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We analyze the eruption of a coronal plasma channel (CPC) and an overly-
ing flux rope using Atmospheric Imaging Assembly/Solar Dynamic Obser-
vatory (AIA/SDO) and Solar TErrestrial RElations Observatory (STEREQ)-
A spacecraft data. The CPC erupted first with its low and very faint coronal
signature. Later, above the CPC, a diffuse and thin flux rope also devel-
oped and erupted. The spreading CPC further triggered a rotating jet-like
structure from the coronal hole lying to its northward end. This jet-like
eruption may have evolved due to the interaction between spreading CPC
and the open field lines of the coronal hole lying towards its northward foot-
point. The CPC connected two small trans-equatorial coronal holes lying
respectively in the northern and southern hemisphere on either side of the
Equator. These eruptions were collectively associated with the stealth-type
CMEs and CME associated with a jet-like eruption. The source region of
the stealth CMEs lay between two coronal holes connected by a coronal
plasma channel. Another CME was also associated with a jet-like eruption
that occurred from the coronal hole in the northern hemisphere. These
CME:s evolved without any low coronal signature and yet were responsi-
ble for the third strongest geomagnetic storm of Solar cycle 24. These
stealth CMEs further merged and collectively passed through the interplan-
etary space. The compound CME further produced an intense geomagnetic
storm (GMS) with Dst index= -176 nT. The z-component of the interplane-
tary magnetic field [ B, ] switched to negative (-18 nT) during this interaction,
and simultaneous measurement of the disturbance in the Earth’s magnetic

field (Kp=7) indicates the onset of the geomagnetic storm.
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7.1 Introduction

The study of coronal mass ejections (CME) and their association with solar prominences
and flares is one of the most important current problems in solar physics. The internal
dynamics and MHD instability play a significant role in the eruption of solar prominences
(Joshi et al., 2013; Mishra and Srivastava, 2019; Mishra et al., 2018a; Srivastava et al.,
2010). A causal relationship between solar prominences and CMEs has been observed
(Filippov and Koutchmy, 2008; Gopalswamy et al., 2003; Schmieder et al., 2013; Webb and
Howard, 2012). Various observational and theoretical models have been used to understand
the triggering mechanism of coronal mass ejections. Some of the most recognized models
for CME triggering are “tether cutting or flux cancellation mechanism” (Amari et al., 2003;
Dryer and Tandberg-Hanssen, 1980; Moore et al., 2001; van Ballegooijen and Martens,
1989), “shear motions” (Aly, 1990; Barnes and Sturrock, 1972; Deng et al., 2001; Kusano
et al., 2004; Low, 1977), “the magnetic breakout model” (Antiochos et al., 1999; Archontis
and Torok, 2008; Lynch et al., 2004; Sterling and Moore, 2004) “emerging flux and
injection mechanism” (Chen, 1989; Chen and Shibata, 2000), and “hybrid mechanism”
(Amari et al., 2000). There are some observational features, by which we identify the
coronal mass ejections (CMEs). These observational features of CMEs are morphology
and mass, angular width, occurrence rate, velocity and energy, and association with the
filament and flares. (Chen, 2011) and (Webb and Howard, 2012) have reviewed the
observational and theoretical view of CMEs. The observational view of CMEs in the
heliosphere has been discussed using remote-sensing coronagraphic data (Poletto and
Suess, 2004). Recently, the origin, predictability, and the evolution of solar eruptions have
been discussed in great detail (Green et al., 2018). Based on the morphological evolution,
the CMEs are classified as halo CMEs, partially halo CMEs, narrow CMEs, and CMEs
with low coronal signatures. A typical CME consists of three components; an eruptive

prominence associated with a bright core, a lower density dark cavity region, and a diffuse
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leading-edge CME front with its legs connected to the Sun. Robbrecht et al. (2009) use
Solar TETrrestrial RElations Observatory (STEREQ) data to discuss the evolution of a
CME that has no signature in the lower corona. Because there is no signature present in
the low corona, it is difficult to find their eruptive source on the solar disk. Therefore, it
makes it difficult to forecast space weather, without any initial signature of the eruption in
the lower corona. Because there is no signature in the inner corona, this type of CMEs are

known as stealth CMEs.

