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Abstract In this article, we compare the properties of two coronal snagctions (CMES) that show
similar source region characteristics but different etiohary behaviors in the later phases. We discuss
the two events in terms of their near-Sun characteristi¢srplanetary evolution and geoeffectiveness. We
carefully analyzed the initiation and propagation pararsedf these events to establish the precise CME-
interplanetary CME (ICME) connection and their near-Eathsequences. The first event is associated
with poor geomagnetic storm disturbance index (BsR0 nT) while the second event is associated
with an intense geomagnetic storm of DS*119 nT. The configuration of the sunspots in the active
regions and their evolution are observed by Helioseismitagnetic Imager (HMI). For source region
imaging, we rely on data obtained from Atmospheric Imagirsgémbly (AlA) on board Solar Dynamics
Observatory (SDO) andddfiltergrams from the Solar Tower Telescope at AryabhatteReh Institute of
Observational Sciences (ARIES). For both the CMEs, flux mxpgtions from the source region triggered
flares of similar intensitiess{M1). At the solar source region of the eruptions, we obsemveircular
ribbon flare (CRF) for both cases, suggesting fan-spine etagoonfiguration in the active region corona.
The multi-channel SDO observations confirm that the eregtares and subsequent CMEs were intimately
related to the filament eruption. Within the Large Angle apeé@&rometric Coronograph (LASCO) field of
view (FOV) the two CMESs propagated with linear speeds of 61@81 km s!, respectively. These CMEs
were tracked up to the Earth by Solar Terrestrial Relatiobhse®vatory (STEREO) instruments. We find
that the source region evolution of CMEs, guided by the laggde coronal magnetic field configuration,
along with near-Sun propagation characteristics, suchs-CME interactions, played important roles in
deciding the evolution of CMEs in the interplanetary mediama subsequently their geoeffectiveness.

Key words: Sun: coronal mass ejections (CMEs) — Sun: flares

1 INTRODUCTION In the standard flare model, the expansion of a filament
from the core of the active region (AR) forms an integral

Flares and coronal mass ejections (CMES) are the Iargegf"rt of the .trlggerlng propess of an eruptive flaghipata )
eruptive phenomena in our solar system. Flares ard999 Joshi et-al. 201R Filaments are .the large mlagnetlc
characterized by a sudden catastrophic release of energy?‘HUCt_ureS which a-re capable of stgrmg magnetic energy
the solar atmosphere. A huge amount of energy (in exced8 drive thg eruptions (seg e.g.Gibson & an 2006

of 1032 erg) is released within a few minutes (see revievaraII & Sterling 2_00—'7 Uddin et _aI. 2012 Mitra et al.

by Benz 2017. The standard flare model provides a basiczou?‘ The overly!ng AR magnetic Iogps are stre'Fched by_
framework to understand the relationship between solatbeﬂlament eruption gnd Fhe magnetic reconnection se_ts in
flares and filament eruptions (see e@armichael 1964 underneath the erupting filament. The accelerated pasticle

