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Abstract

Coronal mass ejections (CMESs) play an important role in space weather. The propa-
gation characteristics of CMEs in the Corona and interplanetary space determine
whether, when and how the CME will hit the Earth. To this end, a lot of progress
has been made both on observational and numerical studies of CMEs. With the
development of the advanced observational, theoretical and numerical methods,
there emerges more and more research on the morphology, the kinematic evolution,
the prediction of the arrival at 1 AU and the acceleration/deceleration processes of
CMEs. Moreover, many direct observations and simulations have revealed that the
CMEs may not propagate along a straight trajectory both in the corona and inter-
planetary space. Both observational and numerical studies have shown that, when
two or more CMEs collide with each other, their kinematic characteristics may
change significantly. Here, we present a review of the recent progress associated
with the different aspects of CMEs, including their interplanetary counterparts
ICMEs, especially focusing on the initiation of the CME, the CMEs’ propagation
characteristics, interaction with the background solar wind structures, the deflection
of the CMEs, the interaction between successive CMEs, the particle acceleration
associated with successive CMEs’ interaction, and the effect of compound events on
Earth’s magnetosphere.
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Fig. 1 Observation of a typical CME on 27 February 2000 by SOHO/LASCO/C2 (a and b before and
after eruption)

1 Introduction

CME:s are large-scale structures containing mass, kinetic energy, and magnetic
flux that are expelled from the Sun into the heliosphere. They are responsible for
many space weather events in the heliosphere, especially at Earth, such as geomag-
netic storms, aurora and solar energetic particle events (SEPs). The observational
study of CMEs began with a CME event recorded by the white light coronagraph
onboard NASA’s Seventh Orbiting Solar Observatory (OSO-7) on 14 December
1971 (Tousey 1973). However, the studies related to CMEs began much earlier. For
example, geomagnetic storms discovered in the 1700s, solar flares discovered in
the 1800s, and SEP events discovered in the 1900s are all now found to be closely
related to CMEs (Gopalswamy 2016). Since then, people have gradually carried out
studies on CMEs with the help of more advanced coronagraphs, such as Apollo Tel-
escope Mount on Skylab (MacQueen et al. 1974), Solwind coronagraph onboard
P78-1 satellite (Sheeley et al. 1980), Coronagraph Polarimeter on Solar Maximum
Mission (SMM) (MacQueen et al. 1980), etc. These coronagraphs observed CMEs
at different heights from 1.6 to 10 solar radii. The launch of the Solar and Helio-
spheric Observatory (SOHO) (Domingo et al. 1995) in 1995 greatly improved
people’s understanding of CMEs. The Large Angle Spectrometric Coronagraph
(LASCO) (Brueckner et al. 1995) onboard SOHO is a set of three coronagraphs
with high temporal and spatial resolution that image the solar corona from 1.1 to
32 solar radii, while C1 was lost rather early in the mission. CMEs may show many
morphologies, the most typical of which is a three-part structure: a bright leading
loop enclosing a dark low-density cavity, which contains a high-density core (Hund-
hausen 1993; Schwenn et al. 2006). Figure 1 shows an excellent example of CME’s
coronagraph image. Accurate determination of CME kinematics is feasible with
the launch of the Solar Terrestrial Relations Observatory (STEREO) (Kaiser et al.
2008), which provided us with the opportunity to track CMEs continuously between
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the Sun and Earth from multiple viewpoints. STEREO consists two spacecraft
(STEREO A and STEREO B). Each spacecraft carries an identical imaging suite,
the Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI) (How-
ard et al. 2008), which image the solar corona from the solar disk to beyond 1 AU.
The recently launched Wide-field Imager for Solar PRobe (WISPR) (Vourlidas et al.
2016) on board Parker Solar Probe and SoloHI (Howard et al. 2020) on board Solar
Orbiter can further provide observations at different heights and latitudes.

With the development of coronagraph and advanced observation methods, the
research on the morphology, structure and kinematic model of CME is more and
more detailed. As observed in Thomson-scattered white light, CMEs are mani-
fested as large-scale expulsions of plasma magnetically driven from the corona in
the most energetic eruptions from the Sun (Manchester et al. 2017 and references
therein). Chen (2011) provided a comprehensive overview of theoretical models and
their observational basis of CMEs. The review of Webb and Howard (2012) mainly
described the observational aspects of CMEs. Recently, reviews were made focusing
on magnetic structures of solar eruptions, from the perspective of magnetic flux rope
(Cheng et al. 2017) and modeling of magnetic field (Guo et al. 2017). Chen (2017)
made a review on the physics of erupting solar flux ropes in the aspects of both
theory and observation. A recent review by Temmer (2021) also gives the space
weather perspective about CMEs and relation to flares.

As a CME is launched from the Sun, it propagates continuously outward through
the heliosphere interacting with the ambient solar wind and impacting planets
along its path. Their counterpart in the heliosphere are called interplanetary CMEs
(ICMEs), which are characterized by the enhanced magnetic field strength, large
and smooth rotation of the magnetic field vector, gradually decreasing solar wind
speed, low plasma temperature and f, obvious counter-streaming electrons as well
as abnormal element abundances and ion charge states (Chi et al. 2016; Zurbuchen
and Richardson 2006; Richardson et al. 2010). ICMEs that strictly meet the mag-
netic field criteria are called magnetic clouds (MCs) (Burlaga et al. 1981). The oth-
ers are called non-MCs, or simply magnetic ejecta (see Rouillard 2011). Although
not all ICMEs are MCs, flux rope structures exist in nearly all ICMEs (Marubashi
et al. 2015). When a flux rope is traversed by a spacecraft, the rotation angle of the
observed fields depends on the distance between the flux rope axis and the space-
craft trajectory. Therefore, if the flux rope is passed through the center, it will show
the characteristics of the MC, and if it is traversed from the edge, it will show the
characteristics of the non-MC (e.g., Gopalswamy 2006). The poloidal flux of the
flux rope in ICMEs approximately equals the reconnected flux during an eruption
(Qiu et al. 2007; Hu et al. 2014). Therefore, Gopalswamy et al. (2018a) put forward
a technique to construct a flux rope from the eruption data and coronagraph observa-
tions. This technique can be used by various models to predict the magnetic proper-
ties of ICMEs at Earth and other destination in the heliosphere (Gopalswamy et al.
2018b). The review by Rouillard (2011) gives a more modern view on the nomen-
clature of CMEs and ICMEs, in which an ICME is defined as the entire solar wind
region altered by a solar transient, including the shock, sheath, solar wind pile-up,
compression regions, driver gas, ejecta wake and/or the legs of magnetic loops; and
a white light CME is defined broadly as any brightness variation associated with the
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eruption and propagation of a solar transient. Howard and Tappin (2009) reviewed
the theory of ICMEs observed in the heliosphere. The physical processes of CME/
ICME evolution are reviewed in Manchester et al. (2017). Recently, Vourlidas et al.
(2019) made an overview of predicting the geoeffectiveness properties of CME:s.
The review by Kilpua et al. (2019) focused on the forecasting of magnetic structure
and orientation of CMEs. For a comprehensive review on ICMEs, we refer to Luh-
mann et al. (2020), Temmer (2021) and Zhang et al. (2021).

The estimation of the magnetic flux carried out by a CME were made before
by, e.g., Dasso et al. (2005), Owens (2008) and Dasso et al. (2009). In Dasso et al.
(2005), for example, eight well-defined MCs were investigated and it was found that
the axial flux was around 0.4 X 10>! Mx. As studied by Owens (2008), the mag-
netic flux carried out by a CME was usually 10?° to 10?2 Mx for the axial flux and
10%!' to 10?> Mx for the poloidal flux. By using a cylindrical force-free flux rope
model, Wang et al. (2015) estimated that the total magnetic flux, which included
axial flux and poloidal flux, was on the order of 10?! Mx with the median value of
about 4.1 x 102! Mx. The CME’s mass ranges between 10'! and 4 x 10'3 kg with
an average of 3 x 10'? kg (Vourlidas et al. 2002). The CME speed has a wide limit,
for example, over the coronagraphic field of view, CME fronts reveal radial speeds
in the range of 300-500 km s~! with maximum values observed up to 3000 km s~!,
accelerations of the order of 0.1-10 km s~2 and angular widths of about 30°-65°
(Temmer 2021). Moreover, the ratio in density between the CME body and sur-
rounding solar wind decreases from about 11 at a distance of 15 R to ~ 6 at 30 R,
(Temmer et al. 2021). Fast CMEs will drive shocks because their speed above the
solar wind speed exceeds the fast mode MHD speed. The occurrence rate of the
CME follows the solar cycle variance. In solar maximum, the rate of the CME can
be as high as 3.5 CMEs per day (Yashiro et al. 2004). Therefore, the interaction
between successive CMEs occurs frequently. The interaction of two or more CMEs
can form the well-known multiple ICME or magnetic cloud structure. As compared
to isolated CME events, CME—-CME interaction always results in different interplan-
etary signatures as well as different geoeffectiveness, and often leads to complex
phenomena, including magnetic reconnection, momentum exchange, energy trans-
fer, the propagation of a fast magnetosonic shock through a magnetic ejecta, and so
on (e.g., Lugaz et al. 2017; Shen et al. 2017b).

CMEs may not propagate along a straight trajectory both in the corona and inter-
planetary space. A promising explanation is that CMEs may be deflected during
their propagation in the corona and/or in interplanetary space. CME-CME interac-
tion may lead to the CME deflection (e.g., Wang et al. 2011; Shen et al. 2012b;
Lugaz et al. 2012b). Moreover, both observations and simulations imply that even if
there was only one CME, it could be deflected by the background solar wind struc-
ture and magnetic field. The deflection of isolated CMEs in corona and heliosphere
has been studied by many researchers (e.g., Gopalswamy et al. 2003b, 2004, 2009b;
Cremades and Bothmer 2004; Cremades et al. 2006; Wang et al. 2011, 2014; Lugaz
et al. 2012b; Kahler et al. 2012; Zuccarello et al. 2012; Yang et al. 2012; DeForest
et al. 2013; Zhou and Feng 2013; Mostl et al. 2015; Chi et al. 2018).

Magnetohydrodynamic (MHD) simulation is one of the important tools to study
the evolution of the CMEs/ICMEs in both corona and interplanetary space. The
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numerical results can be used to analyze the initiation, propagation characteristics
observed by ground-based and space-based instruments (e.g., Chen 2011; Webb and
Howard 2012; Cheng et al. 2017; Guo et al. 2017; Toriumi and Wang 2019). In
the past years, a few featured review papers and book were concerned with MHD
simulation. Lugaz and Roussev (2011) gave a detailed review and discussion on the
efforts to use numerical simulations to study the magnetic topology, density struc-
ture, energetics and kinematics of ICME:s in the interplanetary space. Feng (2020)
provided a recent in-depth review of the field focusing primarily on the current sta-
tus of MHD simulation for space weather.

In this paper, we present a review of the propagation characteristics of CMEs
from the Sun to 1 AU, including the morphology, the kinematic evolution and the
prediction of the arrival at 1 AU of CME:s, the deflection and interaction of CMEs.
In Sect. 2, we will give a brief overview of the morphology of the CME, includ-
ing three-dimensional CME reconstruction commonly used in coronagraph obser-
vation and CME models in numerical simulation. The kinematic evolution and the
prediction of the arrival at 1 AU of CMEs will be introduced in Sect. 3, where the
acceleration/deceleration processes of CMEs and the numerical simulation on CME
propagation are also presented. In Sect. 4, we summarize the studies of CME deflec-
tions in both corona and interplanetary space. In Sect. 5, we introduce the studies
about the rotation, expansion, deformation and erosion of the CME. The interaction
of CMEs are described in Sect. 6, focusing on the effects of CME interaction on the
change of CME properties and severe space weather events. In the last section, we
give a brief summary.