The stealth CMEs typically propagate with a speed less than 500 km s~ and are
originated from the quiet-Sun region (D’Huys et al., 2014; Ma et al., 2010). The recent
study concludes that the source region of the stealth CME is associated with the active
region of the Sun also (O’Kane et al., 2019). The source region of the stealth CME may also
be located near the coronal holes (Nieves-Chinchilla et al., 2013; Nitta and Mulligan, 2017).
Bhatnagar (1996) has discussed the solar eruption from the coronal holes. He suggested
that the open field lines of the coronal hole may reconnect with the overlying filament and
this triggers the solar eruption. Solar filaments disappears in the trans-equatorial coronal
holes (Chertok et al., 2002). The coronal holes act as a magnetic wall that resists the CME
propagation (Gopalswamy et al., 2009). An eruption arises from the coronal hole, which is
associated with the mini-CME (Adams et al., 2014; Innes et al., 2010; Moore et al., 2001).
Magnetic reconnection may occur near coronal holes (Adams et al., 2014; Yang et al.,
2011) and may cause the eruption of the CMEs. They observe the impact of stealth CMEs
at I AU. The rotational motions may be associated with the magnetic untwisting of solar
jets, which may trigger rotating jet-like CMEs mimicking the signature of stealth CME
also. The first observational evidence of the rotating CME into the outer corona has been
observed, which is related with the rotating jet-like eruption (Joshi et al., 2018; Vourlidas
et al., 2011; Yurchyshyn et al., 2009). Stealth CMEs may have their in the rotating plasma

structures in the inner solar corona or the evolution of faint flux-rope eruption.
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CME observations are useful to study the Sun — Earth relation (Gosling, 1993; Harrison,
1995). The major difficulties in space-weather forecasting are to predict the intensity
of a geomagnetic storm on the basis of the given solar input such as the source region,
location, velocity, and types of CMEs. Several studies have been performed to observe the
association of CME properties and the geoeffectiveness. Srivastava and Venkatakrishnan
(2002) studied the relationship between CME speed and intensity of the geomagnetic storm.
They found that the initial speed of the CMEs is well correlated with the Disturbance storm
time (Dst) index intensity, which is associated with the geomagnetic storm. Some solar
eruptions occur without any signs on the disk but may lead to unpredictable geomagnetic
activity near the Earth. The early warning for space weather activities does not arise in
such types of events. Ma et al. (2010) have statistically analyzed the source location of
the CMEs during solar minima and find that one-third of the CMEs are stealth type. In
the stealth CMEs, approximately half of them are blowout type CMEs. The observational
signature (appearance in coronagraphs, position angle, velocity profile, angular width,
and scale invariance) of the stealth CMEs has been discussed by (D’Huys et al., 2014).
Pevtsov et al. (2012) observed that the filament channel without filament was the stealth
CME:s source region. These CMEs are modeled and compared with Large Angle and
Spectrometric Coronagraph/Solar and Heliospheric Observatory (SOHO/LASCO) and
Solar Terrestial Relations Observatory/Sun Earth Connection Coronal and Heliospheric
Investigation (STEREO/SECCHI) coronagraphic imaging data (Lynch et al., 2016). The
source region of the stealth CMEs may be located near open field lines or coronal holes
region (Lynch et al., 2016; Nitta and Mulligan, 2017). A new image-processing technique
with high cadence has been used to study the onset and temporal evolution of stealth CME
with low coronal signatures (Alzate and Morgan, 2017). Recent studies suggest that stealth
CMEs may erupt from the active regions also (O’Kane et al., 2019). Zhang et al. (2007)

have discussed the connection between the solar eruption and interplanetary sources of
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an intense geomagnetic storm (Dst<-100 nT). They found that 12 % of total CMEs are
launched without low coronal signature in Solar Cycle 23. The Earth-affecting CMEs
that have a low-coronal signature rise with slow velocity (D’Huys et al., 2014; Kilpua
et al., 2017; Lynch et al., 2016; Ma et al., 2010; Nitta and Mulligan, 2017; Robbrecht et al.,
2009).

The present work, to the best of our knowledge, is the first extensive effort to understand
the development of stealth CME:s, identification of their source regions, i.e. its association
with the coronal plasma channel (CPC) and a rotating jet-like eruption in the inner corona.
Initially, a CPC-associated CME has appeared in the outer corona without any signature in
the lower corona; however, the spreading CPC and post-eruption arcade indicate that an
eruption has occurred from this region. This eruption further triggers flux rope associated
CME. Later, a rotating jet-like eruption-associated CME from the coronal hole lying at the
northward end of the CPC first appeared in the STEREO-A/COR2 FOV on 20 August 2018,
again without any signature in the lower corona. These three CMEs further interact with
each other and form a bigger compound CME in the outer corona. It passes through the
interplanetary space and interacts with the Earth magnetosphere. The observed CME is a
stealth type, which is very diffuse and evolves with slow velocity. However, it is responsible
for the onset of the third most intense geomagnetic storms in the Solar Cycle 24. In this
chapter, we propose that an intense geomagnetic storm may have occurred due to the stealth
CMESs, which are associated with a hot coronal plasma channel, a flux rope, and a rotating
jet-like eruption from the coronal hole. The observations and data analysis are discussed
in Section 7.2. Section 7.3 is framed with the observational results corresponding to the
development of filament over the coronal hole, coronal plasma channel (CPC) associated
eruption, the flux rope and rotating jet-like eruptions, the formation of stealth CME:s.

