. This may be due to the small background magnetic field,
which is caused by the imperfectness of potential field source surface model and the coarse
grid resolution in IP space. There are some differences between the simulated x and y
component of the magnetic field and the observed data. Despite its shortcomings, our
simulation gives the main features of the in situ data at 1 AU. Magnetic field vectors at
1 AU are affected by the magnetic parameter of the model (e.g., amplitude, longitudinal
and latitudinal sizes, and tilt angle of the spherical model). These parameters are given ad
hoc way to reconstruct the Wind data. Therefore, there is no guarantee that these initial
parameters are correct, meaning that other CME parameters can explain the in situ data.
However, this study focuses only on the difference between single CME and the CME-CME
interactions. The self-consistent reconstruction of Bz is beyond the scope of this study.
Therefore, this uncertainty of the CME parameters does not change the result of this study.
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Figure 4. A 3D representation of the CME is shown at 50 h after the initiation of the first CME. The
color code represents the velocity magnitude. Three-dimensional colored isosurfaces of p = 1.50,,i4
are drawn. The blue sphere shows the position of the Earth with a radius of 5 R;.

In order to better isolate the contribution of single CME to the final simulation results
and the effect of the CME-CME interactions on the propagation of the isolated CME,
we simulate an isolated event by simply propagating one of the three CMEs without
the other eruptions. Hereafter, we use the same background solar wind for all the cases
simulated and keep the CME parameters in all the cases exactly the same as those in
CME123. Therefore, the choice of CME parameters does not affect the following discussion.
Here, we use CME1, CME2 and CMES3 for the first, second and third isolated CME. Then,
we consecutively add the CMEs in the simulations to see how the simulation results change.

We first perform a simulation with CME1 alone, CME2 alone, and two successive
CMEs which are introduced with a separation time of 23.5 h (labeled as CME12). Figure 5
shows a comparison of the simulation results along the direction of Earth for three different
cases: CME1, CME2 and CMEI12. In order to compare the results, we shift the result of
CME?2 alone by 23.5 h behind to the time axis of simulated profiles. Seen from the result
of Figure 5, the second CME of CME12 propagates faster than isolated CME2, and its
density is smaller than that of the isolated CME2. This is because the interaction of the
first CME with the ambient solar wind removes some of the background’s mass. Thus the
second CME propagates into a less dense, faster background solar wind. This analysis was
also mentioned by Lugaz et al. [27]. Ultimately, the transit time of the shock from Sun to
Earth is 78 h and 81 h for the second CME of CME12 and CME2 alone, respectively, which
demonstrates that the interaction of the first CME and the ambient solar wind can obviously
influence the arrival time of the shock at Earth for the second CME of two successive CMEs.
From Figure 5¢, we can find that the density and velocity of the first CME of CME12 are the
same as those of CME2 alone. However, the magnetic field of the first CME is affected by
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the second one in CME12. It can be seen that the southward magnetic field of the first CME
is compressed by the second one, resulting in small enhancement of the amplitudes of the
magnetic field and southward magnetic field. This may be due to the shock front driven by
the following CME propagating into the preceding one, compressing the magnetic field
inside the ICME, and thus enhancing its geoeffectiveness, as found in previous studies,
e.g., [20-22].

We next perform a simulation by adding CME3 17 h after CME2 (labeled as CME23).
Since the second CME of CME23 move faster than the first one, the two CMEs get closer
and closer as shown in the four panels of Figure 6. There was a clear and visible interaction
between the two CMEs. This result can also be seen from Figure 7 that shows a height/time
map of the relative density distribution obtained along the Sun—Earth direction from time
t = 0 hto 70 h expressed in solar radii from 1 to 215 R;. We see that two different trajectories,
which correspond to the two CMEs, form. The first and second trajectory curves in Figure 7
correspond to the first CME and the second one of CME23, respectively. The second
trajectory shows the position of the second CME, respectively. At about 32.5 h, the front
edge of the second CME overtakes the trailing edge of the first CME at 77 R;. The merging
of the trajectory curves indicates the interaction of the two CMEs, i.e. merging of the two
CME:s into a new, larger entity with complex internal structure. Before collision, the speed
of the first CME front is 415 km s~ ! at 98 R,. The second CME front is found at 77 R, with
the speed of approximatively 650 km s~!. After the collision, the average speed of the
complex ejecta decelerates to about 550 km s 1. From this, we attribute the deceleration to
the interaction of the two CMEs, which is consistent with Temmer et al. [12].