Sturrock 1966Hirayama 1974Kopp & Pneuman 1976 precipitate along the newly formed post-reconnected
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field lines and subsequently produce bright flare ribbonsinderstand the complex process associated with CME
in the chromosphere (see e.@emoulinetal. 1996 origin and its evolution in the IP medium, it is necessary
Joshietal. 20152017h. Flare ribbons are observed to connect the near-Sun observations, IP radio emissions
in various geometric shapes like parallel, J-shaped, Xand in-situ measurements at 1 AU (see eJgshi et al.
shaped, circular and multi-ribbons (see e.dgnvieretal. 2018. In general, interplanetary coronal mass ejection
2016 Lietal. 2016 Masson et al. 20QReid et al. 2012 (ICME) acceleration and deceleration depend on their
Kushwaha etal. 20314Joshietal. 2017aZhongetal. speed relative to the solar wind speddiafioharan 201,0
2019 Toriumi & Wang 2019 Devietal. 2020 Liuetal. = Shanmugaraju & Vrsnak 201&hanmugaraju et al. 2015
2020. Chromospheric flare ribbons are generally situatedoshi et al. 2018 Slow CMEs are accelerated by the
at locations intersected by separatrices dividing domafins solar wind while fast CMEs are decelerated by the solar
distinct connectivity or quasi-separatrix layers possgss wind. Therefore, the transit time of CMEs depends on
strong connectivity gradientH(gdson 2011 Magnetic the state of ambient solar wind condition as well as
field lines associated with a three-dimensional (3D)Ythe CME-CME/CME-solar wind interactions (see, e.g.,
coronal null point usually display a fan-spine configu-Manoharan et al. 2004Manoharan 2006Vr$nak & Zic
ration, where the dome-shaped fan portrays the close?007 Gopalswamyetal. 2015 Syed Ibrahim et al.
separatrix surface and the inner and outer spine fiel@015 Sudaretal. 2016 Syed lbrahimetal. 2037
lines in different connectivity domains pass through theUnderstanding the CME’s kinematics and its propagation
null point (Démoulin et al. 1994Demoulinetal. 1997  is very important in the concept of IP space weather.
The footpoint of the inner spine has a magnetic polarityNotably, front-sided Earth directed high speed halo CMEs
opposite to those of the fan, which forms a circular polarityare potential candidates for major geomagnetic storms.
inversion line Lau & Finn 1990 Aulanieretal. 200  This paper is an attempt to explore the CME initiation
Magnetic reconnection can be induced in such singl@and propagation characteristics for a special category of
null points, as the fan/spines deviate from the null wherflaring events, called circular ribbon eruptive flares, by
subject to shearing or rotational perturbatioPerftin et al.  utilizing the multi-wavelength and multi-instrumental
2007 Pontin & Galsgaard 200 Riu et al. 2007. Itisthen  measurements.

expected that as a result of null-point reconnection, flare hi q di h ]
emissions at the footpoints of the fan field lines would In this study, we discuss two Sun-Earth connecting

constitute a closed circular ribbon flare (CRF), and that thgeoeﬁective CMEs that erupted on 2013 May 2 and 2014

spine-related flare footpoint would be a compact source. February 16. The events 9r|g|nated from the ARS NOAA
11731 and 11977 respectively. The source region charac-

The eruptive filaments, if leaving the corona suc-yeyistic of the two events is identical but the subsequent
cessfully against the constraining force of the overcye eyolution shows differences. Hence, it is worthwhile
lying magnetic fields and gravity of the Sun, form 4 compare the two events in terms of their near-Sun
the integral part of a CME and its innermost part, qneries, IP evolution and near-Earth consequences. A
is identified as core of the CMES@huetal. 2020 \gry interesting aspect of the source region of these
Mitra et al. 2020 Gopalswamy etal. 2090CMEs erupt  cgs s their association with impulsive solar eruptive
from the lower solar atmosphere and propagate INtQRes of similar intensity classsM1). Notably, CRFs
interplanetary (IP) space through the solar corona withyre generated in ARs that exhibit a particular magnetic

various vellocity ranges from hundreds of km'sto topology, known as the fan-spine configuration, which is
3000km s (Gopalswamy etal. 20Q05chmieder etal. iterent from the classical magnetic field configuration

2015 Syed Ibrahim et al. 201950palswamy etal. 2030 ¢ the flaring region where the ‘standard’ eruptive flares
In the near-Sun region, it is not completely understooq)riginate (see e.gVrsnak 2003 Longcope 2005 The

how the magnetic reconnection and geometry/topology,estigations concerning the CME origin and the Sun-
of overlying magnetic fields contribute to kinematics of g4 connection associated with eruptive CRFs are still

the CMEs (see e.glddinetal. 2012 Joshi etal. 2013 ery jimited; the present study makes inroads toward such
Kushwahaetal. 2015Joshietal. 2016 Chandraetal. qpieciives. We relied on multi-wavelength and multi-point