Section 7.4 discuss the propagation of the compound CME in the interplanetary space. In
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Section 7.5, we explore the impact of the compound CME on Earth’s magnetosphere to

create geomagnetic storm. In Section 7.6, discussion and conclusions are presented.
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Figure 7.1: Evolution of a quiescent filament as observed by GONG/He. It evolved
spatially and temporally and crossed the central meridian of the Sun on 26 August 2018.
The filament was lifted and partially erupted when it passes over the northward lying
coronal hole. The coronal plasma channel (CPC) is associated with the filament in its
southwest direction, and its location is shown in the white box. It appears to be empty as
no traces of cool plasma in He has been found in CPC, and it is only visible in the coronal
emissions.

7.2 Data and Analysis

We used Global Oscillation Network Group (GONG; Harvey et al., 2011) Ha data from
Big Bear Solar Observatory (BBSO) site. The Big Bear Solar Observatory (BBSO)

provides full-disk imaging data of one minute cadence and 2”" spatial resolution. We
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download the GONG He data (http://halpha.nso.edu/) to observe the evolution of the

filament (Figure 7.1).

We used high-resolution data of Atmospheric Imaging Assembly (AIA; Lemen et al.,
2012)) onboard the Solar Dynamic Observatory (SDO; Pesnell et al., 2012)). The AIA
contains seven extreme ultraviolet, two ultraviolet, and a visible region full-disk solar
imaging data with a 1.5” spatial resolution and 12 seconds temporal resolution. We used
171 A, 193 A, 211 A, and 304 A EUV imaging data for our analysis. We have selected
16-hour temporal data on 20 August 2018 to observe the dynamics of the coronal plasma

channel (CPC), associated faint flux rope, and a jet-like eruption.

We used Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI)
data from instruments onboard the Solar Terrestrial Relations Observatory (STEREO-A)
spacecraft to observe the inner corona up to the interplanetary space. The Extreme Ultra-
violet Imager (EUVI; Wuelser et al., 2004)) observe the lower corona (1—-1.7 Rg) with
five-minute temporal cadence and 1.6” spatial resolution. STEREO-A/COR2 (Howard
et al., 2008) data has been used to observe the outer corona from 2.5 - 15 R with 14.7”
spatial resolution and 30-minute temporal resolution. The Coronal plasma channel (CPC)
associated CME, the CME associated with the faint flux rope and rotating jet-like structure
have also been evident into the outer corona as observed by STEREO-A/COR2. Inter-
planetary space has been observed by STEREO-A/HII and HI2 (Howard et al., 2008).
HI-1 observes in visible light from the outer corona and up to the lower interplanetary
space (15-90Rg). The observed multiple CMEs are merged within each other in this
region and propagate towards the interplanetary space in the form of a compound CME.
The interplanetary space has been observed by HI2 from 90 Rp —4 AU with two hours of

temporal cadence.

To understand the source region of the flux rope, rotating jet-like eruption, and their

associated coronal mass ejections (CMEs), we use the tie-pointing reconstruction technique
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Figure 7.2: The full field of view (FOV) of the coronal plasma channel (CPC) that connects
the two coronal holes (CHI1 and CH2) observed by SDO/AIA 21 1A on 20 August 2018.
The spreading coronal plasma channel (white box) and post-eruption arcade indicate that
an eruption from this region has already occurred. The spreading coronal plasma channel
further interacts with an open field line of a northward lying coronal hole (CHI) and may
trigger a jet-like eruption (lower panel). The white-box-region consists of a coronal plasma
channel (CPC). The impact of an eruptive coronal channel could be observed in the form
of spreading of this plasma channel and formation of the post-eruption arcade as seen
within the white box region.

(Inhester, 2006) to observe the source location of the flux rope on the solar disk first. We
used STEREO-A/EUVI 171 and 304 and AIA 171 A and 193 A data to observe the
source location of the eruption. The position of the two spacecraft (STEREO-A/EUVI
and SDO/AIA) was used as the two viewpoints of the two observers. Any selected point
on or above the Sun surface of SDO/AIA data gives the projected epipolar plane on the

STEREO-A/EUVI solar imaging data. The epipolar plane has been identified in the two
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Figure 7.3: The region of interest (ROI) to observe the source location of the rotating
jet-like eruption as observed by SDO/AIA 211 A and STEREO-A/EUVI-304 A on 20
August 2018. We adopt the tie-pointing method to locate the source region of the rotating
jet-like eruption in the projected plane (EUVI data). We tracked the top, middle, and
bottom part of the jet-like eruption in SDO/AIA 211 A and STEREO-A/EUVI-304 A
(plus sign in both panels) by the triangulation technique. The plus sign indicates the
corresponding location of the jet-like eruption in EUVI-304 A projected image data. The
ROI for the right panel corresponds to Figure 7.4 and ROI for the left panel is plotted in
Figure 7.5.
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images obtained by two spacecraft STEREO-A/EUVI and SDO/AIA to locate the source
region of the eruption. A 3D reconstruction has been possible by tracking the line-of-sight
ray that belongs to SDO/AIA images and may be traced-back into the STEREO-A/EUVI
images. The intersection of these two traced lines is lying on the same epipolar plane,

therefore they give the possible source region of the eruptions.
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Figure 7.4: The region of interest to observe the jet-like eruption as displayed in the
difference images of SDO/AIA 171 A. The difference images show that a ring-shaped
rotating jet-like eruption occurred from the northward coronal hole (CH1).