o 20

0 80 1 0 140 160

a0 0 60 00 12(
“Time (hours) “Time (hours) “Time (hours)

(a) 50 Rs (b) 100 Rs (c) 1 AU

Figure 5. Profiles of velocity, density, magnetic field and south component of magnetic field as
function of time at different heliospheric distances: (a) 50 Rs (b) 100 Rs and (c) 1 AU for CME1
(dashed line), CME2 (dash-dotted line) and CME12 (solid line).

We next perform a simulation to analyze the propagation of CME3 with or without
the presence of CME2. At 50 R;, the density of the second CME in the CME23 simulation is
smaller than that of the isolated CME3, related to the removal of the background’s mass
via the interaction of a first CME with the ambient solar wind. However, the density of
complex ejecta increases at 100 R; due to the collision of two successive CMEs. These
results can be seen from Figure 8. Ultimately, the density of CME23 is 11 cm 2 higher than
that of isolated CME3 at 1AU. After the interaction, the merged entity propagates as a
larger structure in an ambient medium. This merging leads to more complex magnetic
field structures, making the interpretation of merged CMEs more difficult at 1AU.
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Figure 6. The contour plots of the relative density (0 — pwing)/Pwing distribution on the solar-
terrestrial meridional plane after (a) 25 h (b) 30 h (c) 35 h and (d) 40 h of the first CME of CME23,
where p is the total density and o, is the density of the background solar wind.

Distance(Rs)
S @ S
o o o

(o)
o
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Figure 7. The height/time map of the relative density distribution obtained along the Sun—Earth
direction during 0-70 h expressed in solar radii from 1 to 215 Rs for CME23.
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(a) 50 Ry (b) 100 R (c) 1 AU

Figure 8. Profiles of velocity, density, magnetic field and south component of magnetic field as
function of time at different heliospheric distances: (a) 50 Rs (b) 100 Rs and (c) 1 AU for CME2
(dashed line), CME3 (dash-dotted line) and CME23 (solid line).

Itis also interesting to see how the CME-CME interaction changes the geo-effectiveness
of these events at Earth. To predict the intensity of a magnetic storm, the most important
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parameter is the z component of the magnetic field. From Figure 8a, we find that the inter-
action between the magnetic structures of the two CMEs starts earlier than their leading
edges merging in the heliospheric images. The flux rope of preceding CME is compressed
by the following one, and the compression enhances the total magnetic field and more
notably, its southward oriented component. This can be seen from the result in Figure 8b,c.
Several studies have established that CME-CME interactions are likely to increase the
impact on Earth of individual CMEs, e.g., [18,45]. These results show that CME-CME
interactions can greatly alter the morphology, kinematics, and magnetic structures of the
individual events [13].