2 The morphology of CMEs

With the development of coronagraph observation, various CME models have
emerged accordingly. As mentioned by Jacobs and Poedts (2011), there is no CME
model sufficiently well developed to fully explain all of the observed features of
solar eruptions and related phenomena (dimming regions, ribbons, post-eruption
arcades, EUV waves, solar energetic particles, etc.). In addition, the basic pre-erup-
tion configuration and the topological changes in the magnetic field that result in
the conversion of a large fraction of the magnetic energy into kinetic energy are still
not well understood. The main purpose of most of the existing CME models is to
mimick the morphology near the Sun, to reproduce the plasma parameters compa-
rable with 1 AU observations, and even to make real-time space weather forecasting
simulations. Presently, significant progress has been made towards improving the
performance of the existing CME initialization models.

2.1 Three-dimensional reconstruction of CMEs based on coronagraph
observations

The leading edges of the CMEs normally leave bright traces in the images of vis-
ible light, inspiring a lot of techniques to investigate the three-dimensional (3-D)
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geometrical and kinematic information of CMEs. Based on the observational char-
acteristics of CMEs, the researchers assumed that the 3-D shape of the CME was
a cone, and developed a cone model to fit the 3-D parameters of the CME (How-
ard et al. 1982; Michalek et al. 2003; Zhao et al. 2002; Xie et al. 2004). Xue et al.
(2005a) improved the cone model to an ice cream cone model which is composed of
a cone at the bottom and a partial sphere at the top. As suggested by a few investi-
gations (e.g., Dal Lago et al. 2003; Schwenn et al. 2005; Gopalswamy et al. 2009a;
Mikelid et al. 2016), the ice cream cone model of the CME describes the relation-
ship between radial and expansion speeds quite well, especially useful in CME
arrival predictions. Wood et al. (2009) developed a 3-D density model for CMEs
that was also successfully applied on STEREO data (Wood et al. 2017). Thernisien
et al. (2006, 2009) further presented the graduated cylindrical shell (GCS) model
employing a croissant-like empirical flux-rope structure to describe the morphology
of the CME near the Sun. Besides, the GCS model has been extended to include the
shock dome, so the true morphology of shock-driving CMEs can be modeled by
using the GCS model (Olmedo et al. 2013; Hess and Zhang 2014; Xie et al. 2017,
Gopalswamy et al. 2018c). The upper panel of Fig. 2 shows the configuration of
GCS model. In the lower panel of Fig. 2, GCS model was operated on three continu-
ous CMEs in the early days of 2017 September based on the observations of SOHO/
LASCO and STEREO/COR2-A. Seen from these images, the GCS model can well
represent the topology of these CMEs. Precise reconstruction results can be achieved
by applying GCS fitting to multi-perspective observations of the same CME event.
In addition, Many trace-fitting methods including the point-p, fixed-¢p, harmonic
mean, and self-similar expansion fitting methods have also been proposed (Sheeley
et al. 1999; Howard et al. 2006; Davies et al. 2012; Mostl and Davies 2013). These
trace-fitting methods depend on CME geometry, and are applied on elongation-time
data extracted from STEREO/HI remote sensing images. They primarily represent a
conversion method from time-elongation tracks into time-distance tracks. This is the
basis to derive kinematical profile of CMEs and to study their propagation.

The above methods are called forward modeling technique. Apart from that,
researchers have also developed methods to directly estimate 3-D information of the
CME using multi-point observations (Maloney et al. 2009; Liewer et al. 2010). Ste-
reoscopic analysis of a time series of CME coronagraph image pairs allows us to
overcome projection effects (Howard and Tappin 2008; Temmer et al. 2009). Based
on coordinated STEREO stereoscopic images, Liu et al. (2010) developed a geo-
metric triangulation technique to track CMEs with no free parameters. Byrne et al.
(2010) used a elliptical tie-pointing technique to reconstruct a full CME front in 3D.
Feng et al. (2012a) developed mask fitting reconstruction method using coronagraph
images from three viewpoints to obtain the 3-D shape of a CME without assuming a
predefined family of shape functions (Feng et al. 2012a).

More recently, Li et al. (2020) developed a new method called correlation-aided
reconstruction (CORAR) to recognize and locate CMEs based on two simultane-
ous STEREO-A/B HI1 (Heliospheric Imager 1: 15-84 R, or 4°-24° in elonga-
tion angle) images (Li et al. 2020). This method does not presume any morphology
of transients and can be run in an automated way. Through the application of the
CORAR method on the simulated CMEs, they found that within a large region of
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Fig.2 Upper: Representations of the Graduated Cylindrical Shell (GCS) model a face-on and b edge-
on. The dash-dotted line is the axis through the center of the shell. The solid line represents a planar cut
through the cylindrical shell and the origin. O corresponds to the center of the Sun. ¢ Positioning param-
eters. The loop represents the axis through the center of the shell, ¢ and € are the longitude and latitude,
respectively, and y is the tilt angle around the axis of symmetry of the model. From Thernisien et al.
(2009). Lower: An example of GCS reconstruction. The coronagraph images of three CMEs with GCS
wire frames overlaid on top. At the moment shown by panel ¢ and d, there are two interacting CMEs,
which are reconstructed by red and blue wire frames. Adapted from Shen et al. (2018a)

the common field of view of the two HI1 cameras (particularly below the distance
of 60 R,), the CMEs can be recognized and located accurately. They further test
the CORAR method with the HI1 image data on 3—4 April 2010 and retrieve the
3-D positional and geometrical information of a CME (Fig. 3). In Li et al. (2021),
they developed a technique called maximum correlation-coefficient localization and
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Fig.3 3-D reconstruction result of the CME on 3 April 2010 by CORAR method. High-cc regions (red
regions) shows the most possible position of the CME. The yellow ball represents the Sun. The light
blue, orange, blue balls represent the Mercury, Venus and Earth, respectively. From Li et al. (2020)

cross-correlation tracking (MCT) to reconstruct the radial velocity map of CMEs in
3-D space based on 2-D white-light images, as shown in Fig. 4, and used it to esti-
mate the expansion rate as well as some kinematic properties (Li et al. 2021).

2.2 CME models in numerical simulation

The cone model (Zhao et al. 2002; Xie et al. 2004) is one of the popular CME initia-
tion models because of its simplicity and relatively good match with the observa-
tions of CME arrival time and arrival speed. In this model, the initial parameters
of input size, speed and location are always determined from coronal observations,
while it does not have internal magnetic field.

Flux rope model is another kind of widely used CME initialization model. This
kind of model can reproduce many observed properties of CMEs, including the
three-part density structure (Manchester et al. 2017). Different with the cone model,
the flux rope model not only has the initial speed, density, temperature, but also has
internal magnetic field and may therefore reproduce the plasma parameters includ-
ing the arrival time, the CME speed, and the magnetic field components when a
CME impacts Earth. The flux rope model was first implemented in 3D MHD simu-
lations by Roussev et al. (2003).

Besides, the spherical plasmoid model and the magnetized plasma blob are also
popular CME initialization models used in the recent years, such as in the mod-
els of EUHFORIA (Verbeke et al. 2019b), SUSANOO (Kataoka et al. 2009; Shiota
and Kataoka 2016), CESE (Zhou et al. 2012, 2014; Zhou and Feng 2013), COIN-
TVD (Shen et al. 2011b, ¢, 2012b, 2013b, 2014) and other models (e.g., Chané et al.
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Fig.4 Panel a 3D pp map of the CME at 20:49 UT on 3 April 2010 from the perspective of STEREO-A/B. Left
and right columns in each panel: results from the STEREO-A and STEREO-B. Five rows from the top to the
bottom: visible light (VL) running difference images, maximum cc along the LOS, the distance from the solar
center (D), the latitude (4), and the longitude (¢b) of the solar wind transients in HEE coordinates. The solid yel-
low lines in the top row and the solid black lines in the other rows denote the high-cc regions. The leading edge
and rear part of the ejecta are marked with thick solid purple curves, and the northern part (—=5° < A < 5°),
middle part (—20° < A < —5°), and southern part (=35° < 4 < —20°) of the ejecta between the leading edge
and the rear part are circled with dashed green curves in row 1 and dashed gray curves in rows 2-5 from the top
to the bottom. Panel b Radial velocity map of the transients from the perspective of STEREO-A/B. From top
to bottom: Each panel shows the VL running difference images, maximum cc along the LOS, backward radial
velocity (v,g), forward radial velocity (v,z) and the final radial velocity (v, = (v,g + v,)/2). The others are
same as panel a. Adapted from Li et al. (2021)
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2006). Similar to the flux rope models, these kinds of CME initialization models
incorporate internal magnetic field and require the associated parameters.

3 The CMEs' kinematic evolution and the prediction of the arrival
at 1 AU of ICMEs

Prediction of the arrival of interplanetary coronal mass ejections (ICMEs) at the
Earth is one of the primary task for space-weather forecasting. Thus, the research
on the kinematic evolution of CME:s is essential. In the past years, the successive
launches of spacecraft including SOHO, STEREO, PSP, VEX, MESSENGER,
MAVEN, and others as well as the constructions of various models have provided
unprecedented opportunities to study the kinematic behavior of CMEs from the Sun
to the different locations in the Heliosphere.

3.1 Acceleration/deceleration processes of CMEs

CME:s can be divided into fast CMEs and slow CMEs with a critical velocity of
~ 400 km s~!. Slow CMEs are accelerated and fast CMEs are decelerated through
the interaction with the background solar wind. Fastest CMEs face the greatest
deceleration and the slowest CMEs undergo the maximum acceleration (Fig. 6c,
d). The CME kinematical behavior and propagation velocity is depending on the
acceleration processes when the CME explosively leaves the Sun and further on the
interaction with the ambient solar wind. Both strongly affect the time when a CME
reaches Earth. The question of whether fast and slow CMEs have different origina-
tion has been a hot topic in CME research (Gosling et al. 1976; St Cyr et al. 1999;
Sheeley et al. 1999; Moon et al. 2002). Sheeley et al. (1999) indicated that CMEs
can be divided into two principal types based on the accelerating and decelerating
features, which are gradual CMEs and impulsive CMEs, through constructing con-
tinuous height/time maps of coronal ejecta as they move outward through the 2-30
R, field of view of LASCO. Gradual CMEs are formed when prominences and their
cavities rise up from below coronal streamers, while impulsive CMEs are often asso-
ciated with flares and Moreton waves on the visible disk. This was further supported
by Moon et al. (2002), which surveyed the speed and acceleration distributions of
CMEs observed by SOHO/LASCO in 1996-2000, finding that CMEs associated
with flares have a higher median speed than those associated with eruptive fila-
ments. However,in recent years, more and more evidence have shown that there is
no distinct difference between filament-associated CMEs and flare-associated CMEs
(VrSnak et al. 2005; Yurchyshyn et al. 2005; Torok and Kliem 2007). The theory of
two types of CMEs was further dismantled by Feynman and Ruzmaikin (2004) by
presenting a CME associated with both a solar flare and an erupting filament.
Generally speaking, the kinematic evolution of CMEs undergo three phases,
namely: a gradual evolution, a fast acceleration, and a propagation phase, as indi-
cated by Zhang et al. (2001). In gradual evolution phase, the CME front first forms
and then slowly expands. The fast acceleration phase lasts from a few minutes to an
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hour, with accelerations ranging from less than 100 m s72 to about 7000 m s~2, and

in the later studies (Gopalswamy et al. 2018d; Veronig et al. 2019), the upper limit
to the acceleration has been increased to about 10 km s~2. In this phase, CMEs travel
from less than one solar radius to several solar radii. The major acceleration process
happens at low coronal heights. Following the fast acceleration phase, CMEs travel
at a nearly constant speed or gradually accelerate/decelerate in interplanetary space
due to the interaction with the background solar wind.

Using the observation of SOHO/LASCO, Zhang (2004) showed the kinematic
properties of three CMEs, indicating that the acceleration phase could be impulsive,
intermediate, or gradual. Figure 5 shows the kinematic plots of the three CMEs. The
authors pointed out that the final velocity of a CME is determined by the magnitude
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Fig.5 Composite kinematic plots for three CMEs: impulsive (solid line), intermediate (dashed line),
and gradual (dotted line). The left three panels show kinematic evolution versus time: height-time (top),
velocity-time (middle), and acceleration-time (bottom). The right three panels show kinematic evolution
versus height: time-height (top), velocity-height (middle), and acceleration-height (bottom). From Zhang
(2004)
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and duration of acceleration, which vary greatly from event to event. This was fur-
ther supported by Vr$nak et al. (2007) and Bein et al. (2011).