We used Wind spacecraft data (Bougeret et al., 1995; Farrell et al., 1995; Leinweber
et al., 2008) to measure the average magnetic field [B] and its components [By, B,
B.] at one-minute interval (Figure 7.12). This plot show the effect of CME on Earth’s
magnetosphere (Figure 7.12). We obtained the data from the World Data Center for

Geomagnetism, Kyoto University, Japan (http://wdc.kugi.kyoto-u.ac.jp/dst_realtime/index.



Linkage of Geoeffective CMEs with the Eruption of A Filament-like Coronal Plasma
194 Channel (CPC) and Jet

html) with an one-hour interval. We also measure the disturbances in the Earth’s magnetic
field, which correlate with the Kp-indices). The Kp-indices are measured from the NOAA
Space Weather Prediction Center (NOAA/SWPC) with a three-hour temporal interval.
Details of the associated results will be explained in the forthcoming sub-sections of

chapter.

20-Aug-2018 18:36:15 UT . 20-Aug-2018 18:46:15 UT 20-Aug-2018 18:56:15 UT

Jet-like structure
Initiation of rotating

jet-like structure

Arcsec

e ; ) - 3 T

20-Aug-2018 19:06:15 UT 4 E 20-Aug-2018 19:36:15 UT

Jet-like structure : Erupted jet-like structure

Arcsec

-

20-Aug-2018 19:46:15 UT

Erupted jet-like structure

Arcsec

800 900 1000 1100 800 900 1000 1100 800 900 1000 1100
Arcsec Arcsec Arcsec

Figure 7.5: The same region of interest as Figure 7.4 in the projected plane observed by
STEREO-A/EUVI-304 A. Initiation grew and an eruption of the jet-like structure was
observed in the STEREO-A/EUVI-304 A data.
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7.3 Observational Results

7.3.1 Observation from the Global Oscillation Network Group (GONG)/BBSO

We used GONG/BBSO He data to observe the partial eruption of the filament. A sequence
of temporal images has been used to observe the partial eruption of this quiescent filament
(Figure 7.1). The observed filament moves toward the solar north-west direction on 19
August 2018 and passes over the coronal hole (CH1) on 20 August 2018. As the filament
passes over the coronal hole, the open field lines of the coronal hole may be reconnected
with it. This reconnection of the open field lines from the coronal hole and overlying
filament may be responsible for its partial eruption. Similar dynamics have been discussed
by (Bhatnagar, 1996) and he suggested that a filament eruption occurred from the coronal

hole and may be responsible for a strong interplanetary scintillation.

7.3.2 The Eruption of Flux Rope and Jet-Like Structure

We observe the development of the coronal plasma channel (CPC) on 20 August 2018
using 16 hours of observational data of the SDO/AIA. The coronal plasma channel (CPC)
is defined as the confined hot coronal plasma, trapped in the field lines connecting two
trans-equatorial coronal holes (CH1 and CH2) and their outer peripheries. It is analogous
to the filament channel and may be an extended part of it. However, it does not contain
any cool plasma visible in the TR and He, instead it consists of comparatively hot coronal
plasma and related emissions (Figure 7.2; white-box region). Our observed CPC is similar
to the magnetic structure reported by (Pevtsov et al., 2012), which they described as a
“filament channel without filament”. But we abbreviate it as “coronal plasma channel
(CPC)”, because its plasma is visible only at coronal temperatures (Figure 7.2; white-box
region). The hot CPC is visible in all seven EUV filters of SDO/AIA. The coronal plasma

channel does not contain cool plasma but it may be observed in terms of magnetic field
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Figure 7.6: The region of interest (ROI) to observe the source location of the flux-rope
eruption using SDO/AIA 211 A and STEREO-A/EUVI-171 A imaging data on 20 August
2018. The tie-pointing method has been used to approximate the source region of the
flux-rope eruption on the solar disk (SDO/AIA 211 A). We tracked the top, the middle,
and the bottom leg of the flux rope in the STEREO-A/EUVI 171A and SDO/AIA 211A
(green arrow for the upper leg, the blue arrow for a middle part, and black arrow for the
bottom leg of the flux rope) by triangulation technique. A diffuse and thin flux rope lying
high in the lower corona (STEREO-A/EUV]I) is situated above the CPC as observed on the
solar disk (SDO/AIA data). The spatial extent of left panel is same as Figure 7.7
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lines. The disappearance of the cool plasma in the CPC may be due to the slow rise of
the magnetic structure of the filament channel. The expansion of the magnetic structure
of the coronal plasma channel decreases density and no continuous mass supply occurred
in the channel. It connects two trans-equatorial coronal holes situated in the northern and
southern hemispheres of the Sun near the central meridian. Initially, the coronal plasma
channel (CPC) is in the equilibrium for more than two days. The eruption of CPC is not
observable in the SDO/AIA FOV, which is most likely due to the lifting of thin flux rope
or it may be situated high in the lower corona. However, the effect of this CPC eruption
can be observed (Figure 7.2). The spreading of this coronal plasma channel (bright strips
on CPC system) and post-eruption arcade indicate that an eruption may have occurred
from this region forming the aforementioned diffuse CME. This CME has been reported
in the CACTUS catalog at 08:09 UT 20 August 2018 in the STEREO-A/COR2 FOV