Finally, we make a comparison of the simulation results among four different cases:
CME123, CME1 only, CME2 only and CME3 only. Figure 9 shows the profiles of the
parameters as function of time along Earth direction at different heliospheric distances
for CME1 (red line), CME2 (blue line) CMES3 (green line) and CME123 (black line). From
the figure, we can see that the density of the second CME and the third CME of CME123
is smaller than that of individual CME2 and individual CME3 at 50 R,. In addition, the
density difference between the third CME of CME123 and CME3 alone is greater than that
between the second CME of CME123 and CME?2 alone. However, the density enhances
during the interaction of the third CME and the second CME, which can be seen from
Figure 9b. Ultimately, the density of the second compound of CME123 is higher than that
of isolated CME3 at 1 AU. The clear and visible interaction between the second CME and
the third CME can also be found in Figures 10 and 11. From Figure 11, three different
trajectories, which correspond to the three CMEs, can be well seen. The first CME creates
the first track. The second and third trajectories show the position of the second CME
and the third one, respectively. 59 h after the launch of the first CME, the leading edge
of the third CME overtakes the trailing edge of the second one. At the beginning of the
collision, the leading edge of the second CME is around 95 R, whereas the leading edge of
the complex ejecta after the collision phase is around 135 Rs. During the interaction, the
speed of the third CME decelerates from 700 km s ! to 602 km s~!, the latter corresponding
to the flow speed of the complex ejecta. The third CME interacts with the second one
35.5 h after the launch of the second one, which is later than the interaction time of these
two CMEs in the CME23 simulation. This is because the second CME in the CME123
simulation propagates faster compared to the first CME in the CME23 simulation due to
preconditioning of the interplanetary space by the first CME in the CME123.

“ ~NTRS -
,‘
Time (hours) Time (hours) Time (hours)

(a) 50 R, (b) 100 R (c) 1 AU

Bz(nT)
D%Vzaz: 5 &8 3 a
— |
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Figure 9. Profiles of velocity, density, magnetic field and south component of magnetic field as
function of time at different heliospheric distances: (a) 50 R; (b) 100 R; and (c) 1 AU for CMEI (red),
CME?2 (blue), CME3 (green) and CME123 (black).
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Figure 10. The contour plots of the relative density distribution on the solar-terrestrial meridional
plane after (a) 45 h (b) 50 h (c) 55 h and (d) 60 h.

Ultimately, the first CME forms the first component of the compound stream in
Figure 1. During the propagation in the interplanetary space, the two following CMEs
merge to form new complex ejecta, the second component of the compound stream. This
result is consistent with the analysis of Burlaga et al. [34]. The identity of the individual
CMEs cannot be well discerned in the complex ejecta at 1 AU. The second component
may interact with the first one during their propagation outside 1 AU owing to the higher
velocity. Simulations of the magnetic field show that the total magnetic field and especially
the southward component of the magnetic field are enhanced during the interaction be-
tween the magnetic structures of the CMEs, which can lead to greater geoeffectiveness. The
magnetic field of the first compound of CME123 is compressed by the second compound.

Distance(Rs)
s @ S
o o o

(o)
o

20 40 60 80
Time(hrs)

Figure 11. The height/time map of the relative density distribution obtained at the Earth-direction
during 0-80 h expressed in solar radii from 1 to 215 Rs for CME123.

5. Summary

In this study, we investigate the evolution and interaction of the three CMEs during
4-5 November 1998 based on the real background solar wind by using a 3D MHD numerical
simulation. Multiple CMEs with a similar direction provide a good example of potential
interactions of CMEs, which gives us an opportunity to numerically study the evolution of
these interactions.

By comparing the simulation results with the Wind-measured data, we find that the
MHD results can successfully reproduces many basic features of the in situ measurements:
Such as the two large-scale structures, and the variability of the magnetic field. The first
component of the compound stream corresponds to the first of the three CMEs. During the
propagation in the interplanetary space, the third CME overtakes the second one. Then
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the two CMEs interact with each other and merge into a new, larger entity with a complex
internal structure.

Then we simulate a single CME with or without the presence of the preceding CMEs,
and analyze the effect of a single CME and the CME-CME interactions on their final
simulation results. By comparing the results of CME1 alone, CME2 alone and CME12, we
find that the second CME in CME12 simulation propagates faster than isolated CME2, and
the density of second CME in CME12 simulation is smaller than that of the isolated CME2
due to the preconditioning of the interplanetary space. Ultimately, the arrival time of the
second CME in CME12 simulation at Earth is earlier than that of isolated CME2. Thus, the
preconditioning affects CME arrival time at Earth. At1 AU, the shock front driven by the
second CME propagates into the first CME, the shock compresses the flux rope of the first
CME and thus enhancing its total magnetic field.