Bein et al. (2011) found that the peak acceleration values and acceleration dura-
tion of CMEs are widely distributed and inversely correlated. In addition, the accel-
eration of CMEs from compact sources are more impulsive, and they can achieve
higher peak accelerations at smaller altitudes. These findings could be explained by
the Lorentz force. Assuming the Lorentz force is the main accelerator of the CME,
the acceleration can be calculated by the following function:

2
B2 _ VA

< = 2
S 2upl T 2L

)

with B the magnetic field strength within the CME body, p, the magnetic perme-
ability in vacuum, V, the Alfven velocity, p the plasma density, V the CME velocity
and L the characteristic length scale over which the magnetic field varies. It shows
that the acceleration is not only controlled by the Alfven velocity but also depend on
the size of the erupting structure, and the initially compact CMEs (small L, large V)
will get higher accelerations.

In the inner corona, the coronal magnetic field is strong, while the solar wind has
not yet fully developed, the force that dominates the CME kinematic is mainly the
Lorentz force, which will accelerate CMEs as mentioned above. When CMEs travel
outwards into the outer corona and the interplanetary space, the CME kinematic is
turned to be controlled by the drag force of the solar wind due to the weakening of
the magnetic field strength and the gradual enhancement of the solar wind (Bor-
gazzi et al. 2009; Vr$nak and Gopalswamy 2002; Vr$nak and Zic 2007). Byrne et al.
(2010) indicated that, beyond 7 R, the motion of the CME is determined by an aero-
dynamic drag in the solar wind. Sachdeva et al. (2015) studied a sample of 8 events
to find out where the drag force starts to dominate and found different ranges for
slow and fast CMEs. They found that the drag force is enough to explain the dynam-
ics of the fastest CME. For the slower CMEs, solar wind drag is not the dominant
effect on CME trajectories until 15-50 R,. Moreover, Temmer et al. (2011) simu-
lated the background solar wind and compared it with the speed evolution of three
CMEs, showing that the CME might be still driven up to a distance of more than
about 100 R, by the induced Lorentz force due to ongoing magnetic reconnection.

Gopalswamy et al. (2000b) studied the velocities of a set of 23 ICME/corre-
sponding source CME pairs, finding that CME speeds range over an order of magni-
tude while the ICME speeds lie in a relatively narrow range from 320 to 650 km s™!,
as shown in Fig. 6a, b. CMEs can be divided into fast CMEs and slow CMEs with
a critical velocity of ~ 400 km s~!. Slow CMEs are accelerated and fast CMEs are
decelerated through the interaction with the background solar wind.

3.2 Prediction of the arrival of ICMEs at 1 AU
Predicting the arrival of ICMEs at 1 AU is one of the main tasks of space-weather

forecasting (e.g., Feng and Zhao 2006; Feng et al. 2009; Zhao and Feng 2014; Zhao
and Dryer 2014). The statistical relationships between the ICME transit time and
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Fig.6 Left: Histogram plots showing the velocity distribution of CMEs detected by SOHO/LASCO
coronagraphs (a) and IP ejecta as detected by the Wind spacecraft (b). Right: Scatter plots of the accel-
eration (c)/the mean values of the acceleration (d) and the initial speed of the CME. Adapted from
Gopalswamy et al. (2000b)

CME velocity achieved from coronagraph observations are widely used to predict
the ICME arrival time (Gopalswamy et al. 2001a; Michalek et al. 2004; Manoharan
2006; VrSnak and Zic 2007). For example, Fig. 7 clearly indicates that the ICME
transit time is dependent not only on the CME speed, but also on the solar wind
speed. In addition, there exists a linear relation between the values of CME accelera-
tion and CME speed. Many models have been developed over the years to estimate
the time of travel, or arrival time, of the CME.

In addition to empirical models, there are also analytical models, like the drag-
based models, based on the assumption that the aerodynamic drag is a dominant
force governing the CME propagation in the interplanetary space. VrSnak et al.
(2013, 2010) developed a Drag-Based Model (DBM) to describe the dynamics/kin-
ematics of the heliospheric propagation of CMEs. Figure 8 presents several exam-
ples of the ICME kinematics calculated by DBM. It is clear from the figure that
ICME:s tend to adjust to the solar-wind speed. In addition, most of the accelera-
tion/deceleration occurs near the Sun. As we know that the DBM is a 2D analytical
model for heliospheric propagation of CMEs in ecliptic plane predicting the CME
arrival time and speed at Earth or any other given target in the solar system, and the
Drag-Based Ensemble Model (DBEM; Dumbovi¢ et al. 2018) takes into account the
variability of model input parameters by making an ensemble of n different input
parameters to calculate the distribution and significance of the DBM results. Since
DBEM has the advantage to be a very fast, reliable and simple model, it is suited for
fast real-time space-weather forecasting. Calogovié et al. (2021) described in detail
a new DBEMVv3 version which converts the input from GCS into the cross-section
to calculate the drag force. They evaluated the model for the first time determining
the DBEMv3 performance and errors by using various CME-ICME lists and it was
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Fig. 8 Examples of ICME kinematics based on DBM; the initial heliocentric distance is set to 20 R,. a
Heliocentric distance versus time; b ICME speed versus time; ¢ ICME speed versus distance; d ICME
acceleration versus distance. In panels a and d, v, and w are the initial speed of CME and the speed of
ambient solar wind with unit of km s, respectively; I' = y X 107 km™!, where y is the drag parameter.
From Vrs$nak et al. (2013)

compared with previous DBEM versions. Their results showed that DBEMv3 had
slight improvement in the performance for all calculated output parameters com-
pared to the previous DBEM versions.

Riley et al. (2018) summarized the current CME forecasting models which have
been used to predict the CME arrival times and shock arrival times during the inter-
val from 2013 through late 2017 in the Community Coordinated Modeling Center
(CCMC) scoreboard. The CCMC scoreboard is a platform provided to scientists
to compare their forecasts with each other in real-time. In general, these models
can be classified as CME-shock arrival forecasts or CME arrival forecasts. In the
former category, the shock time of arrival (STOA; Dryer et al. 2004) and WSA-
ENLIL+Cone (WEC) Model (Odstrcil et al. 2004a) are two examples; and in the lat-
ter category, the WEC Model also plays an important role, while the DBM (Vr$nak
et al. 2013) serves to illustrate a complementary approach to the problem. Riley
et al. (2018) found that the CME shock arrival times for all models combined are
predicted on average within 10 h but with standard deviations of sometimes more
than 20 h.

Some models make use of HI images, which require techniques to convert the
measured elongation into radial distance. Braga et al. (2020) investigated the predic-
tion of arrival time of CMEs using observations solely from heliospheric imager
HI-1 onboard the twin STEREO spacecraft. They used co-temporal HI-1 observa-
tions from two viewpoints to construct an elliptical model of the CME fronts and
hence estimated their locations in the solar corona. Beyond the HI-1 FOV, they
applied a drag force model to propagate the CME up to 1 au. Then they compared
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the CME arrival time errors computed with this approach to those calculated using
mainly observations from SECCHI coronagraphs, and their results, similar with
e.g., the Colaninno et al. (2013), Hess and Zhang (2014), Mostl et al. (2014) and
Rollett et al. (2016) results, suggested that the estimation of the arrival time using
HI-1 measurements could result in a more accurate estimation (i.e., smaller error)
than in those cases based on coronagraph observations, at least for fast CME events.
However, using HI observations can reduce the advanced warning time compared to
coronagraph observations. More sophisticated models combine both the drag-based
approach and HI observations, e.g., the Ellipse Evolution model based on HI obser-
vations (ELEvoHI; Rollett et al. 2016), which assumes that the CME frontal shape
within the ecliptic plane is an ellipse, and allows the CME to adjust to the ambient
solar wind speed based on DBM (Zic et al. 2015). By using ELEvoHI, Hinterreiter
et al. (2021) carried out a comparison of CME arrival time and speed predictions
from two vantage points. They found a mean arrival time difference of 6.5 h between
predictions from the two different viewpoints, which could reach up to 9.5 h for
individual CMEs, while the mean arrival speed difference is 63 km s~!. They also
pointed out that an ambient solar wind with a large speed variance could lead to
larger differences in the STEREO-A and STEREO-B CME arrival time predictions.
Amerstorfer et al. (2021) studied 18 different combinations of inputs to run the HI-
based ensemble CME arrival prediction model, ELEvoHI, to ascertain the set-up
leading to the most accurate arrival time and speed predictions. Their results found
that the accurate modeling of the ambient solar wind was of particular importance
to improve CME predictions. Shanmugaraju and Vr$nak (2014) also investigated the
transit Time of CMEs under different ambient solar wind conditions by using DBM,
and their research obtained more details on the dependence of the CME Sun—Earth
transit time on the CME speed and the ambient solar wind speed.

Paouris and Mavromichalaki (2017) developed an effective acceleration model
(EAM), which was based on the assumption that the ambient solar wind interacted
with the ICME resulting in constant acceleration or deceleration, for predicting the
arrival time of the shock that preceded a CME. Recently, Paouris et al. (2021) made
a Comparison of the improved EAM model, which was called as EAMv3, with the
WSA-ENLIL+Cone ensemble models and the DBEM Models. They selected a
sample of 16 CMEs/ICMEs, in 2013-2014, for the comparison. Basic performance
metrics such as the mean absolute error (MAE), mean error (ME) and root mean
squared error (RMSE) between observed and predicted values of arrival time were
presented. Their results showed that both of the MAE and ME for EAM model were
smaller than that for DBEM and ENLIL. Zhuang et al. (2017) also developed an
integrated CME-arrival forecasting (iCAF) system, assembling the modules of CME
detection, three-dimensional (3D) parameter derivation, and trajectory reconstruc-
tion to automatically predict whether or not a CME arrives at Earth.

Recently, Verbeke et al. (2019a) summarized the progress made by the CME
Arrival and Impact working team since April 2017, and the models they overviewed
include the DBM/DBEM model, EAMv2, EIEvoHI and a few current active MHD
models. And they described a community-driven benchmarking effort to adopt
specific metrics, skill-scores, events and datasets to improve ICME arrival time
predictions.
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3.3 Numerical simulation on CME propagation

The propagation and kinematics of CMEs are also widely studied in numerical sim-
ulation. By using cone model as CME initialization, Odstrcil et al. (2005) applied
the 3-D MHD simulation to the 12 May 1997 interplanetary event to analyze pos-
sible interactions of the ICME propagating in various steady state and evolving con-
figurations of the background solar wind. By using the WSA-ENLIL+Cone ensem-
ble model, which is the combination of the WSA-ENLIL model and the cone model,
Taktakishvili et al. (2011) simulated a series of selected well-observed halo CME
events. Their simulation results showed that this WSA-ENLIL+Cone ensemble
model with the observations from coronagraph as input could give reasonably good
results for the CMEs’ arrival times for the selected “geoeffective” CME events. Bain
et al. (2016) also use the WSA-ENLIL+Cone heliospheric model to study shock
connectivity during the SEP-rich periods in the August 2010 and July 2012, and
their simulation results demonstrated that much SEP activity can be understood by
using such model and especially from knowing about both remote and local shock
source connections. The WSA-ENLIL+Cone ensemble model is also known as one
of the effective CME arrival prediction tools. Dewey et al. (2015) used this ensem-
ble model to study the CME-related solar wind perturbations on the Mercury sys-
tem. Their simulation results revealed that the modeled results could be compared
with the observations by the spacecraft of MErcury Surface, Space ENvironment,
GEochemistry and Ranging (MESSENGER) from March 2011 to December 2012.
Pomoell and Poedts (2018) integrated the cone model into EUHFORIA model to
simulate the CME events in the inner heliosphere during 17-29 July 2015. Also by
combining the cone model and the EUHFORIA model, Scolini et al. (2018) tested
the effect of different CME shapes on the simulation results, and their results showed
that all the parameters specifying the CME shape in the model significantly affect
simulation results at 1 AU, and the predicted CME geoeffectiveness. By using the
cone model, Riley and Ben-Nun (2021) also pointed out the main sources of uncer-
tainties in predicting a CME’s arrival time at Earth, which were the initial properties
of the ejecta, including its speed, mass, and direction of propagation and the proper-
ties of the ambient solar wind into which it propagated.