(https://secchi.nrl.navy.mil/cactus/).

The spreading of the CPC evolves temporally and spatially. Later, these spreading
CPC features (bright strip) interact with the northward lying coronal hole (CH1). It may
trigger a rotating jet-like structure from the coronal hole (CH1) (Figures 7.2-7.5). We
observe that a rotating jet-like eruption occurred when cool filament passed over the coronal
holes. Another possibility to trigger the rotating jet-like eruption is the interaction between
open field lines of the coronal hole (CH1) and overlying filament (Figures 7.2—7.5). The
overlying filament may reconnect with the open field lines of the coronal hole and may
trigger the eruption. However, the main cause of this eruption is not clear. We conjecture
that spreading CPC reconnects with the CH1 field lines and form a rotating jet-like structure
above the coronal hole (Figures 7.2—7.5). The rotating jet-like structure is observed in
seven EUV filters of SDO/AIA and projected STEREO-A/EUVI-304. It is associated with
a ring-like rotating CME with a low coronal signature in the inner corona (Figure 7.8).

Using SDO/AIA and STEREO-A/EUVI-304 images, we approximate the location of the
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jet-like eruption (Figure 7.3). Above the CPC, a flux rope has also evolved and it erupted at
20:00 UT on 20 August 2018 after the eruption of the CPC (Figures 7.5-7.7). The eruptive
CPC is associated with a diffuse CME, which is initially observed on August 20 2018 at
08:09 UT in STEREO-A/COR2 FOV (Figure 7.8).
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Figure 7.7: The region of interest is displayed in the STEREO-A/EUVI (171+195) A
composite images. The composite images observed the dynamics of thin and diffuse flux
rope lying high in the lower corona. The top portion of the flux rope has erupted out and
the lower part is connected with the solar disk (lower panel).

The evolution of the flux rope and its eruption is not observed in the SDO/AIA FOV.
The flux rope is very thin, diffused, and situated high in the lower corona (Figures 7.6-7.7).
After some careful investigation, we observed the development of a diffuse and thin flux
rope in the STEREO-A/EUVI hotter filters (EUVI-171 and EUVI-195). It consists of a
flux-rope associated CME, which is observed into the STEREO-A/COR2 FOV. Initially,
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this CME starts slowly with a low coronal signature (not observed in the SDO/AIA FOV
and having a low signature in STEREO-A/EUVI FOV). With the addition of the EUVI
imager and SDO/AIA data, we locate the source region of this eruptive flux rope. We
used the tie-pointing method to approximate the location of the flux rope (Figures 7.6-7.7).
However, the exact location of the foot-point of the flux rope is not clear on the solar disk
in the SDO/AIA data. We used a composite image of STEREO-A/EUVI-171 and EUVI-
195 to observe the initiation, growth, and eruption of this diffused flux rope (Figure 7.7).
Initially, we observe that there is no signature of overlying flux situated high in the corona.
Legs of the flux rope are observed into the hotter filters of STEREO-A/EUVI-171 and
EUVI-195. We found a very faint and diffuse flux rope that has been evident over the
western limb. Later, the top portion of the flux rope erupted and the lower part of the flux
rope is connected with the solar limb (Figure 7.7, lower panel). A flux-rope-associated
CME has been evident in the outer corona as observed in the STEREO-A/COR2 FOV with

a low coronal signature in the lower corona.

7.4 Behaviour of CMEs from Outer Corona to the Inter-

planetary Space

We observe three CMEs on 20 August 2018 using STEREO-A/COR2, HI1 and HI2 data.
Initially, a coronal-plasma-channel associated eruption is responsible for the stealth CME,
which is firstly evident at 08:09 UT on 20 August 2018 in STEREO-A/COR2 FOV. The
eruption of CPC has not been observed into the lower corona; however, its consequences
may be observed in form of spreading coronal plasma channel and post eruption-arcade.
Later, a faint and slow-rising flux rope-like structure developed in EUVI-A FOV above
the west limb (Figures 7.6—7.7). This flux rope has developed above the coronal plasma

channel (Figure 7.6) and erupted around 20:09 UT. The eruptive flux rope does not show
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Figure 7.8: Half FOV of STEREO-A/COR?2 to observe the eruption of the CMEs. A
coronal-plasma channel associated CME appeared first with its low coronal signature
(upper panel). The CME:s associated with the flux rope and rotating jet-like eruption have
been observed using STEREO-A/COR?2. Later these CMEs merge within each other and
propagate towards the outer corona in the form of a compound CME.