The results of CME23 show that the two successive CMEs get closer and closer during
their propagations as the following CME is faster than the preceding one. At 32.5 h, the
front edge of the second CME overtakes the trailing edge of the first one and the two of
them merge. The resulting entity is decelerated and denser compared to CME3 alone. The
preceding CME represents a magnetohydrodynamic obstacle for the following CME. The
interactions between the two successive CMEs enhance the total magnetic field and more
notably its southward component. The result for the second and third CMEs in CME123
simulation is similar to that obtained from CME23 simulation. Our study shows that CME-
CME interactions can greatly alter the morphology, kinematics, and magnetic structures of
the individual events. The analysis about the effect of the CME-CME interactions on the
propagation of a single CME and interacting CMEs improves our understanding about the
nature and consequences of CME-CME interactions.

Author Contributions: X.F. proposed the problem while Y.Z. did the calculations and finalized the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research is jointly supported by the B-type Strategic Priority Research Program of
Chinese Academy of Sciences, (Grant No. XDB 41000000), the National Natural Science Foundation
of China (Grant Nos. 41861164026, 41874202 and 42030204), and the Specialized Research Fund
for State Key Laboratories. The work was carried out on TianHe-1(A) for National Supercomputer
Center in Tianjin, China.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The Wilcox Solar Observatory data used in this study were obtained
via the Web site http:/ /wso.stanford.edu (accessed on 9 November 2021) at 2009:05:06_17:15:30 PDT
courtesy of ].T. Hoeksema. The Wilcox Solar Observatory is currently supported by NASA. We also
thank OmniWeb, http://omniweb.gsfc.nasa.gov/ (accessed on 9 November 2021), from which we
downloaded the hourly average solar wind data by WIND.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Strong, K.T.; Saba, J.L.R.; Haisch, B.M.; Schmelz, J.T. The Many Faces of the Sun: A Summary of the Results from NASA’s Solar
Maximum Mission; Springer: Berlin, Germany, 1999; ISBN 978-1-4612-7145-1.

2. Webb, D.F; Howard, R.A. The solar cycle variation of coronal mass ejections and the solar wind mass flux. J. Geophys. Res. 1994,
99, 4201-4220. [CrossRef]

3. Nitta, N.V,; Hudson, H.S. Recurrent flare/CME events from an emerging flux region. Geophys. Res. Lett. 2001, 28, 3801-3804.
[CrossRef]

4. Intriligator, D.S. The August 1972 Solar-Terrestrial Events: Solar Wind Plasma Observations. Space Sci. Rev. 1976, 19, 629-660.
[CrossRef]

5. Burlaga, L.F; Behannon, K. W.; Klein, L. W. Compound streams, magnetic clouds, and major geomagnetic storms. J. Geophys. Res.
1987, 92, 5725-5734. [CrossRef]

6.  Brueckner, G.E.; Howard, R.A.; Koomen, M.].; Korendyke, C.M.; Eyles, C.]. The large angle spectroscopic coronagraph (LASCO).

Sol. Phys. 1995, 162, 357—402. [CrossRef]


http://wso.stanford.edu
http://omniweb.gsfc.nasa.gov/
http://doi.org/10.1029/93JA02742
http://dx.doi.org/10.1029/2001GL013261
http://dx.doi.org/10.1007/BF00210644
http://dx.doi.org/10.1029/JA092iA06p05725
http://dx.doi.org/10.1007/BF00733434

Universe 2021, 7, 431 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Gopalswamy, N.; Yashiro, S.; Kaiser, M.L.; Howard, R.A.; Bougeret, J.-L. Characteristics of coronal mass ejections associated with
long-wavelength type II radio bursts. ]. Geophys. Res. 2001, 106, 29219-29229. [CrossRef]