2017 Mitra & Joshi 2019 Ravishankar et al. 2020 observations to connect the CME evolution in the near-

The kinematic evolution of CMEs continuously Sun region to near-Earth space. These solar eruptions
changes from the near-Sun region to near Earth IRead geomagnetic storms with Dst values from moderate
medium. Geomagnetic storms are associated with CME&-20nT) to intense (—=119nT). In Secti@) we provide
and their IP counterpartZ(rbuchen & Richardson 2006 details about the various observational resources and data
Zhao & Dryer 2014 Kilpuaetal. 2017 Rubtsov etal. analysis. The characteristics of the flares, CMEs, ICMEs
2018 Bravoetal. 2019 Kharayatetal. 2021 To and their interconnection are given in Secti@n The



S Ibrahimet al.: Investigation of Two Coronal Mass Ejections from CircuRibbon Source Region 318-3

summary of results and conclusions are stated in the finahulti-instrument data which are collectively available at
Sectiord. the Coordinated Data Analysis Web (CDAWb

3 ANALYSIS AND RESULTS

2 DATA AND SELECTION CRITERION 3.1 Flaring Active Regions NOAA 11731 and 11977

and Source of Circular Ribbon Flares
In this paper, we relied on the following data sources to

analyze eruptive flares and CMEs/ICMEs in the Sun-Earthn Figurel, we display plots for the evolution of two SXR
connecting space: flares of class M1.1 observed by GOES between 04:58—
85:10 UT on 2013 May 2 and 09:20-09:29 UT on 2014

To understand the source region of CMEs, data wer i
February 16. In these figures, we can see the SXR flux

obtained from Atmospheric Imaging Assembly (AIA; Ty . 0
Lemenetal. 201pand Helioseismic Magnetic Imager Variation in the two different channels (0.5/dand 1-

(HMI; Schou et al. 20220n board the Solar Dynamics 8Arespect|vely).Thef!rstflanr?g event, AR NQAA 11731
Observatory (SDO:Pesnell etal. 2032 We analyzed occurred on 2013 April 24. Initially, the AR displayed a

extreme ultraviolet (EUV) images of the Sun taken inf94 Byé tyPe magnetic conf.igurat.ion, then four dgys later it
171 A, 193 A and 304A filters of AIA which provide turned into :?)87 type configuration. Then again, it assumed
a #vd configuration on 2013 May 2. The M1.1 class

F\éuptive flare originated on 2013 May 2 when the location
Qf the AR was N10W25.

We present the magnetic configuration of AR NOAA
11731 in Figure2(a). The white light sunspot image from

HMI/SDO clearly indicates the leading part of the AR (see

We emp_loyed the 15 cm /15 Solar Tower Telescopq:ig. 2(b)). The distribution of magnetic polarities in the
Ha Qbservatlons on 2_013 May 2from Aryabhatf[a Rese_arcrlbading part of the AR forms approximately a semicircle
Institute of Observational Sciences (ARIES) in Na'n'tal’which is indicated by the dashed line. There is a small
India. The image _suze was enlarged by a factor of_two Via jjament that exists at the flaring location in the leading
Barlow lens. The images were recorded by a 16 bik1 k
pixel CCD camera system having a pixel size ofiit32.
The cadence for the images is 2-5s.

useful information about the magnetic loop connectivjties
chromospheric features and flare related high-temperatu
structures. The white light and magnetogram image
from HMI provide information about photospheric sunspot
evolution and magnetic field of the AR.

part of the AR which is surrounded by bright plages (see
Fig. 2(e)). To compare the photospheric layer with the
upper layers, we feature AIA 94 and 171A images