any sign in the STEREO-A/COR1 FOV and very weak signature in the lower corona.
This fact indicates the stealth nature of the CME. However, the post-eruption arcade and
legs of the flux rope are observed in the EUVI-A FOV (Figure 7.7). Observations of
EUVI-A/171A and 195A suggest that the apparent breakup of the top portion of the flux
rope between 18:09 UT to 22:09 UT (Figure 7.7) has occurred. The eruption of the coronal
plasma channel may also be responsible for the eruption of a jet-like structure from the
coronal hole (Figures 7.2—7.4). The eruptive flux rope (Figure 7.7) and jet-like structure

(Figures 7.3-7.5) are associated with two CMEs as observed in the STEREO-A/COR2 FOV.
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These two CME:s first appeared in the COR2A FOV at 20:09 UT (Figure 7.8). They grew
spatially into the outer corona and merge within each other. These CMEs over expanded
and flattened as they passed through the outer corona. The over expansion of the CMEs
is a rare phenomenon in the outer corona (Vourlidas et al., 2011). The compound CME
has larger angular width, thus it may be Earth-directed. Depending upon the surrounding
magnetic field, the CME may be expanded and accelerated as they pass through the outer
corona (Cargill et al., 2000). We observed that the flux rope-associated CME and the
rotating jet-like eruption associated CME merge within each other (Figure 7.8, COR2
FOV). The merged CME consists of larger angular width and bigger size (Figures 7.8-7.9).
We abbreviate it as an overexpansion of the compound CME qualitatitvely as detected in

the given observational base-line.

This expanded, compound CME further passes through the low interplanetary space as
observed by STEREO-A/HI1 (Figure 7.9). The CME crosses the HI1 FOV (15-90Ry).
The CME first appears at 05:09 UT on 21 August 2018. We use an array of images
to observe the full development of the CME into low interplanetary space. Before the
expansion of the CME, a weak CME front (without its core) moves ahead, which is
generated due to the ejection of the upper part of the flux rope into the Sun’s corona. The
CME front, followed by the cavity region and core of the CME has been indicated by
white arrows (Figure 7.9). It crosses the low interplanetary space after 10:30 UT on 23
August 2018 (lower panel, Figure 7.9). It further passes through the interplanetary space
as observed by STEREO-A/HI2 (90 R —4 AU).

Figure 7.11 displays the aligned images of STEREO-A/COR?2 (2.5 to 15 solar radii),
Heliospheric Imager (HI)-1A (15 to 80 solar radii), and Heliospheric Imager (HI)-2A
(up to 4 AU, 1 AU=1.49x10"! m Sun—Earth distance) on 26 August 2018 at 16:09 UT
covering from the Sun’s outer corona to the Earth and beyond. We have taken the array

of images of STEREO-A/HI2 from RAL SPACE STEREO to observe the CME in the
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Figure 7.9: Formation of the merged CME in interplanetary space as observed by STEREO-
A/HI1. The compound CME has larger angular width in interplanetary space and propa-
gated towards the Earth. It crossed the lower interplanetary space on 23 August 2018.

interplanetary space at 1 AU (Figure 7.10). This figure 7.10 clearly shows that the confined
CME overexpanded into the outer corona (COR2 FOV) and it further expands and moves
in the heliosphere towards 1 AU (HI-1A and HI-2A FOV) over a trajectory. The CME has
initially observed on 24 August 2018 at 08:09 UT as observed into the STEREO-A/HI2
FOV. We observe that a diffuse CME passes through interplanetary space, which propagates
towards 1 AU. The upper part of the CME is not interacting with Earth magnetosphere as it
is deflected in other directions (Figure 7.11). The lower part of the CME interacts with the
Earth’s magnetosphere on 26 August 2018 at 1 AU. The interaction of this diffuse CME is

responsible for an intense geomagnetic storm.
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Figure 7.10: Aligned and composite images of STEREO-A/COR2 (2.5-15Rg), Helio-
spheric Imager (HI1; 15—-90Ry), and Heliospheric Imager (HI2; up to 4 AU) onboard
the Solar TErrestrial Relations Observatory (STEREO) on 26 August 2018 at 10:09 UT,
display the interaction of CME with the Earth’s magnetosphere.