Kaiser, M.L.; Kucera, T.A ; Davila, ].M.; Cyr, O.; Guhathakurta, M.; Christian, E. The STEREO Mission: An Introduction. Space Sci.
Rev. 2008, 136, 5-16. [CrossRef]

Lugaz, N.; Farrugia, C.J.; Davies, J.A.; Mostl, C.; Davis, C.; Roussev, L1.; Temmer, M. The deflection of the two interaction coronal
mass ejections of 2010 May 23-24 as revealed by combined by in situ measurements and heliopheric imaging. Astrophys. J. 2012,
759, 68. [CrossRef]

Lugaz, N.; Temmer, M.; Wang, Y.; Farrugia, C.J. The Interaction of Successive Coronal Mass Ejections: A Review. Sol. Phys. 2016,
292, 64. [CrossRef]

Shen, F.; Wang, Y.; Shen, C.; Feng, X. On the Collision Nature of Two Coronal Mass Ejections: A Review. Sol. Phys. 2017, 292, 104.
[CrossRef]

Temmer, M.; Vrsnak, B.; Rollett, T.; Bein, B.; De Koning, C.A.; Liu, Y.; Bosman, E.; Davies, ].A.; Moestl, C.; Zic, T. Characteristics
of kinematics of a coronal mass ejection during the 2010 August 1 CME-CME interaction event. Astrophys. J. 2012, 749, 57.
[CrossRef]

Temmer, M.; Veronig, A.M.; Peinhart, V.; Vrsnak, B. Asymmetry in the CME-CME interaction process for the events from 14-15
February 2011. Astrophys. |. 2014, 785, 85. [CrossRef]

Colaninno, R.C.; Vourlidas, A. Using multiple-viewpoint observations to determine the interaction of three coronal mass ejections
observed on 2012 March 5. Astrophys. J. 2015, 815, 70. [CrossRef]

Manchester, W.; Kilpua, E.K.J.; Liu, Y.D.; Lugaz, N.; Vrnak, B. The Physical Processes of CME/ICME Evolution. Space Sci. Rev.
2017, 212, 1159-1219. [CrossRef]

Mishra, W.; Wang, Y.; Srivastava, N.; Shen, C. Assessing the Nature of Collisions of Coronal Mass Ejections in the Inner
Heliosphere. Astrophys. . Suppl. 2017, 232, 5. [CrossRef]

Wang, Y.M.; Ye, P.Z.; Wang, S. Multiple magnetic clouds: Several examples during March—April. J. Geophys. Res. 2003, 108, 1370.
[CrossRef]

Xue X.H.; Wang Y.; Ye, PZ.; Wang, S.; Xiong, M. Analysis on the interplanetary causes of the great magnetic storms in solar
maximum (2000-2001). Planet. Space Sci. 2005, 53, 443-457. [CrossRef]

Zhang, J.; Richardson, I.G.; Webb, D.F,; Gopalswamy, N. Solar and interplanetary sources of major geomagnetic storms
(Dst <100 nT) during 1996-2005. ]. Geophys. Res. 2017, 112, A10102.

Lugaz, N.; Farrugia, C.J.; Smith, C.W.; Paulson, K. Shocks inside CMEs: A survey of properties from 1997 to 2006. J. Geophys. Res.
Space Phys. 2015, 120, 2409. [CrossRef]

Shen, C.; Chi, Y.; Wang, Y; Xu, M.; Wang, S. Statistical comparison of the ICME’s geoeffectiveness of different types and different
solar phases from 1995 to 2014. J. Geophys. Res. Space Phys. 2017, 122, 5931-5948. [CrossRef]

Wang, Y.; Ye, P.; Wang, S.; Xiong, M. Theoretical analysis on the geoeffectiveness of a shock overtaking a preceding magnetic
cloud. Sol. Phys. 2003, 216, 295-310. [CrossRef]