A ground based radio spectrograph was employedf the AR in panels (c) and (d). Comparisons of the
to study the radio wave mechanism of plasma nearg4A and 171A filtergram with HMI magnetogram images
Sun. For this purpose, data were obtained from extencelearly show that the region of mass eruption and CRF
ed Compound Astronomical Low frequency Low coststructure extends over the west side of the AR. The
Frequency Instrument for Spectroscopy and Transportablgament is connecting the positive and negative polarity
Observatory (e-CALLISTO;Benzetal. 200p Flare of the leading sunspot group. Also the ARIES fiinages
details in soft X-ray (SXR) channels are obtainedclearly elucidate the structure of CRF. In Figi@) and
from Geostationary Operational Environmental Satellite(f), the initial filament, indicated by the red arrow, was
(GOES) observations. observed on 2013 May 2 around 4:59 UT. Filament dark

To study the CME dynamics in the near-Sun region structure and bright foot points are signified by the red
we have relied on white light images from the Large Anglearrow and dashed red circle respectively.
and Spectrometric Coronagraph (LASCueckner et al. The second flaring region NOAA 11977 was visible
1995 on board Solar and He|i05pheric Observatoryon the solar disk on 2014 February 10. InitiaIIy the AR
(SOHO). For understanding CME propagation in IP spacelvas a simplen type magnetic configuration, then three
we considered Solar Terrestrial Relations Observatorglays later it turned into & type configuration. The
(STEREO) observations. For ICME tracking, we used dat#\R size as well as magnetic complexity developed and
from four instruments: inner coronagraph (COR1), outecchanged to &~ configuration on 2014 February 14. The
coronagraph (COR2) and two heliospheric imagers (Hintense geoeffective eruptive flare event originated o201
1 and 2). Utilizing these instruments one can track thé=ebruary 16 at location S10WO00.
CME/ICME transits from near-Sun to beyond the Earth ~ Figure 3 shows the multi-wavelength view of the
(Kaiser et al. 2008 AR NOAA 11977. The sunspot magnetogram and

We have analyzed in-situ IP solar wind plasma anacorrespondingwhiteIightimages (F§a) and (b)) clearly

magnetic field parameters associated with the CMEs using * htt ps: // cdaweb. sci . gsf c. nasa. gov/ i ndex. ht ni /
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Fig. 1 GOES light curves exhibiting the M1.1 class flare evolutibserved on (a°) 2013 May 02 04:45-05:45 UT and (b)
2014 February 16 09:18—-09:36 UT. Two different wavelengtht—8 and 0.5—4 correspond to disk-integrated X-ray
emission in the 1.5-12.5 keV and 3-25 keV energy rangesecésply. Vertical solid lines with black, red and green
colors indicate the flare start, peak and end times respdgtiv

indicate the leading and following parts of the AR. Thell radio burst is followed by the type Ill burst. In Figure
leading sunspot group largely consists of some mixed(a), the type Il fundamental and harmonic band splitting
polarity region at the edge of the AR. A small filament pattern is indicated by the dashed white and yellow lines
erupted from the complex polarity region and caused theespectively. From the metric type Il radio observations, w
ML1.1 impulsive flare and was associated with the moderatestimate the shock formation height range for upper and
speed halo CME. Finally, this CME produced a majorlower frequency ranges (120-40 MHz and 46-25MHz).
geoeffective event. It reached the Earth on 2014 Februar@orresponding height ranges for the above frequencies
19. are 1.18-1.62&, and 1.55-1.9R,, (for upper and lower