7.5 Intense Geomagnetic Storm Due to the Observed CMEs

We observe the propagation of the compound/stealth CME at 1 AU and its impact on
the Earth’s magnetosphere. The interaction of the CME has been observed near the
Earth’s by using STEREO-A/HI2 and simultaneously measureing the Dst index. The Dst
index started to decrease after 12:00 UT on 25 August 2018 as the middle part of the
CME reached near to the Earth’s magnetosphere. The main phase of the geomagnetic
storm is indicated by a dotted line. The Dst index reaches negative values up to -175 nT
(Figure 7.12) and exhibits an intense geomagnetic storm at 10:09 UT on 26 August 2018.
The recovery phase is indicated by arrows (Figure 7.12; top panel) and it did not recover
up to 29 August 2018. Figure 7.12 (middle and lower panel) displays the interplanetary
magnetic field [B] and the component of the magnetic field [By, By, and B;]. The B,- and
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B,-components of the interplanetary magnetic field are not important for geomagnetic
activities. The z-component of the interplanetary magnetic field [B,] tends to negative
values up to =-18 nT after the arrival of this diffuse CME near Earth’s magnetosphere.
The negative increment of the Dst index and z-componet of the interplanetary magnetic
field during this interaction, indicate the onset of the geomagnetic storm. The increment in
the plasma density [N,] indicates the shock signature of the coronal mass ejection. We
observe that the plasma density remains constant. The magnitue of the velocity near the
Earth magnetosphere is ~350 km 57! (Figure 7.12; lower panel), which indicates that the
stealth CME is moving with slow velocity in the interplanetary space. We also examine the
Kp index, which quantifies the disturbance in the Earth’s magnetic field. The Kp index lies
between integers 0—9 with less than 5 indicating calm weather conditions and 5 or more
indicating a geomagnetic storm. We obtain the Kp indices from the NOAA Space Weather
Prediction Center (NOAA/SWPC) on 25 August 2018 to 28 August 2018. We observe
that Kp index is less than 4 at 00:00 UT on 26 August 2018. Later, we conjecture that the
Kp index became more than 5 and it reaches up to 7 on 26 August 2018 at 06:00—09:00
UT. It remains more than 5 on the same days and later it decreases (Figure 7.13). We
use the STEREO-A/HI2 imaging data, measured Dst index, and simultaneously estimated
Kp index from 25-28 August 2018. These simultaneous observations indicate that an
intense geomagnetic storm has occurred on the same day. The recovery phase starts
from 27 August 2018 which may be observed from estimating the Dst and Kp indices

(Figures 7.12-7.13).

7.6 Discussion and Conclusions

A partially erupting quiescent filament is associates with a coronal plasma channel (CPC)
on 20 August 2018. The CPC connects two trans equatorial coronal holes (CH1 and

CH2) and erupted on 20 August 2018 with its low coronal signature. The spreading CPC
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Figure 7.11: The propagation of collective CMEs towards 1 AU and interaction with the
Earth’s magnetosphere. The sequence of STEREO-A/HI2 images was used to observe the
merged CME in interplanetary space. The observed CME moves toward 1 AU and interacts
with the Earth’s magnetosphere on 26 August 2018 and creates large-scale disturbances.

reconnects with the open field lines of a coronal hole (CH1) and triggered a rotating jet-like
eruption. Later, a thin and diffuse flux rope has developed above the CPC and erupted with

very faint coronal signature. These eruptions are associated with the stealth type CME.



Linkage of Geoeffective CMEs with the Eruption of A Filament-like Coronal Plasma
206 Channel (CPC) and Jet

50

|
o
el

HH‘HH‘HH‘HHl;HH

Dst index (nT)

—100

—150

Main Phase ™ —————jjim= Recovery Phase —~eifm——

HH‘HH‘HH‘\FH‘HH

—200 L
20.0 T T T T T

==
o®'s 105
2e

=
583 35

TT T T T
R B

By
GSM
(nT)
»
T 1 T | L

Vv
GSM
(km/s)
~
n
o
T T 7T | T T T

NI BN

25 108
S
9 L ™7 |NIL'T"T‘“|’M%~T‘T ]
00:00:00 12:00:00 00:00:00 12:00:00 00:00:00 12:00:00 00:00:00
Aug 25 Aug 26 Aug 27 Aug 28

2018

Figure 7.12: Dst index after the simultaneous arrival of CMEs. The Dst index has started
to decrease from positive to negative values. The Dst index decreases to -176 nT at 12:09
UT on 26 August 2018 exhibiting an intense and long duration geomagnetic storm. The
average magnetic field [B] and the component of the magnetic field [By, By, and B; |,
plasma flow speed [V], and proton density [N,]. The black-dotted vertical lines show the
arrival time of the CME at 1 AU at 12:09 UT on 25 August 2018. The z-component of the
magnetic field, Dst index, and other parameters simultaneously show the disturbances in
the Earth magnetosphere.



7.6 Discussion and Conclusions 207

The compound stealth CME interacts with Earth’s magnetosphere on 26 August 2018 and

produce a third intense geomagnetic storm of Solar cycle 24.