Lionello et al. (2013) inserted an out-of-equilibrium flux rope in the coronal
model of the MAS-ENLIL model as CME initiation model, and they simulated the
propagation of an interplanetary CME (ICME) from 18 R, to 1.1 AU. Their simula-
tion results showed this model could reproduce the propagation process of the CME
precisely. By using the MAS/MAS-H model combined the modified Titov—Démou-
lin (TD) model (Titov et al. 2014), Torok et al. (2018) inserted a magnetically stable
flux rope to generate a CME close to the observed properties of the 2000 July 14
“Bastille Day” eruption. By using MHD simulation, they analyzed the properties of
the CME propagation from it’s eruption near the Sun, to propagating to the Earth.
Figure 9a showed the initial flux-rope field lines, Fig. 9b depicted the field lines of
the flux-rope core att = 164.10, shortly after eruption onset, Fig. 9c, d demonstrated
the interplanetary magnetic field and ICME flux rope at t = 256, shortly before it
reached 1 AU. Here, the unit of time is Alfvén time, and 1 Alfvén time is about
24 min. Jin et al. (2013) also used the TD flux-rope model to initiate the CME, and

@ Springer



8 Page 18 0f66 Reviews of Modern Plasma Physics (2022) 6:8

Bi(®  After MHD relaxation (t=162) B (codegi

95
. 30

Wos

v, (km/s)
850

750
650
550
450

i/B
0.2
l 0.05
0.014

0.004
0.001

Fig.9 a Initial flux-rope field lines with zero-§ relaxation; b field lines of the flux-rope core at
t = 164.10; ¢ interplanetary magnetic field and ICME flux rope at t = 256; d close-up view on ¢, showing
two flux bundles at the core of the flux rope. From Torok et al. (2018)

simulated a fast CME erupted from active region NOAA AR 11164 during CR2107.
They compared the propagation of this fast CME and the thermodynamics of CME-
driven shocks in both the 1T (one-temperature) and 2T (two-temperature: coupled
electron and proton) CME simulations. Their simulation results revealed that, to
produce the CME structures and CME-driven shocks more physically correct, it is
important to connect the electron heat conduction with proton shock heating.
Moreover, Jin et al. (2016) inserted the analytical Gibson—-Low (GL) flux rope
model (Gibson and Low 1998) with different parameters into the solar wind back-
ground which was constructed by AWSoM SC model (van der Holst et al. 2014),
to simulate the CME event occurred at 00:04 UT on 15 February 2011. Their sim-
ulation results showed that a CME’s impact on the surrounding solar wind struc-
tures would be affected by many factors, such as, the magnetic strength of these
structures, the distance from the erupting flux rope to the source region of the back-
ground fields, and the interaction between the CME with the large-scale magnetic
field. Jin et al. (2017a) developed a new data-driven tool called Eruptive Event Gen-
erator Gibson-Low (EEGGL) to automatically determine the GL flux rope param-
eters, based on the synoptic magnetogram data from GONG and the observations
of SOHO/LASCO. By combining the EEGGL model and the AWSoM solar wind
model (Oran et al. 2013; van der Holst et al. 2014), Jin et al. (2017b) performed
a MHD simulation to study the CME propagation on the 7 March 2011 from the
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chromosphere to 1 AU, and their results could reproduce many of the observed fea-
tures both near the Sun and in the heliosphere. Figure 10a depicted the initial GL
flux rope configuration for 7 March 2011 CME event with central plane showing
the radial velocity, and Fig. 10b compared EUV waves in the simulation and in the
SDO/AIA observation.

Wu et al. (2016) combined a data-driven flux rope model for the CME initiation
and a global coronal-heliosphere MHD model to simulate the propagation of the
CME event on 6 September 2011, based on an observed eruptive twisted flux rope
deduced from solar vector magnetograms. And their simulation results suggested
that the flux rope evolution model could reproduced the physical properties of the
CME, and the morphology resembled the observations by STEREO/COR-1.

By combining the 3D SIP-CESE MHD model (Feng et al. 2007, 2010, 2012b,
2015) with the spherical plasmoid mimicking CME initiation model, Zhou et al.
(2012, 2014) and Zhou and Feng (2013) investigated the CME propagation process
of a few Sun—Earth connection CME events, such as 4 November 1997, 12 May
1997, and 2010 April 3 CME events. And their simulated results provided a rela-
tively satisfactory comparison with the Wind spacecraft observations, such as the
southward interplanetary magnetic field and large-scale smooth rotation of the mag-
netic field associated with the CME for the 1997 November 4 event (Zhou et al.
2012); and shock arrival time at Earth with ~2 hours error for the 2010 April 3 CME
events (Zhou et al. 2014).

By using the 3D COIN-TVD MHD model with the magnetized plasma blob as
CME initialization model, Shen et al. (2011c) and Shen et al. (2014) simulated the
single CME propagation events and the interaction of two CMEs events, such as 4
April 2000, 12 July 2012 CME events, and 28 March 2001 CME-CME interaction
event. Figure 11 shows the relative density((p — py)/p,) distribution and the mag-
netic field lines at # = 0.5, 10, 20, and 30 h. Their simulation could reproduce the real
3D nature of the CME in morphology and their evolution from the Sun to the Earth
relatively well.

A spheromak-type magnetic flux rope was also taken as the magnetic field struc-
ture of the initial CME model by, e.g., Kataoka et al. (2009) and Shiota and Kataoka
(2016), to simulate the propagation of the CME by using the SUSANOO model. Fig-
ure 12a—c show the Magnetic field structures on the meridional plane at 2003.10.29
03:00UT, 2003.10.30 00:00UT, 2003.10.30 15:01UT; Fig. 12d shows the three-
dimensional view of CME 11 at the same timing as Fig. 12b in HGI coordinate.
In recent years, the spheromak model was included in EUFHORIA (Verbeke et al.
2019b) and shown to have relative good comparison with in situ measurements for
some Sun-to-Earth propagation of CME events (e.g., see Scolini et al. 2019; Palm-
erio et al. 2019). An et al. (2019) used a spheromak-shaped ICME model to define
observation constrained parameters representing ICME properties, and performed a
series of MHD simulations by changing these parameters to investigate the relation
between ICME properties and space weather disturbances at the Earth. Their simu-
lations showed that the injection speed, mass, longitude of the source region, and
magnetic field strength rather affected the onset time of space-weather disturbances
at the Earth. Singh et al. (2020) proposed a modified spheromak model and dem-
onstrated its applicability to CME simulation in the inner heliosphere. Through a
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Gibson-Low Flux Rope

Fig. 10 a Initial GL flux rope configuration for 7 March 2011 CME; b EUV waves in the simulation
(left) and in the SDO/AIA observation (right). From Jin et al. (2017b)
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(c) t=20hrs (d) t=30hrs

Fig. 11 Three-dimensional view of the relative density ((p — p,)/p,) distribution at = 0.5, 10, 20 and
30 h. The color code in the panels represents the two levels of isosurfaces of the relative density. The
magnetic field topology is represented by the white magnetic field lines. From Shen et al. (2014)

parametric study, they found that the speed of a CME was much more dependent on
its poloidal flux than on the toroidal flux. They also used this model to simulate the
2012 July 12 CME event and compared the plasma properties at 1 AU with observa-
tions, and the predicted CME properties agreed reasonably with observational data.
Iwai et al. (2021) used 3D MHD simulations based on interplanetary scintillation
(IPS) observations, and spheromak-shape CME models with various initial speeds to
investigate the accuracy of CME arrival times at the Earth. Their results suggested
that the assimilation of IPS data into MHD simulations could improve the accuracy
of CME arrival time forecasts, and the magnetic field included in the spheromak
model, the CME size, the background solar wind structure all could influence the
predicted arrival time.

With input based on actual solar observations, the HAFv.2 and 3D MHD model
was used to simulate a variety of CME events, such as the interplanetary evolution
of the observed geoeffective CME during 1-4 August 2010 (Wu et al. 2011), and the
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Fig. 12 a-c Magnetic field structures on the meridional plane of the HEE coordinate where Earth
located. The color shows distribution of the toroidal component (By in HEE), and the arrows show mag-
netic field direction of poloidal component. d Three-dimensional view of CME 11 at the same timing as
b in HGI coordinate. The red surface shows high stream area whose speed exceeds 1200 km s~!. Back-
ground colors on the transparent XY plane in HGI (the solar equatorial plane) show solar wind veloc-
ity distribution. The thick tubes are magnetic field lines that connected around the positions of planets
(shown with colored spheres associated with their orbits). From Shiota and Kataoka (2016)

effects of coronal hole on CME/shock morphology in the inner heliosphere with 7
March 2011 solar events (Wood et al. 2012a). Liou et al. (2014) also employed this
model to investigate the propagation of the extremely fast backside CME event on 23
July 2012 and the modeled results were in agreement with the in-situ measurement
from STEREO-A. Specially, Wu et al. (2017) investigated the CME encountered by
the Wind spacecraft on 9 September 2011 in detail and verified the association of
the short-duration (~ 35 min) extremely dense pulse (with a peak of ~ 94 cm™~3) with
the heliospheric plasma sheet compressed by the interplanetary shock.

Combining the 3D IN-TVD-MHD model (Shen et al. 2018b), Liu et al. (2019)
established a CME flux rope model based on the graduated cylindrical shell (GCS)
model and applied it into the numerical simulation on the propagation and deflec-
tion of the fast CMEs in the interplanetary space from 0.1 AU to 1 AU. Recently,
Shen et al. (2021a) numerically investigated the effect of the initial parameters of
the GCS-based CME Flux-rope Model, including the initial density, the thickness
of CME flux tube, initial mass, and initial magnetic field, on the simulation results
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at the observers located in the directions aligned with the initial propagating direc-
tion of the CME. The simulation results showed that when the initial density and
geometric size of the CME changed at the same time, both of them affected the
propagation of the CME; when the initial density and geometric size of the CME
changed but the total mass remained approximately the same, the propagation of
the CME was not affected much. We also found that when the initial magnetic field
strength increased, both the peak value of the total magnetic field and the duration
time of the prominence of B, and B, increased obviously. Furthermore, Shen et al.
(2021b) extended the previous work to study the influence of the different CME ini-
tial parameters on the simulation results at locations with different longitudes and
latitudes. The results indicated that as long as the initial mass of the CME remained
unchanged, the initial geometric thickness had different influence at latitudinal and
longitudinal directions, and the deflection of the CMEs always occurred in both lati-
tudinal and longitudinal directions.

As stated in the recent review paper (Zhang et al. 2021), in the recent years, there
are many developments in the number of 3D MHD models that have been success-
fully used to simulate the Sun-to-Earth propagation of CMEs. For example, by
means of out-of-equilibrium flux ropes, the CME initialization process becomes
quicker and easier to perform in coronal codes; interplanetary models (always
starting at 0.1 AU) have been used with spheromak and/or flux rope CMEs, which
bridges the gap between computationally intensive Sun-to-Earth simulations and
interplanetary simulations with MHD models. However, the number of Sun-to-
Earth simulations of CMEs initiated at the solar surface with a realistic model is
still relatively low. Furthermore, initiating CMEs by using magnetofrictional or flux
emergence or other self-consistent models based on more and more abundant solar
observations may lead to a better physical understanding of CMEs. In addition, a
more accurate background solar wind modeling might lead to a clear improvement
of CME propagation. Further improvements towards this coupling are expected in
the next few years.