During the flare evolution, clearly we can see thatPand) respectively. Also the corresponding shock speed is
the twisted filament erupted from the complex polarityestimated to be 728-835knt s using the Newkirk one
region and it produced CRFs (see Fi§(c) and (d)). fold density model lewkirk 19614 which is applicable
Colored arrows mark the filament eruption from thefor the lower heights of the solar atmosphere. The average
merged polarity region (last two panels (e) and (f)). Oneshock speed (782knr$) is roughly comparable to the
leg of the filament is anchored on the strong sunspo€ME speed (671km's') within the LASCO field of view
magnetic field region and another leg is anchored in théFOV).
weak magnetic field region. The eruption started from the  The dynamic radio spectrum of the second flare is

weak field region. given in Figured(b). At the peak time of the flare around
09:24 UT, we observed the type Ill burst between the
3.2 Radio observations frequency range of 100 MHz to 45 MHz. There was no

type Il association, because the flare was associated with a
During these CRFs, the e-CALLISTO spectrograph (Benanoderate speed CME.
et al. 2005) observed emission at radio frequencies. The
dynamic solar radio spectra are depicted in Figligg a 3.3 CME characteristics
wide frequency range of 16 to 460 MHz. The dynamic
spectrum of the first event displayed a type IIl burstThe first flare is associated with a moderate speed
(Fig.4(a)). At the peak time of the flare (around 05:05 UT),CME. Figure 5(a) and (b) displays the white-light
we observed the type Il burstin the frequency range of 150unning difference images from LASCO C2 observations
MHz to 16 MHz. A type Ill burstimplies the opening of the corresponding to the CME observed on 2013 May 2. The
magnetic field lines and subsequent ejection of relatwisti CME first appeared at 2.68; around 05:24 UT in the
electron beamJoshi et al. 2018 We can see that a type C2 FOV, and its linear speed was 671 km sFinally, the
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Fig.2 (a) HMI magnetogram image illustrating the central positpolarity surrounded by a circular type of negative
magnetic polarity region which is indicated by the dashedewtircle. (b) HMI white light image featuring the sunspot
distribution in the AR where semlcircular structure in thstidbution of sunspots is marked by the dashed line. View of
CRF (c) in AIA 94 A and (d) 171A observations. A white arrow indicates the mass eruptiomfthe AR. (e) ARIES
solar tower telescopeddobservation for the CRF on 2013 May 2. Filament foot points laop top are indicated by the
dashed red circles and arrow respectively. (f) View of CRkdated by the dashed red line.

same CME was tracked by the LASCO C3 coronagraplimages of the LASCO C2 coronagraph observations on
at 21.15R, around 10:30 UT. The main CME interacted 2014 February 16. CME onset was observed at 255
with two pre-CMEs in the LASCO FOV. These two pre- around 10:00 UT in the C2 FQOV, and its linear speed in
CMEs consecutively erupted around 01:25 UT and 04:24he LASCO FOV was 634 km3. Finally, the same CME
UT (see Fig.5(c)). These events were associated withwas tracked by the LASCO C3 coronagraph at 627
lesser angular widths, and also they propagated in the sanagound 11:18 UT. This CME event caused an intense storm
direction as the main CME which erupted around 05:24n the near-Earth environment. Immediately after the main
UT. After the eruption of the main CME, we can see thegeoeffective CME, a strong bright CME was ejected from
clear interaction of these events. Central and mean positidhe eastern part of the solar limb, so that we cannot track
angles of these three CMEs are nearly the same, arourtde main geoeffective CME in the LASCO FOQV after the
353 deg. distance of R . In the second event, we do not find any

. . . evidence of interaction between the pre- and post- CME
The second flare is also associated with a moderate

speed halo CME. Figurg(d) and (e) shows the white-light
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Fig. 3 Multi-wavelength view of AR NOAA 11977 during the flare peaké. (a) HMI magnetogram and (b) white light
images are covering the flare region. Circular ribbon flarggjon is shown by the dotted curved lines. Circular ribbon
flare is visible in AlA observations: (c) 17A and (d) 304A channels. Filament and its eruption signatures are vexarcl
in the 94A observations (see the last two panels (e) and (f)). Whiteves indicate the filament eruption/motion. The
filament eruption is marked by the colored arrow symbols @lést two panels.

situations. This geoeffective CME was observed by theEarth, it can be less geoeffective. Therefore in this seg¢tio
STEREO coronagraph from Sun to Earth. we are discussing the direction of CME propagation. Both