Shen, C.; Xu, M.; Wang, Y.; Chi, Y.; Luo, B. Why the Shock-ICME Complex Structure Is Important: Learning from the Early 2017
September CMEs. Astrophys. ]. 2018, 861, 28. [CrossRef]

Farrugia, C.; Berdichevsky, D. Evolutionary signatures in complex ejecta and their driven shocks. Ann. Geophys. 2004, 22, 3679.
[CrossRef]

Farrugia, C.J.; Jordanova, V.K.; Thomsen, M.E; Lu, G.; Cowley, S.W.H.; Ogilvie, KW.A. Two-ejecta event associated with a
two-step geomagnetic storm. J. Geophys. Res. 2006, 111, A11104. [CrossRef]

Vandas, M.; Fischer, S.; Dryer, M.; Smith, Z.; Detman, T.; Geranios, A. MHD simulation of an interaction of a shock wave with a
magnetic cloud. J. Geophys. Res. Space Phys. 1997, 102, 22295-22300. [CrossRef]

Lugaz, N.; Manchester, W.B.I.V.; Gombosi, T.I. Numerical simulation of the interaction of two coronal mass ejections from Sun to
Earth. Astrophys. J. 2005, 634, 651-662. [CrossRef]

Lugaz, N.; Farrugia, C.]J. A new class of complex ejecta resulting fromthe interaction of two CMEs and its expected geoeffectiveness.
Geophys. Res. Lett. 2014, 41, 769. [CrossRef]

Xiong, M.; Zheng, H.; Wang, Y.; Wang, S. Magnetohydrodynamic simulation of the interaction between interplanetary strong
shock and magnetic cloud and its consequent geoeffectiveness: 2. Oblique collision. J. Geophys. Res. 2006, 111, A11102. [CrossRef]
Shen, F,; Feng, X.S.; Wang, Y.; Wu, S.T.; Song, W.B.; Guo, ].P.; Zhou, Y.F. Three-dimensional MHD simulation of two coronal mass
ejections’ propagation and interaction using a successive magnetized plasma blobs model. J. Geophys. Res. 2011, 116, A09103.
[CrossRef]

Shen, F.; Shen, C.; Wang, Y.; Feng, X.; Xiang, C. Could the collision of CMEs in the heliosphere be super-elastic? Validation
through three-dimensional simulations. Geophys. Res. Lett. 2013, 40, 1457. [CrossRef]

Shen, F; Wang, Y.; Shen, C.; Feng, X. Turn on the super-elastic collision nature of coronal mass ejections through low approaching
speed. Sci. Rep. 2016, 6, 19576. [CrossRef]

Scolini, C.; Chane, E.; Temmer, M.; Kilpua, E.K.J.; Poedts, S. CME-CME interactions as sources of CME geoeffectiveness: The
formation of the complex ejecta and interse geomagnetic storm in 2017 early September. Astrophys. J. 2020, 247, 21. [CrossRef]
Burlaga, L.E; Plunkett, S.P; St. Cyr, O.C. Successive CMEs and complex ejecta. |. Geophys. Res. 2002, 107, 1266. [CrossRef]


http://dx.doi.org/10.1029/2001JA000234
http://dx.doi.org/10.1007/s11214-007-9277-0
http://dx.doi.org/10.1088/0004-637X/759/1/68
http://dx.doi.org/10.1007/s11207-017-1091-6
http://dx.doi.org/10.1007/s11207-017-1129-9
http://dx.doi.org/10.1088/0004-637X/749/1/57
http://dx.doi.org/10.1088/0004-637X/785/2/85
http://dx.doi.org/10.1088/0004-637X/815/1/70
http://dx.doi.org/10.1007/s11214-017-0394-0
http://dx.doi.org/10.3847/1538-4365/aa8139
http://dx.doi.org/10.1029/2003JA009850
http://dx.doi.org/10.1016/j.pss.2004.10.002
http://dx.doi.org/10.1002/2014JA020848
http://dx.doi.org/10.1002/2016JA023768
http://dx.doi.org/10.1023/A:1026150630940
http://dx.doi.org/10.3847/1538-4357/aac204
http://dx.doi.org/10.5194/angeo-22-3679-2004
http://dx.doi.org/10.1029/2006JA011893
http://dx.doi.org/10.1029/97JA01675
http://dx.doi.org/10.1086/491782
http://dx.doi.org/10.1002/2013GL058789
http://dx.doi.org/10.1029/2006JA011901
http://dx.doi.org/10.1029/2011JA016584
http://dx.doi.org/10.1002/grl.50336
http://dx.doi.org/10.1038/srep19576
http://dx.doi.org/10.3847/1538-4365/ab6216
http://dx.doi.org/10.1029/2001JA000255