4 The deflection of CMEs

Based on remote sensing and in-situ observations near the Earth, the researchers
found that not all Earth-directed CMEs would eventually reach the Earth, while
some CME events originating at the edge of the Sun could arrive (Wang et al. 2002;
Gopalswamy et al. 2009b; Wang et al. 2011, 2014). This interesting phenomenon
stems from the CME deflection which is the departure from a radial trajectory that
commonly occurs with significant in-course changes in direction. Understanding the
deflection of CMEs is of great interest to the space weather community because of
their implications for improving the prediction of CME. CME’s geoeffectiveness is
to a large extent affected by CME deflection. There are a lot of CMEs that are not
originated in solar disk center, but due to the deflection, they reached the Earth and
trigger large geomagnetic storms. On the other hand, the CME on 2014 January 7
originated in an active region near disk center, and hence, a significant geomagnetic
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impact was forecasted. However, due to the non-radial motion, no geomagnetic
storm occurred (Mostl et al. 2015).

Many studies about the CME coronagraph observations revealed the latitudinal
deflections and the longitudinal deflections have been further measured by recon-
structing the 3-D CME trajectory using coronagraph or heliospheric imager obser-
vations from multiple viewpoints (e.g., Liu et al. 2010; Byrne et al. 2010; Lugaz
et al. 2010; Bosman et al. 2012; Nieves-Chinchilla et al. 2013; Cécere et al. 2020).
Both the corotating interaction region (CIR) and heliospheric current sheet (HCS)
structures of the background solar wind could play a substantial role in the propa-
gation of CMEs and their geoeffectiveness (e.g., Odstrcil et al. 1996, 2004b; Zhao
et al. 2007). Therefore, as the CME interacts with the solar wind structure (e.g.,
CIR, HCS), it may deflect during its propagation. The studies on the CME deflection
are the important aspects in the CME research, and have achieved a lot of progress
in recent years.

To measure the deflection of CMEs from the Sun to 1 AU, Isavnin et al. (2013)
separately estimated the CME orientation in the close vicinity of the Sun using the
forward modeling technique and near 1 AU using the Grad—Shafranov reconstruc-
tion. According to their statistical study, the longitudinal deflection of the CME was
small, less than 6°. The latitudinal deflection was clearly larger than the longitu-
dinal, exceeding 10° for the majority of events with the largest deflection of 35°.
Wood et al. (2017) compared the CME propagation directions with the locations of
associated solar activity, finding that the angular discrepancy has a mean and stand-
ard deviation of 19.3° + 9.6°.

It should also be mentioned that CME deflection can manifest as the deflection of
its components. The prominence at the core of the CME was found to be deflected,
suggesting that the CME deflected as a whole (Gopalswamy and Thompson 2000;
Gopalswamy et al. 2000a; Gopalswamy 2015). The CME deflection can also be
represented by the reflection of shocks surrounding CMEs. The extreme ultraviolet
(EUV) waves, which are associated with CMEs, are found to be reflected by coronal
holes (Gopalswamy et al. 2009d; Olmedo et al. 2012). Wood et al. (2012b) found
that in the 2011 March 7 CME event, the CME body was deflected away by an adja-
cent coronal hole, but the shock readily expands into the fast outflow from the coro-
nal hole, resulting in the CME with ejecta not well centered within the shock sur-
rounding it. The deflection of CMEs also triggered many driverless shocks that were
not followed by drivers (Gopalswamy et al. 2009c, 2010a). Such driverless shocks
were mostly observed during the declining phase of solar cycle 23, consistent with
the abundance of low-latitude coronal holes in this phase.

CME:s can be deflected in the corona, where the magnetic field dominates the
dynamic process. It has been proven and widely studied that the asymmetry of mag-
netic field structure can make the CME deflect (e.g.,Gopalswamy et al. 2003a; Cre-
mades et al. 2006; Gui et al. 2011; Shen et al. 2011a; Wang et al. 2011; Zhou and
Feng 2013; Kilpua et al. 2009; Kay et al. 2015, 2016). Gopalswamy et al. (2009¢)
showed that the trajectory of CMEs was greatly affected when there are adjacent
coronal holes. The coronal hole acts as a magnetic wall that constrains the CME
propagation. Furthermore, Gopalswamy and Mikelda (2014) indicated that coro-
nal holes were the major source of deflection in the rise and declining phases of
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solar cycles. In the maximum phase, deflection by large-scale streamers or pseudo
streamers seems to be important. Another kind of possible deflection occurs in the
interplanetary when the CME interacts with other structures. A typical example is
the effect of other CMEs (Gopalswamy et al. 2001a; Lugaz et al. 2012b; Shen et al.
2012a). Moreover, a single CME in interplanetary space may also be deflected due
to the influence of the background solar wind (e.g., Wang et al. 2004, 2014). And
this kind of kinetic model for CME deflection in the interplanetary space (DIPS)
was put forward by the study of Wang et al. (2004), which suggested that a fast
CME would always be blocked by the background solar wind and deflected to the
east, while a slow one would be pushed and deflected to the west when propagat-
ing in the interplanetary space freely. The background mass and magnetic field will
accumulate at the leading flow, which makes the total pressure rise in the west front
of CME and finally causes the deflection. Manchester et al. (2017) mentioned both
the CME deflection in the corona and in the heliosphere, and attributed this to two
primary causes: magnetic forces produced by the background corona and the back-
ground solar wind flow pattern.

4.1 CME deflection in the corona

In the corona, the deflection of CMEs are mainly controlled by the magnetic field
structures. Therefore, the latitudinal deflection of the CME is very common and evi-
dent due to the effect of the background magnetic field of the Sun. Quantitative anal-
ysis suggest that CMEs always have higher deflection rates in the inner corona, gen-
erally below 4 R_ (Gui et al. 2011). The CME deflection is always equatorward near
solar minimum, while deflections to higher latitudes are also frequent during solar
maximum (Cremades et al. 2006). Besides, the longitudinal deflection also exist in
the corona due to the effect of the neighbouring magnetic field structures.

Shen et al. (2011a) argued that CMEs tend to deflect toward the region of the
lower magnetic energy density by the combined effect of the magnetic pressure and
tension forces, as shown by Fig. 13. It is a sketch of the CME-perturbed background
magnetic field. The associated restoring force acting on the upper part of the CME
points downward and is roughly given by f{; & wyAVy /Ly, where w; is the average
energy density in the upper part, Ly; is the characteristic length of the part. Simi-
larly, there is a restoring force acting on the lower part, which points in the opposite
direction. Comparing the two forces, we can estimate the direction toward which
the CME will propagate. Based on this theoretical method, Gui et al. (2011) car-
ried out a statistical analysis about the CME deflection in the corona, confirming
that the deflections are consistent with the gradient of the magnetic energy density.
Figure 14 is the analysis of the CME on November 16, 2007. They also noticed
that the gradient of the magnetic energy density decreases rapidly with increasing
height. Such a weak gradient is not enough to deflect a CME significantly as it trav-
els through interplanetary space. This is consistent with Isavnin et al. (2014), which
demonstrated that about 62% and 58% of the total latitude and longitude deflection
happened in the corona.

@ Springer



8 Page 26 0f 66 Reviews of Modern Plasma Physics (2022) 6:8

Fig. 13 Sketch of the CME-perturbed background magnetic field. The solid ellipse and dashed lines rep-
resent the CME and background magnetic field, respectively. The arrows mark the restoring forces acting
on the upper and lower part of the CME. From Shen et al. (2011a)
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Fig. 14 The comparison between the gradient of the magnetic energy density and the deflection of the
CME. The magnetic field energy density in gray scale in each panel is calculated based on the extrapo-
lated coronal magnetic field at the corresponding altitude. The projected leading edge of the CME is
indicated on the Carrington map by the yellow asterisk. The deflection and the gradient are represented
by the green and red arrows, respectively. The lengths of the green and red arrows indicate the deflection
rate and the relative strength of the gradient, respectively. The red curves indicate the heliospheric cur-
rent sheet. From Gui et al. (2011)

Kay et al. (2013) developed a model, ForeCAT (Forecasting a CME’s Altered
Trajectory), of CME deflection due to magnetic forces. Figure 15 shows ForeCAT
results for CMEs with various masses and final propagation velocities initiated at
different locations. Kay et al. (2015) pointed out that the magnitude and direction of
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Fig. 15 Each panel shows the latitude and longitude at 10 R, of 100 individual ForeCAT CMEs with
varying masses and final propagation velocities. The circle size represents the CME mass (larger being
more massive), and the color fill represents the CME velocity. The background color contours show the
radial magnetic field at 1.05R, showing the location of the ARs, and the line contours show the total
magnetic field strength at the source surface height, 2.5 R, which indicates the location of the HCS.
From Kay et al. (2015)

the deflection is determined, by CME parameters such as the mass and velocity, as
well as the solar magnetic field and magnetic gradients. Both global gradients and
local gradients, related to active regions or other small-scale structures, can contrib-
ute to the total deflection. Wide, slow, low-mass CMEs in backgrounds with large
magnetic fields and magnetic gradients have the largest deflection.

Gopalswamy et al. (2014b) analyzed the non-radial motion of the CME on 2014
January 7. The CME had a poor latitudinal connectivity to Earth, but it caused a
large solar energetic particle event. They showed that the non-radial motion of this
CME seemed to be caused by a combination of a large coronal hole and the large
arcade in the active region that did not participate in the eruption. This event has
also been analyzed by Mostl et al. (2015). The observations demonstrated that this
CME was strongly channelled into a non-radial direction by the effects of its locally
surrounding magnetic field.

Heinemann et al. (2019) performed a comprehensive analysis for the CME-HSS
event on 2011 June 22, by using multi-viewpoint data and combined modeling
efforts (nonlinear force-free field modeling, GCS CME modeling, and the ForeCAT
model). The results indicated that the major interaction between the CME and the
HSS started at a height of 1.3 R, up to 3 R,. Over that distance range, the CME
underwent a strong north-eastward deflection of at least 30° due to the open mag-
netic field configuration of the coronal hole. Cécere et al. (2020) analyzed the influ-
ence of the magnetic environment on the early development of a particular CME
event on 2011 January 24 by using the GCS model. They found that the deflection
amounts to 42° in latitude and 20° in longitude and that most of it occurs at altitudes
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below 4R,. And the magnetic field environment suggested that field lines from the
southern coronal hole acted as a magnetic wall that produced the large latitudinal
deflection; while a nearby pseudostreamer and a northward extension of the south-
ern coronal hole may be responsible for the eastward deflection of the CME. By
using 2.5D version of VAC MHD model, Zuccarello et al. (2012) and Bemporad
et al. (2012) numerically studied the importance of the coronal streamers in the
deflection of CMEs. Their results showed that because of the imbalance in the mag-
netic pressure and tension forces, the CME deflected toward the current sheet of
the larger northern helmet streamer and finally gets into the streamer. As pointed
out by Zuccarello et al. (2012), during solar minima, sunspots (and hence active
region of CMESs) originate at higher latitudes, and the polar coronal holes are exten-
sive, indicative of strong polar field that deflects the CMEs. Therefore, even CMEs
originating from high latitude could be easily deflected toward the HCS, eventually
resulting in geoeffective events, and that this latitudinal migration depended on both
the strength of the large-scale coronal magnetic field and the magnetic flux of the
erupting filament.

4.2 CME deflection in the interplanetary space

Gosling et al. (1987) analyzed 19 fast CMEs, finding that 17 of them showed east-
ward deflections of the ejection plasma. They suggested that this is a consequence
of solar rotation and the spiral geometry of the ambient solar wind. Wang et al.
(2002) found that the longitude distribution of the Earth-encountered front side halo
CMEs (EFHCMESs) has not only an east-west (E-W) asymmetry, but also depends
on the EFHCMES’ transit speeds from the Sun to 1 AU. The faster the EFHCMEs
are, the more westward does their distribution shift, and as a whole, the distribu-
tion shifts to the west. They believed that such E-W asymmetry appearing in the
source longitude distribution is due to the deflection of CMEs’ propagation in the

Sun . Sun ‘

(a) (b)

| —————

providing west
component of
force
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slow CME ——

spiral fields
Fig. 16 A sketch map of the DIPS model. From Wang et al. (2004)
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interplanetary medium. Based on the statistical result, Wang et al. (2004, 2014) put
forward a deflection model (CME Deflection in the InterPlanetary Space, DIPS) to
study the deflection propagation of CME in the ecliptic plane. Figure 16 is the sche-
matic pictures of the DIPS model which shows that a fast CME will be blocked by
the background solar wind ahead and deflected to the east, whereas a slow CME will
be pushed by the following background solar wind and deflected to the west.