Further, we calculated the CME 3D speed relying on€fuptions are associated with the EUV waves (Fp.
STEREO and LASCO observations for both the eventsSinceé EUV waves are associated with solar eruptions,
From the graduated cylindrical shell (GCS) model, thedeflection in the EUV wave provides information about
obtained speed values for the first and second CMEs aftBe deflection of CMEs. Deflections in EUV waves were

641km s and 690kms!, respectivelyThernisien et al. Observed in the past (see e.§atsourakos & Vourlidas
2006 Singh et al. 2018 2009 Filippov & Srivastava 201uccarello et al. 2017a

Chandra et al. 2038The first wave is stronger and clearly
N . associated with a type Il radio burst. However, we observed
3.4 EUVwaves and direction of CME propagation the deflection of this wave. For the second event, we do not
The geoeffectiveness of a CME depends upon its directioﬂhd alny defleghorfl OféhehEllJ:V wa\:_e and thefCME cr:)mes
towards Earth. If the eruption is deflected away from the irectly towards the Earth. From Figuée we found that
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Fig.4 (a) Dynamic radio spectrum showing the metric type Il angetyl corresponding to the flare of class M1.1 that
occurred on 2013 May 2. Upper and lower type Il radio burstd,fandamental and harmonic frequency band splitting are
shown by the dashed white and yellow lines respectivel\Dflnjamic radio spectrum showing metric type Ill observation
corresponding to the class M1.1 flare that occurred on 20hAugey 16.

the first CME was deflected from the source region. Ashe Earth (see Fig6(e), (f), (g) and (h)). For the first
we can see, the eruption is not along the radial directiorevent, the deflection of CME within the source region
A huge portion of the CME moved to the north-east partis the primary cause for its lower geoeffectiveness (—
of the Sun (see panels (a), (b), (c) and (d)). Finally, &20nT). On the other hand, for the second event, the bulk
small part of the CME propagates in IP space. Mostlyof the CME structure from the source region constituted
low-latitude coronal holes appear frequently in the solathe corresponding ICMEs and, hence, the event produced
disk, so CME deflection by such coronal holes becomestrong geoeffectiveness of —119nT.

very important Gopalswamy et al. 200Mohamed et al.

2012 Makela et al. 2018 The deflections are thought to 3 5 |cME characteristics

be caused by the magnetic pressure gradient between the

eruption regions and the coronal hol&opalswamy etal. pjrect evidence of CME propagation and interaction in the
2001b Shen et al. 2011Gui et al. 201). However, there  |p medium is gathered from STEREO measurements using
are other processes that can significantly affect CMI.-'rmages from the coronagarph observatiohagaz et al.
propagation, for example CME-CME interactionand CME 019 The evolution of the first CME with COR2 images
deflection by large scale structures such as streamers (S§gq H| running-difference images is displayed in Figtire
e.g., Temmer etal. 20122014 Gopalswamy etal. 2009  gyamining these snapshot images, we clearly see the CME
Wood et al. 2012Kay et al. 2013 Panasenco etal. 2013 ropagation in the inner and outer heliosphere. CME initial
Gopalswamy & Makela 20)4The deflection angle of the  hositions are indicated by the black arrow mark in STA
part of the CME’s non-radial propagation was much largeicor1 Fov (see Fig7(a) and (b)). This particular CME
than we expect. In most of the reported cases, coronglas observed with the STA around 10:24 UT. Further, IP

longitudinal deflections are less thar20° (Isavninetal. cpmE propagation is shown in Figui&c), (d), (e) and (f)
2014 while in this study, we found that the deflection by white arrows.