Universe 2021, 7, 431 15 of 15

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

Shen, C.; Wang, Y.; Wang, S.; Liu, Y.; Liu, R.; Vourlidas, A.; Miao, B.; Ye, P,; Liu, J.; Zhou, Z. Super-elastic collision of large-scale
magnetized plasmoids in the heliosphere. Nat. Phys. 2012, 8, 923-928. [CrossRef]

Pomoell, J.; Poedts, S. EUHFORIA: European heliospheric forecasting information asset. J. Space Weather Space Clim. 2018, 8, A35.
[CrossRef]

Michalek, G.; Gopalswamy, N.; Yashiro, S. A New Method for Estimating Widths, Velocities, and Source Location of Halo Coronal
Mass Ejections. Astrophys. J. 2003, 584, 472. [CrossRef]

Feng, X.; Zhou, Y.; Wu, S.T. A Novel Numerical Implementation for Solar Wind Modeling by the Modified Conservation
Element/Solution Element Method. Astrophys. J. 2007, 655, 1110-1126. [CrossRef]

Zhou, Y.E; Feng, X.S.; Wu, S.T.; Du, D.; Shen, F,; Xiang, C.Q. Using a 3-D spherical plasmoid to interpret the Sun-to-Earth
propagation of the 4 November 1997 coronal mass ejection event. . Geophys. Res. Space Phys. 2012, 117, A01102. [CrossRef]
Luhmann, J.G.; Li, Y.; Arge, C.N.; Gazis, PR.; Ulrich, R. Solar cycle changes in coronal holes and space weather cycles. ]. Geophys.
Res. 2002, 107. [CrossRef]

Zhao, X.P; Hoeksema, J.T.; Liu, Y.; Scherrer, PH. Success rate of predicting the heliospheric magnetic field polarity with Michelson
Doppler Imager (MDI) synoptic charts. J. Geophys. Res. 2006, 111, A10108. [CrossRef]

Jacobs, C.; Poedts, S. A polytropic model for the solar wind. Adv. Space Res. 2011, 48, 1958-1966. [CrossRef]

Parker, E.N. Interplanetary Dynamical Processes; Interscience Publishers: New York, NY, USA, 1963.

Feng, X.S. Magnetohydrodynamic Modeling of the Solar Corona and Heliosphere; Springer: Singapore, 2020; ISBN 978-981-13-9080-7.
Mishra, W,; Srivastava, N.; Singh, T. Kinematics of interacting CMEs of 25 and 28 September 2012. ]. Geophys. Res. Space Phys.
2015, 120, 10221-10236. [CrossRef]


http://dx.doi.org/10.1038/nphys2440
http://dx.doi.org/10.1051/swsc/2018020
http://dx.doi.org/10.1086/345526
http://dx.doi.org/10.1086/510121
http://dx.doi.org/10.1029/2010JA016380
http://dx.doi.org/10.1029/2001JA007550
http://dx.doi.org/10.1029/2005JA011576
http://dx.doi.org/10.1016/j.asr.2011.08.015
http://dx.doi.org/10.1002/2015JA021415

	Introduction
	Observational Properties of the 4–5 November 1998 CMEs
	Numerical Model
	Simulation Results and Discussion
	Summary
	References