The DIPS model assumes that the background solar wind and interplanetary
magnetic field (IMF) are dominant and the CME is a fluid parcel so that the CME in
the ecliptic plane tends to move along IMF lines. The Parker spiral IMF is given by:

Ty = Vew! (2)

@y =@; — Q1 3)

where v, is the solar wind speed, w is the solar rotation, ¢ is the initial longitude,
and t is the time since the plasma element left the Sun. Assuming that the CME is a
plasma parcel with a radial speed of v,, the magnetic field line drawn by the CME is
given by:

r=v.t (@))

@ =@ —Qt+Ad(1) (5)
since the CME is frozen-in in the interplanetary magnetic field, there are:

r() _ r
Po— @i (P—(Pi.

(6)

Here A¢ is the time-dependent or distance-dependent deflection angle of the CME.
Then, it is easy to derive that:

VQW vr
AP(t) = — Qr. @)

SW

When v, equals v, A ¢ will be zero, indicating a radial propagation of the CME.
While if v, is larger (smaller) than v, A ¢ will be smaller (larger) than zero, result-
ing in the eastward (westward) deflection of the CME.

To study the CME deflection more effectively and gain more useful informa-
tion, MHD modeling can be used as a feasible and efficient method. By using
the 3D SIP-CESE MHD model, Zhou and Feng (2017) simulated the propagation
characteristics of CMEs launched at different positions in a realistic structured
ambient solar wind and indicated the CME deflection caused by the influence
of heliospheric current sheet (HCS). The initial CMEs were initiated at differ-
ent solar latitudes with respect to the HCS and the Earth in the same ambient
solar wind. Figure 17 (top and middle row) shows the 3-D evolutionary struc-
tures of CMEs for the four cases with different launch positions at 30 h after their
launches; Fig. 17 (bottom row) shows the corresponding Sun—Earth meridional
slice for the four cases. Their research suggests that CMEs tend to deflect to the
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Fig. 17 Three-dimensional representations of the CMEs 30 h after the initiation of the four cases. Three-
dimensional isosurfaces of (top row) p = 1.5p,,;,4 and (middle row) magnetic field strength |B| = 15 nT
are drawn. The position of the Earth is marked by the blue sphere. (bottom row) The contour plots of
the relative density distribution on the solar-terrestrial meridian plane after 30 h for the four cases. From
Zhou and Feng (2017)

HCS in the latitudinal direction near the Sun and then propagate almost paral-
lel to the HCS in the interplanetary space. One of the earliest reports on CME
deflection towards the HCS can be found in Gopalswamy and Thompson (2000).
Besides, the statistical results by Zhao et al. (2007) also indicated that the shocks
associated flares are located on the same side of the HCS as the Earth have a
greater chance of reaching the Earth than those shocks on the opposite side.

By using a 2.5D MHD model, Zhuang et al. (2019) simulated the deflection
of CMEs with different speeds in the interplanetary space. Their simulation con-
firmed the existence of the CME deflection in the interplanetary space, which
was related to the difference between the CME speed and the solar wind speed.
Figure 18 shows the deflection of CMEs with different initial velocity V,, in the
interplanetary solar wind medium. They revealed that the CME with smaller or
larger speed than the ambient solar wind, would be deflected to the west or east,
and the deflection angle is directly proportional to the speed difference between
the CME and the ambient solar wind.
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Fig. 18 Westward and eastward deflection of the flux rope in the laboratory frame with V,,, = 300 and

V.0 = 1500 km s~! in panels a—c and e-g, respectively. The closed lines plot the flux rope structure, and

the open lines show the background magnetic field. The false color shows the flow velocity magnitude.
Panels d and h give the same schematic pictures of slow and fast CME propagation in the interplanetary
medium in Wang et al. (2004). From Zhuang et al. (2019)

By using the 3D IN-TVD-MHD model and the GCS-based flux rope CME initial-
ization model, Liu et al. (2019) simulated the propagation and deflection of the fast
CME:s in the interplanetary space, and analysed the influence of the CIR structure
on the deflection. Figure 19a, ¢ show the deflection angles and trajectories of the
CME when interacting with the CIR; (b) and (d) show the situation without inter-
action. Their simulation results demonstrated that when the fast CME hit the CIR
on its west side, it would deflect eastward, and the deflection angle would increase
compared with the situation without CIR.

5 The rotation, expansion, deformation and erosion of CMEs

It was found that many CMEs rotate significantly around the direction of propa-
gation, changing the axial orientation of the magnetic flux rope in the ICME, thus
altering the strength and duration of the southward magnetic field, and ultimately
affecting the geoeffectiveness of the ICME. There is substantial observational evi-
dence for the CME rotation (Yurchyshyn et al. 2007; Vourlidas et al. 2011; Thomp-
son et al. 2012; Liu et al. 2018). Vourlidas et al. (2011) presented the direct detec-
tion of a rotating CME in the middle corona. The rotation rate of the CME is as high
as 60° per day. Thompson et al. (2012) found that the CME happened on April 9,
2008 had rotated 115° at the height of 2.5 R

Green et al. (2007) found that the direction of the CME rotation is determined by
the sign of helicity of the source region. For positive (negative) helicity, the mag-
netic flux rope of the CME rotates clockwise (counterclockwise). This implies that
the conversion of twist into writhe in a kink-unstable magnetic flux rope is a pos-
sible mechanism for the rotation. Many numerical simulations have been done to
analyze the mechanism of the CME rotation (Torok and Kliem 2003; Fan and Gib-
son 2004; Lynch et al. 2009; Kliem et al. 2012). Lynch et al. (2009) showed that,
in sheared arcade magnetic breakout eruptions, the resulting flux ropes created by
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Fig. 19 a, ¢ Temporal images of the CME’s deflection angles and the trajectories of the CME, respec-
tively, for the case when the CME interacts with the CIR. b, d Images for the case when the CME does
not interact with the CIR. a and b are shown in the heliocentric Earth ecliptic coordinate system, while
¢ and d are in rotating coordinates. The green line is the longitude of the Earth; the blue dashed line is
the CME direction of our simulation; the red dashed line is the CME direction predicted by DIPS model
(Wang et al. 2004). The time interval for each CME circle in ¢ and d is 3 h. From Liu et al. (2019)

the flare reconnection undergo significant rotation during their propagation through
approximately 2 R, of the closed field corona. Kliem et al. (2012) pointed out that
the Lorentz force due to the external shear field component and the relaxation of
tension in the twisted field are the major contributors to the CME rotation.

During propagation, CMEs expand due to the imbalance between internal and
external pressures. In the early days, researchers believed that CMEs expand self-
similarly (Chen et al. 2000, 2009). In addition, using multi-perspective observa-
tions, many researchers have also found that CMEs exhibit self-similar expansion
(Poomvises et al. 2010). However, there are also some studies showing that CME
expansion is not always self-similar. The expansion in the radial direction weak-
ens with heliocentric distance, and CMEs undergo a phase of lateral overexpan-
sion in the corona (Patsourakos et al. 2010a, b). Thus, as the CME moves into
interplanetary space, its cross section flattens in the direction of propagation (see
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Fig.20 Schematic to display the geometry of a CME propagating into the heliosphere. The aspect ratio
of a CME is shown to be affected by CME expansion. From Savani et al. (2011)

Fig. 20). Riley and Crooker (2004) presented a kinematic study of the evolution
of CME:s in the solar wind, showing that the cross section of the CME would
evolve into a convex-outward pancake shape. This phenomenon is known as the
“pancaking effect” (Vr$nak et al. 2019; Liu et al. 2006; Owens et al. 2006).

Gopalswamy et al. (2014a) indicated that CMEs in solar cycle 24 showed
excess expansion than those in solar cycle 23. Such anomalous expansion is
caused by the reduced total pressure in the heliosphere. The anomalous expansion
of CMEs seems to be responsible for the mild space weather during solar cycle
24 (Gopalswamy et al. 2015a). The anomalous expansion results in the dilution of
the magnetic contents of CMEs, so the geomagnetic storms are generally weak.
CME-driven shocks propagating through the weak heliospheric field are less effi-
cient in accelerating energetic particles, so the particles do not attain high ener-
gies. Given the prediction of weak solar cycle 25, CME expansion is an important
topic in CME studies.

As CMEs propagate away from the Sun, they may undergo magnetic reconnec-
tion with the ambient interplanetary magnetic field. It was found that the magnetic
reconnection would peel off substantial amounts of magnetic flux from the CME
(Dasso et al. 2006, 2007; Ruffenach et al. 2012). This process is called the CME
erosion. Locally, this process is observed as a region bounded by two current sheets,
and so that the changes of B and V are correlated at one boundary but anticorre-
lated at the other. Through a statistical study, Ruffenach et al. (2015) pointed out
that CMEs may be eroded at the front or at rear and in similar proportions, with a
significant average erosion of about 40% of the total azimuthal magnetic flux. Some
previous works also indicated that CME erosion may give birth to some small-scale
flux ropes (Feng and Wu 2009; Tian et al. 2010; Xu et al. 2020)
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6 The interaction of CMEs

If a slow CME and a fast CME erupt continuously from the adjacent positions,
then the fast CME will approach and interact with the slow CME during propaga-
tion. CMEs’ interaction was first reported by Gopalswamy et al. (2001b) based on
the SOHO/LASCO observations (Fig. 21). In recent years, using the large field
of view observations from STEREO/SECCHI, theoretical analysis and numeri-
cal simulation, extensive efforts further confirm the result that interaction may
change the kinematic parameters of CMEs greatly, and also have influence on
CME magnetic field and on particle acceleration (Lugaz et al. 2009, 2012a; Tem-
mer et al. 2012, 2014; Mishra et al. 2014, 2015a).

Near the Earth, complex structures caused by multiple CME interactions are
frequently observed in a variety of forms, including complex ejecta(Burlaga
et al. 2002), multi-magnetic clouds (multi-MC) (Wang et al. 2003a), and shock-
interplanetary coronal mass ejections (S-ICMEs) (Wang et al. 2003b; Lugaz
et al. 2015a). The observational signatures of multi-magnetic clouds include:
(1) the presence of several magnetic clouds and interacting regions between
them; (2) each subcloud in multi-MC primarily meets the criteria of isolated
magnetic cloud, except that the proton temperature is not as low as that in typi-
cal magnetic cloud due to the compression between the subclouds; and (3) the
speed of solar wind at the rear part of the front subcloud does not continuously
decrease,(4) in the interaction region between the subclouds, the magnetic field
becomes less regular and weaker, and the temperature and plasma-beta increase.
Figure 22 gives an example of a multi-MC. Multi-magnetic clouds are caused
by the magnetic reconnection between CMEs. Through magnetic reconnection,
magnetic energy is converted into particle energy and the magnetic field topol-
ogy is changed. Many observations of reconnection exhaust in CME interaction
regions are reported, which are characterized by the accelerated ion flow within
magnetic field reversal regions (Gosling et al. 2005; Xu et al. 2011; Raghav and
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Fig.21 Observations of CME-CME interaction. a LASCO/C3 image at 18:18 UT obtained at the time

of the radio enhancement. b Radio enhancement due to the interaction between CMEs. Adapted from
Gopalswamy et al. (2001b)
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Fig.23 An example of S-ICME
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Kule 2018).In S-ICME, a shock driven by a following fast CME catches up and
then propagates into the previous slow CME, as shown in Fig. 23.

6.1 Effects of CME-CME interaction on CME propagation

Many numerical simulations have investigated the formation and propagation of the
interactional CMEs (Lugaz et al. 2005; Xiong et al. 2006, 2007; Shen et al. 2012b,
2013b, 2016). The CME interaction leads to a speed balance between the interacting
CMEs. Wang et al. (2005b) analyzed the interaction of two successive CMEs using a
2.5-D MHD simulation. This simulation illustrates the process of the formation and
propagation of two identical CMEs, which are ejected with speeds of 400 km s~! and
600 km s~! respectively and initially separated by 12 h. In this case, neither CME
drove a shock. The simulation result showed that the fast cloud is slowed down sig-
nificantly because of the blocking by the preceding slow one, implying that the final
speed of the Multi-CME structure is dominated by the preceding slow one.