angle of the CME is nearly40°.
g ¥ We constructed an elongation degree map based

Notably, there was no deflection in the case of theon the method developed bSheeley et al(1999 and
second CME, so that most of the CME portion reachedavies et al.(2009. The inclined bright features in the
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Fig.5 Running difference images are derived from LASCO C2 obsemsa (panels (a) and (b)) showing the propagation
of the moderate speed CME originating from the disk centekRNOAA 11977 on 2013 May 2. The red and black
arrows indicate the two pre-CMEs while the main CME is inthcBby a white arrow. (c) The three events interacted in
the LASCO FOV. Similarly, the last two panels are displayiing propagation of the halo CME that originated from the
AR NOAA 11977 on 2014 February 16. The red colored arrowscimi the halo CME propagation in the LASCO FOV.
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a

Fig.6 The first CME event is associated with an EUV wave which isrtyeseen in AIA difference images. Importantly,
the EUV wave is deflected from the source region. The deflectidhe EUV wave is indicated by white arrows (panels
(a), (b), (c) and (d)). There was no deflection in the case & wave associated with the second event (see panels (e),
(f), (g) and (h)). The above images are taken from the onMadable movies\iww. | nsal . conf ni tt a).

J-maps (Fig.7(g)) correspond to the enhanced densityto ~17.50 deg of elongation, equivalentto 80 R . We
structure of the CMEs that erupted during 2013 May 2—8analyzed CME/ICME height-time information obtained
We tracked the CME/ICME (marked by cross symbols) upfrom multi-point and multi-instrument observations. The
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Fig.7 CME/ICME observation in the STEREO FOV (for the correspogdCME see Fig5(a) and (b)). The evolution

of the CME in (panels (a) and (b)) COR1 FOV, and the same CMBpaméls (c), (d), (e) and (f)) COR2 and HI1 FOV.
The propagation of the CME/ICME is clearly visible in the iges. A portion of the CME is indicated by the arrows.
(g) Time-elongation map (J-map) constructed using the HEBSECCHI spacecraft observations during the interval of
2013 May 5to 8.

calculated CME height (ilRs) and the speed values are 10:09 UT. CME/ICME propagation is displayed in Figure
plotted in Figure8(a) and (b). From these figures, we 9(c), (d), (e) and (f) by white arrows. The corresponding
understand that the main CME took approximately 5 d tal-map is shown in Figuré(g). We tracked the geoeffective
reach the environment of Earth. The average speed of tHeME (marked by a cross symbol) up to an elongation of
CME in the IP medium varied between200 and~500 ~50.63 deg, equivalent t8228R,. The calculated CME
kms!. height (in k) and the speed are given in Figur@a) and
Initial positions of the second event are indicated by(P). The second geoeffective CME took approximately 4
the black arrow mark in STA COR1 FOV (see Fagand d to reach the Earth environment. As noted earlier, this
b). This particular CME was observed in the STA around©ME produced a major geo-effective event with Dst value
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Fig.8 (a) Obtained CME/ICME height for various times from the STHERJ-map constructions (see Fig(g)). (b)

Calculated CME/ICME speed in the STEREO FOV. These figureariyl confirm that the CME/ICME attained the solar
wind speed in the IP medium.

of =119 nT. Finally, this CME attains the solar wind speeddepicts the variation of magnetic field and solar wind
in the IP medium and its speed ranges betwe860 and plasma parameters from 00:00 UT on 2013 May 5 to

~420kmst, 23:59 UT on 2013 May 9. The arrival time of an IP
shock is indicated by a sudden enhancement in average
3.6 Signature of near Earth ICMEs magnetic field, Earthward magnetic field components, flow

speed, proton density, temperature, and radial component
We analyzed the in-situ observations taken from theof proton temperature and it was observed at 15:10 UT
Advanced Composition Explorer (ACE, located at the L1on 2013 May 5 (marked by the vertical green line). The
point) spacecraft to identify the ICME structure. Figate
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Angle vs. Time
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Fig.9 CME/ICME observation in the STEREO FOV (for the correspogdCME see Fig5(d) and (e)). The evolution of
the CME in (panels (a), (b) and (c)) COR2 and the same CME indlsdd), (e) and (f)) HI1 FOV. The propagation of the
CME/ICME is indicated by arrows. Time-elongation map (Jpneonstruction using the STEREO/SECCHI spacecraft
observations during the interval of 2014 February 16 to 22.