A quiescent filament partially erupted on 20 August 2018 at 18:30 UT when it passes
over the northward coronal hole (CH1). A coronal plasma channel is developed between
the two coronal holes (CHI and CH2; Figure 7.2). It grew spatially and temporally for
more than two days and erupted after 05:00 UT on 20 August 2018. It is difficult to
observe how and when the coronal plasma channel eruption started to occur, but the
spreading coronal plasma-channel and post-eruption arcade indicate that an eruption has
already begun from the same region (Figures 7.2—7.4). This eruption was later seen in
STEREO-A/COR?2 images as an Earth-directed CME at 12:00 UT (Figure 7.8), however,
its traces were very faint in the lower corona. The spreading of coronal plasma-channel
and filament lying over the coronal hole may interact with its open-field lines, and trigger
the rotating jet-like structure. The rotating jet-like eruption is observed in all seven ATA
EUV filters and STEREO-A/EUVI-304 A. Above the coronal plasma channel, a very thin
and diffuse flux rope also developed, which is not observed in the SDO/AIA FOV, but
after some inspection we find a thin and diffuse flux rope lying high in the lower corona
(Figures 7.6—7.7). The top portion of the flux rope has erupted and the lower part of
the flux rope is connected with the solar disk. The location of the overlying diffuse flux
rope is approximated by using tie-pointing methods. We find that the location of the flux
rope is lying above the coronal-plasma channel, which connects the two coronal holes
(CH1 and CH2; Figure 7.2). Later, we observed that three consecutive CMEs were evident
in the outer corona with very faint evidence in the lower corona. The CPC eruption is
associated with the first stealth CME as evident at 08:30 UT (Figure 7.8; upper panel). It
is followed by a slow rising rotating jet-like CME, and thereafter a flux rope associated

CME (Figure 7.8; lower panel). In the outer corona, we observe well-developed signatures
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of these CMEs. These three CMEs further merge within each other and form a bigger

compound CME, which passes through the interplanetary space (Figures 7.9-7.11).
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Figure 7.13: Kp index (disturbances in the Earth’s magnetic field) from 25 August to 28
August 2018. The Kp index reaches up to 7, which indicates an intense geomagnetic storm
at 12:00 UT on 26 August 2018.

The compound CME formed by the merging of the three stealth CMEs crosses the
low interplanetary space on 23 August 2018 as observed by STEREO-A/HI1 (Figure 7.9).
This bigger CME has been observed near the Earth at 1 AU after its arrival there. We
observe that CME associated interplanetary magnetic field interacts with the Earth’s
magnetosphere on 25 August 2018. Interaction of CME with the Earth’s magnetosphere
produces ring-current and causes the geomagnetic storm (i.e. depression in Dst index) on
26 August 2018 (Figures 7.12-7.13). We observe the interaction of CME near the Earth

magnetosphere and simultaneously measure the Dst index, z-component of interplanetary
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magnetic field, and Kp index. The imaging data and three parameters (B, B,, and Kp-index)
indicate that an intense geomagnetic storm appeared on 26 August 2018 (Figures 7.12—
7.13). Interplanetary magnetic field (IMF) dragged by the solar wind and CME system
may become strictly southward at a particular instance, and thus may create an intense
geomagnetic storm at the Earth (Dst= -176 nT). Earth’s magnetosphere may try to alter
the interplanetary magnetic field [B;] both in the magnitude and direction by their field,
thus creating a strong geomagnetic storm. Simultaneous measurement of the K index
(disturbances in the horizontal component of the Earth’s magnetic field) indicates that it
reaches more than 5, which suggests the third strongest geomagnetic storm of the Solar

Cycle 24 (Figure 7.13).

The solar filament may reconnect with the open-field line of the coronal hole and
responsible for the filament eruption (Bhatnagar, 1996). Similar physical processes have
been observed for the rotating jet-like eruption from the coronal hole. These eruptions
(coronal plasma channel, rotating jet-like, and flux rope-associated eruption) have a very
low/faint signature in the inner corona (D’Huys et al., 2014; Gopalswamy et al., 2009;
Lynch et al., 2016; Nieves-Chinchilla et al., 2013; Robbrecht et al., 2009; Zhang et al.,
2007). The stealth-type CMEs may erupt from the filament channel even without filament
eruption and could be responsible for intense geomagnetic activity (Pevtsov et al., 2012).
(Bhatnagar, 1996) suggests that filament eruption occurs from coronal holes, further giving
rise to a strong interplanetary impact on the Earth’s magnetosphere. We observe that the Dst
index reaches a negative value of -176 nT (Figure 7.12) and exhibits a strong geomagnetic
storm and simultaneously the z-component of the interplanetary magnetic field decreases
to -18 nT negative value (Gonzalez and Echer, 2005; Yokoyama and Kamide, 1997).
(Richardson and Cane, 2011) discussed statistically the relationship between Dst index and
Kp during the Solar Cycle 23. The negative value of the Dst index is directly proportional

to the Kp indices. Similar physical processes occurred during the stealth CME that erupted
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on 20 August 2018 as observed in the present chapter. The present case describes the
formation of the stealth CMEs from the coronal hole and CPC, which collectively triggered

the strong geomagnetic storm on 26 August 2018.