Fig. 24 Plasma speed in the y—z plane at four different times during the interaction of the two CMEs.
“Streamlines” drawn in white illustrate the direction of the magnetic field in the plane. Top left:
t = 13.75 h, as the trailing shock enters the first cloud. Top right: # = 19 h, as the trailing shock has just
passed the center of the first cloud. Bottom left: # = 23.5 h, as the trailing shock enters the dense sheath
of plasma associated with the leading shock. Bottom right: # = 37 h; note the uniformization of the speed
in the two clouds at this time. Also note the change in scales between the different panels. From Lugaz
et al. (2005)
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Fig. 25 The speed-time profile of the two CMEs with and without interaction. Adapted from Shen et al.
(2012b)

Meanwhile, Lugaz et al. (2005) presented a 3-D compressible MHD model of the
interaction of two CMEs with shocks. Seen from Fig. 24, the tailing shock gradually
catches up the first CME, then propagates in it, and finally it merges with the leading
shock. They showed that the propagation of the tailing shock in the first CME was
crucial to homogenize the velocity. Similar results have been achieved by Shen et al.
(2012b), which employed a 3-D MHD simulation for the evolution of two interact-
ing CME:s in a realistic ambient solar wind during the period 28-31 March 2001
event. Figure 25 shows the simulation result of the velocity and acceleration evolu-
tion. There is a significant momentum exchange between the two interacting CMEs,
which leads to the acceleration and deceleration of the CME. By the way, in addition
to changes in velocity, CME-CME interaction may result in the deflection of one
CME by another (Xiong et al. 2009; Shen et al. 2012a).

Shen et al. (2011b, 2012b) also simulated the interaction of two CMEs using the
COIN-TVD MHD model, analyzed variations of different forces acting on the CMEs
during interaction, and revealed that the momentum exchange during the interaction
of two CMEs was very important for the deceleration and acceleration of the CME:s.

Scolini et al. (2019) studied two Earth-directed CME—CME interaction events
occurring on 14 July 2012 and 13-14 June 2012 using the EUHFORIA model. For
each event, they simulated the CMEs using both the cone model and the spheromak
model. Their analysis indicated that the use of a spheromak model constrained with
observations-based CME input parameters significantly improved the prediction of
the ICME internal magnetic field intensity and orientation at the Earth. The predic-
tion of the CME arrival time at the Earth was found to be highly dependent on the
CME model and CME input parameters used.

Shen et al. (2012a) present a comprehensive picture of a unique collision between
two CMEs which occurred on November 2, 2008 and November 3, 2008. Their
analysis showed that the two magnetized plasmas collided as if they were solid.
The total kinetic energy of the plasmoid system increased by 6.6%, which has a sig-
nificant effect on its dynamics. Figure 26 shows the STEREO/SECCHI images of
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c HI1-B observation of the collision of the two CMEs
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Fig.26 The STEREO/SECCHI images of the two CMEs and their collision in the heliosphere. a, b Run-
ning-difference images showing CME1 and CME2. The red diamond and plus symbols mark the front
and rear edges of CMEI, respectively, and the blue symbols are for CME2. ¢ The running-difference
image of HI1-B showing the collision of the two CME:s. d, e The beginning and end of the collision; the
red arrows indicate the collision region. From Shen et al. (2012a)
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Fig. 27 Energy difference between the case of collision (case 1) and the case of non-collision (case 2). A
positive value means that the energy in case 1 is larger than that in case 2. The vertical dashed line marks
the beginning of the collision, and the horizontal dashed lines indicate the level of numerical error. From
Shen et al. (2013b)

the two CMEs and their collision in the heliosphere. This finding suggests that the
CMEs’ magnetic energy and thermal energy could be converted into kinetic energy
through a more efficient way. The 3D COIN-TVD model was also used to study the
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super-elastic collisions of CMEs (Shen et al. 2013b). Figure 27 shows the energy
variations for the case of collision (case 1) and the case of non-collision (case 2).
Their simulation results showed that the collision led to extra kinetic energy gain
by 3—4% of the initial kinetic energy of the two CMEs, which suggested that the
collision of CMEs could be superelastic. Besides these studies, a series relevant
researches have been performed (Lugaz et al. 2012b; Temmer et al. 2012; Liu et al.
2014; Mishra et al. 2015a, b; Shen et al. 2017b). Their results showed that CME col-
lisions were not always super-elastic, it might also be inelastic or elastic. Shen et al.
(2016) further confirmed the dependence of CMEs’ collision type on the ratio of the
CME’s kinetic energy to the CME’s total energy using MHD simulation.

MHD simulation was also used to model multiple CMEs (more than two CMEs)
interaction. By employing the 3D MHD simulation, Shiota and Kataoka (2016)
studied the propagation and interaction process of multiple CMEs associated with
the complex active region NOAA 10486 from 30 R, to 430 R, in October to Novem-
ber 2003. In their CME model, a spheromak-type magnetic field configuration was
used to form an internal magnetic flux rope. This CME model passed through the
inner boundary and finally detached from the inner boundary after its passage. Their
simulated results could provide reasonably good results for velocity and the pro-
file of southward magnetic field component of the Halloween Event on 29 Octo-
ber 2003. The simulation also indicated that the propagation of the following CME
could be significantly affected by the trails of the preceding CMEs.

Webb et al. (2013) tracked the propagation of multiple CMEs of late July to early
August 2010 in the inner heliosphere by comparing the results from the ENLIL
model, 3D reconstruction techniques based on a kinematic solar wind model, and
in situ results from multiple spacecraft, and their simulation results could reproduce
the 3D reconstructed densities of in situ density structures at five spacecraft spread
over 150° in ecliptic longitude and from 0.4 to 1 AU in radial distance.

The September 2017 series of CME-CME interaction events have been studied
using in-situ observations (Shen et al. 2018a) and by means of numerical simula-
tions (Werner et al. 2019; Scolini et al. 2020). Werner et al. (2019) numerically
modeled the multiple CMEs based on coronagraph image observations. Figure 28
shows the radial solar wind velocity on the ecliptic plane at 7 September 18:00
UTC, which contains all three CMEs.Their result suggested the preconditioning of
the interplanetary medium should be taken into account when making forecasts of
CME:s erupting in quick succession. That was because the predicted arrival time of
the first interplanetary shock was drastically improved, while the background solar
wind preconditioned by the passage of the first interplanetary shock likely caused
the last CME to experience insignificant deceleration and led to the early arrival of
the second interplanetary shock, and the similar conclusion was also made by Liu
et al. (2014). Moreover, the opposite happens when the preceding CMEs are slow,
and they increase the effective drag to a later fast CME (Gopalswamy et al. 2013).

Palmerio et al. (2019) analyzed the propagation and geoeffectiveness of four
CME:s that erupted from the Sun during May 21-23, 2013, using multiwavelength
and multipoint remote-sensing observations, also aided by 3D EUHFORIA model.
All of the four CMEs could be considered to be “problematic”; however, all the
CME:s that arrived at Earth caused a moderate geomagnetic disturbance. Their
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Fig. 28 The radial solar wind velocity output from the baseline run as shown on the ecliptic plane at 7
September 18:00 UTC. From Werner et al. (2019)

studies also demonstrated the benefits of combining a detailed EUV, white-light, and
radio analysis as well as 3D heliospheric modeling.

6.2 Effects of CME-CME interaction on CME magnetic field

It is well-known that ICMEs and their complex structures are the major sources
of geomagnetic storms (Gonzalez et al. 1994, 1999, 2007; Echer et al. 2008; Shen
et al. 2017a). This is mainly because they often contain a long-lasting intense south-
ward magnetic field component. By analyzing 88 strong geomagnetic storms from
1996 to 2005, Zhang et al. (2007b) found that 87% of strong geomagnetic storms
were caused by ICMEs and their complex structures. This result was then con-
firmed by Shen et al. (2017a). In addition, the interplanetary causes of super-intense
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geomagnetic storms (Dst,;, < —250 nT) that occurred during solar cycle 23 studied
in Echer et al. (2008) indicated that only magnetic clouds (including both sheath
regions and body parts) had fields intense enough and with long enough duration to
cause superstorms.

As the compression between multiple ICMEs or the shock and ICME would
enhance the magnetic field intensity in the interaction structures, such events are
thought to be more geoeffective than individual ICMEs (Wang et al. 2003b, 2005a;
Xue et al. 2005b; Zhang et al. 2007a; Lugaz et al. 2015a, b; Shen et al. 2017a). By
analyzing the complex structure of the shock-magnetic cloud in October 2000 and
November 2001, Wang et al. (2003b) reported for the first time that the intense geo-
magnetic storms could be caused by shock compression of the preceding ICMEs.
Xue et al. (2005b) analyzed eight great geomagnetic storms with Dst;, < =200 nT
from 2000 to 2001 and found that four of them were caused by the compression
between multiple CMEs. Farrugia et al. (2006) indicated that interacting CMEs are
important interplanetary sources of large double-dip geomagnetic storms. Lugaz
et al. (2015b) statistically studied the S-ICMEs and found that 19 out of 49 S-ICMEs
in their study were associated with intense geomagnetic storms (Dst,;, < —100 nT)
within 12 h of the shock arrival at the Earth. Shen et al. (2017a) showed that about
60% S-ICMEs were accompanied with intense geomagnetic storms, which demon-
strated that S-ICMESs have a higher probability in causing geomagnetic storms, espe-
cially intense geomagnetic storms, than individual ICMEs or other types of ICME
complex structure.

All these results indicate that the multiple ICMEs especially the shock-ICMEs
events are important in causing geomagnetic storms. Compression of the magnetic
field enhances the southward component, and also enhances the geoeffectiveness
of S-ICME:s structures. In addition, S-ICMEs can lead to a new type of double-
dip storm unlike the classical double-dip storm caused by different Bz structures
in shock sheath and ICME. In such storms, both dips are due to the Bz structure
in ICMEs, as indicated by Gopalswamy et al. (2015b). To quantitatively study the
enhancement of the geomagnetic storm caused by shock-ICME interaction, Shen
et al. (2018a) analyzed an intense geomagnetic storm triggered by an S-ICME in
2017 September (see Fig. 29). Through recovering the shocked part of the ICME
back to the uncompressed states using the method put forward by Wang et al. (2018)
and then substituting them into Dst prediction models, they quantitatively found that
shock compression roughly doubled the intensity of the geomagnetic storm.

Using the same method, Xu et al. (2019b) further studied 18 moderate to intense
geomagnetic storms caused by S-ICMEs. It was found that due to shock compres-
sion, the maximum southward magnetic field of the ICME doubles and the dawn-
dusk electric field increases 2.2 times. On average, shock compression can increase
the intensity of geomagnetic storms by 1.4 times. Furthermore, they showed that
there is a significant correlation between the shock density compression ratio and
the ability of shock to enhance geomagnetic storms. The larger the impact density
compression ratio is, the more obvious the Dst index decreases.

Very few studies could quantify the geo-effectiveness amplification (e.g., B,
or other geomagnetic activity indices) by performing global Sun-to-Earth sim-
ulations of real multiple CMEs events. Scolini et al. (2020) used EUHFORIA
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Fig.29 The observational data and recovered uncompressed state of magnetic field, solar wind speed,
total plasma density and Dst index from September 6, 2017 to September 8, 2017. The shade region
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model to study how complex interactions between multiple interacting CMEs
on their way to the Earth may result in the geo-effectiveness of the September
2017 series of events. Figure 30 showed the comparison between the time series
modeled from EUHFORIA at Earth and in-situ measurements from Wind. Their
results showed that a key factor at the origin of the intense storm triggered by
these September 2017 CMEs was their arrival at the Earth during the phase of
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maximum B, amplification, and the time interval between the interacting CME
eruptions and their relative speeds may important to determine the resultant
impact of complex CMEs at different heliocentric distances.

The CME-CME interaction event observed on 13-14 June 2012 has also
been studied by both in-situ measurements (Srivastava et al. 2018; Kilpua et al.
2019) and numerical simulation (Scolini et al. 2019). As discussed by Srivastava
et al. (2018), this event was composed of a sequence of two CMEs that were
launched from NOAA AR 11504. The first CME erupted on 13 June 2012 and
it was observed by LASCO/C2 at 13:25 UT to propagate with an average pro-
jected speed of 632 km s~!. On the following day, a second CME, entered the
C2 coronagraph at 14:12 UT, and propagated towards the Earth with an average
projected speed of 987 km s~!. The kinematics of these two interacting CMEs
were estimated using the data from the Sun Earth Connection Coronal and
Heliospheric Investigation (SECCHI) instrument onboard the Solar Terrestrial
Relations Observatory (STEREO), and the results showed that the collision was
inelastic in nature (Srivastava et al. 2018). Their study also found that this inter-
action event led to the strongest sudden storm commencement (SSC) (~ 150 nT)
of solar cycle 24.

Kilpua et al. (2019) also examined the CME—-CME interaction event on 13—-14
June 2012 using in-situ observations from the almost radially aligned spacecraft
at Venus and Earth, as well as using heliospheric modeling and observation.
Their results showed that the June 14 CME reached the June 13 CME near the
orbit of Venus and significant interaction occurred before they both reached the
Earth. The shock driven by the June 14 CME propagated through the June 13
CME and then the two CMEs coalesced, forming the signatures of one large,
coherent flux rope at L1. They also discussed the origin of the strong interplan-
etary magnetic fields related to this sequence of events, the complexity of inter-
preting solar wind observations in the case of multiple interacting CMEs, and
the coherence of the flux ropes at different observation points.

Lugaz et al. (2013) simulated the influence of the relative orientation of the
two interacting CMEs on their interaction and the resulting structure using the
SWMF MHD model. Their simulations indicated that as a CME with a high
inclination overtook one with a low inclination, the second CME only appeared
as an extended “tail,” and the usual multiple-magnetic-cloud event was found
to be always associated with the interaction of two CMEs with the same
orientation.

The Alfvén waves are speculated to be one of the major possible energy
exchange/dissipation mechanism during the CME-CME interaction process,
and the magnetic reconnection process is justified to be responsible for multi-
ple CMEs merging. Based on in-situ observation, Raghav and Kule (2018) pre-
sented an unambiguous evidence of sunward torsional Alfvén waves in the inter-
acting region after the collision of multiple CMEs. They revealed that Alfvén
waves and magnetic reconnection were the possible energy exchange/dissipation
mechanisms during large-scale CMEs interaction.
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6.3 Effects of CME-CME interaction on particle acceleration

It is generally accepted that the large gradual SEP events are accelerated by CME-
driven shocks (Kahler et al. 1984; Reames 2013). Those most energetic SEP events,
that reach the neutral atmosphere of Earth and produce secondary neutrons , are
called Ground level enhancement (GLE) events. GLEs are thought to be mainly
accelerated by CME-driven shocks. Gopalswamy et al. (2010b) analyzed the sources
of 16 GLE events in solar cycle 23, finding that all of them are associated with shock
acceleration.

Due to the space weather concerns, a great deal of research has been done on the
conditions under which GLE events may occur. It has been determined that GLE
events depend on many different aspects of particle acceleration by shocks, includ-
ing early shock evolution, preconditioning, magnetic connectivity and CME deflec-
tion, and the state of the heliosphere (Gopalswamy et al. 2014c; Nitta et al. 2012).
Shocks with larger speeds and smaller formation heights are more likely to associ-
ated with GLE events (Cliver 2006; Gopalswamy et al. 2010b, 2017). Elevated seed
population, like flare-accelerated particles, also plays an important role Tylka et al.
(2005).

In recent years, the influence of CME interaction on solar energetic particle
events, which leads to enhanced seed particles and background turbulence, has
attracted people’s attention (Gopalswamy et al. 2002, 2003b; Mikeld et al. 2015;
Gopalswamy et al. 2004; Li and Zank 2005; Li et al. 2012; Zhuang et al. 2020).
Gopalswamy et al. (2002) first illustrated that the interaction between a fast primary
CME and one or more preceding CME(s) was an important aspect of SEP produc-
tion. They further studied the CMEs associated with SEP events of solar cycle 23,
indicating that the majority of SEP producing CMEs propagate through the near-
Sun interplanetary medium severely disturbed and distorted by the preceding CMEs.
Furthermore, the preceding CMEs are faster and wider on the average, so they
may provide seed particles for CME-driven shocks that follow (Gopalswamy et al.
2003b, 2004).

Li and Zank (2005) proposed that the shock driven by a preceding CME can
leave a turbulent downstream wake where the enhanced SEP production will occur
at the primary CME shock. Later, Li et al. (2012) proposed the “Twin-CME” sce-
nario (see Fig. 31) in which CME-CME interaction leads to the enhancements of
SEP events. The combined effect of the presence of the first shock and the existence
of the reconnection between the open and close magnetic filed lines is that when
the second CME erupts and drives a second shock, one finds both an excess of seed
population and an enhanced turbulence level at the front of the second shock than
the case of a single CME-driven shock. Ding et al. (2013) analyzed the large SEP
events in solar cycle 23, indicating that large SEP events tend to be “twin-CME”
events. Using observational data from multiple satellites, Shen et al. (2013a) found
that the first GLE event of solar cycle 24 also stems from the interaction of two fast
CMEs, in line with the “twin-CME” scenario.

Many studies have shown that the energetic particle intensities are usually
depressed in ICME:s, particularly in those traveling in the ecliptic plane (Lario et al.
2005; Malandraki et al. 2005; Cane and Lario 2006). Richardson (1997) found
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Fig.31 The cartoons depicting our “twin-CME” scenario for the generation of an extreme SEP event.
Two CME:s erupt from the same or nearby source active regions. Interchange reconnection between open
magnetic field and that enclosing the first CME can release driver material of the first CME to the tur-
bulence-enhanced downstream of the first CME shock. This material can be subsequently accelerated by
the second CME shock. From Li et al. (2012)

that near the ecliptic, entry into and exit from an ICME is typically accompanied
by a decrease and a recovery, respectively, in the particle density over a range of
rigidities. For protons with energy smaller than 100 MeV, the intensity drop can
be greater than 70%. They suggested that ejecta are predominantly closed magnetic
structures, thus avoiding the easy access and exit of particles. Cane and Lario (2006)
reported the energetic particle response to the passage of an fast ICME observed by
the ACE spacecraft in September 1998. The shock might also act as a discontinuity
which can reflect the energetic particles (Kirin et al. 2020). This fast ICME drove
a strong interplanetary shock that locally accelerated ions to more than 60 MeV at
its arrival at 1 AU. In this event, they found a sharp decrease of the low-energy ion
intensities precisely in the ICME interval, which demonstrated that the penetration
of shock accelerated particles into the ICME is restricted. In addition, Kallenrode
(2001) studied the influence of the magnetic cloud on the propagation of the ener-
getic particles with a numerical model. The simulation results showed that a mag-
netic cloud may act as a barrier for external energetic particles’ propagation.

On the other hand, Shen et al. (2008) pointed out that in S-ICMEs, the behav-
ior of energetic particles may be much different. In the S-ICME on November 5,
2001, an extraordinary energetic particle enhancements over the entire period of
the S-ICME was identified. This enhancement might be due to the combined effects
of the shock and the MC boundaries: the shock can accelerate particles within the
ICME and the ICME boundaries prevent the leakage of these accelerated particles,
as shown in Fig. 32. In addition to this event, energetic particle enhancements also
occurred in the S-ICME on September 7, 2017 (Shen et al. 2018a). Using the pro-
tons with energies form ~ 200 keV to ~ 7 MeV observed by Wind/3dp as a measure,
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Fig.32 A diagram of the cross-section of the isolated ICME (a) and the S-ICME (b). From Shen et al.
(2008)

Xu et al. (2019a) check the proton intensity signatures of the 487 ICMEs between
1995 and 2017. A total of 12 ICMEs with extraordinary energetic particle enhance-
ments have been found, 9 of which are S-ICME:s. Figure 33 shows an example of
S-ICME with enhanced energetic particles. In addition, they also pointed out that
shocks inside energetic particle enhanced S-ICMEs are relatively fast and strong.
These results indicated that shock-ICME interaction may be an effective local accel-
eration mechanism, and will significantly enhance the SEP events.

7 Conclusions and future prospects

In this paper, the main developments in the investigation of the propagation, deflec-
tion and interaction of CMEs from the Sun to 1 AU in recent years, by mean of
observational, theoretical and numerical methods have been reviewed.

During the propagation of the CMEs from the Sun, the leading edges of the
CMEs normally leave bright traces in the images of visible light, which have
inspired various techniques to investigate the 3-D geometrical and kinematic infor-
mation of CMEs with the help of the coronagraph observations. From the previous
observational studies and numerical simulations, the kinematic evolution of CMEs
always undergo three phases, which are a gradual evolution, a fast acceleration, and
a propagation phase. In the gradual evolution phase, the CME front is first formed
and then undergoes a slow expansion. The fast acceleration phase always lasts from
a few minutes to an hour. The main acceleration of CMEs occurs at low coronal
heights (e.g., < 2R,) and in this phase, CMEs are mainly accelerated by the Lorentz
force. After the main impulsive acceleration phase the CME propagates with a grad-
ual acceleration/deceleration due to the interaction with the ambient solar wind flow
during propagation in the interplanetary space, mostly influenced by the drag force.

The propagation directions of CMEs may show departures from a radial trajec-
tories, which is called CME deflection. The CME deflection can be approximately
divided into two parts: the deflection in the corona due to the magnetic forces and
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Fig. 33 Wind observations of an ICME on 29 May 2003. From top to the bottom, panels are the distribu-
tion of energetic proton intensities in 7 energy channels, the normalized energetic proton intensities, the
suprathermal electron pitch-angle distribution, magnetic field strength (B) and three components of mag-
netic field vector in GSE coordinate, solar wind speed (v) and proton density (Np), proton temperature
(Tp) and f. The shaded region shows the period of the ICME, and the vertical dashed black line inside
represents the shock. From Xu et al. (2019a)

the deflection in the interplanetary space due to the interaction with the background
solar wind. If a slow CME and a fast CME erupt continuously from the adjacent
positions, then the fast CME will approach and interact with slow CMEs during
propagation. Many observational studies and numerical simulations have inves-
tigated the formation and propagation of the interactional CMEs. The interaction
of the CMEs can lead to the compression, reconnection and momentum transfer
between the CMEs and may contribute to solar energetic particle events and geo-
magnetic storms.

This review has only concerned the major progress in observations, physical
understanding and numerical simulations of CMEs achieved in the recent years. In
future research, with the continuous collection of new observational data, e.g., from
Parker Solar Probe and Solar Orbiter, more extensive studies on the CMEs can be
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carried out. They observe the Sun’s atmosphere up close, with high spatial reso-
lution telescopes and compares these observations with measurements taken in the
environment directly surrounding the spacecraft — together creating a one-of-a-kind
picture of how the Sun can affect the space environment further out in the solar
system. Therefore, we expect to have more frequent and better in situ measurements
of CME:s in the innermost heliosphere. Besides, thanks to its unique and difficult
to achieve orbit, the future NASA Solaris solar polar mission (Hassler et al. 2020)
will also provide the first-ever pictures of the Sun’s polar regions. In addition, The
concept of the Solar Ring mission put forward by Wang et al. (2020) will be the first
attempt to routinely monitor and study the Sun and inner heliosphere from a full
360-degree perspective in the ecliptic plane. The current preliminary design of the
Solar Ring mission is to deploy six spacecraft, grouped in three pairs, on a sub-AU
orbit around the Sun. The two spacecraft in each group are separated by about 30°
and every two groups by about 120°. This configuration with necessary science pay-
loads will allow us to establish the unprecedented capability of resolving the ICMEs
at multiple longitudes, which therefore can lead to a better understanding of the evo-
lution and space weather effect of CME:s.
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