region between the first and second vertical lines representinor fluctuation in the solar wind parameters which are
the turbulent sheath region. The arrival time of the ICMEprobably due to a CIR originating from the coronal hole in
is indicated by low proton temperature and it is markedhe solar source regions.

by the vertical red line around 16:45 UT on 2013 May 6. Similarly, second event variations of plasma and

The observed arrival times of the IP shock and ICME aremagnetic field parameters are given in Figd These
81.77hand 107.35 hr, respectively. Also, the ICME endingbarameters were observed from 00:00 UT on 2014

time is marked by the vertical black line. We note a Jumpggpary 18 to 23:59 UT on 2014 February 21. This event
in the parameters which are associated with weak IP shoqg a major geoeffective event and the beginning of storm

arrival. This weak shock may be related to the flank regionyisy rpance is observed at 03:57 UT on 2014 February 19
of the CME, resulting in an insignificant impact in the near(marked by the vertical green line). The vertical red line

Earth region. Just before the shock arrival, we can see Zound 12:00 UT on 2014 February 19 indicates the ICME
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Fig.10 (a) Obtained CME/ICME height for various times from the STHERJ-map constructions (see F&{g)). (b)
Calculated CME/ICME speed in the STEREO FOV. These figuresirto that the major geoeffective CME/ICME was
propagating with a constant speed in the IP medium.

arrival time and the vertical solid black line signifies the arrival times of the IP shock and ICME are 65.95h and
ICME ending time. Notably, the SYM/H Dst index is more 74.00 h, respectively.

negative during the interval of passage of the shock sheath

region. The Dst index falls to a minimum value of —119 nT
at ~09:00 UT on 2014 February 19. Afterwards, Dst
undergoes the recovery phase, but it recovered fully after

six days. Before that, the Dst maintained the average value

of —50 nT during 2014 February 19-24. The observedVe estimated the arrival time of the ICME/IP shocks
' at 1 AU employing the following CME/shock prediction

model (a) Drag Based Model (DBM)V¢3Snak et al.

3.7 Estimated Arrival Time using DBM and ESA
models
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Fig. 11 Near Earth ICME signatures observed at 1 AU by the ACE spaftedihese in-situ observations of the IP CME
correspond to the CME displayed in Fig(a) and (b). The vertical green, red and black lines sigiéydrrival of the IP
shock, and the ICME start and end respectively.

2013, and (b) Empirical Shock Arrival (ESA) model of 2.66 R at 05:24 UT. Also, the linear speed of the
(Gopalswamy et al. 200)la These models are based CME in the LASCO FOV is around 671knt$ and the

on the near-Sun observations of the CME within thesolar wind speed (obtained from ACE at 1 AU) is around
SOHO/LASCO FOV. The input parameters of the DBM 400 km s!'. Considering these initial input parameters
models are: (1) first observational distanég ) of CME, = and DBM model, we calculated the CME transit time. The
(2) linear speed of the CME, (3) drag parametgrdnd time taken by the CME from its first observation on the
(4) asymptotic solar wind speed ). The first observation Sun to near-Earth is nearly 72.05h with impact speed (at
point of the CME by the C2 coronagraph is at a distancel AU) of 513km s!. Further, we calculated the arrival
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Fig. 12 Near Earth ICME signatures observed at 1 AU by the ACE spaftedihese in-situ observations of the IP CME
correspond to the CME displayed in Fig(d) and (e). The vertical green, red and black lines sigrify arrival of the

IP shock, and ICME start and end respectively. Interactagion of the ICMESs is marked by the green boxes. Another
unknown IP shock is clearly visible in this interaction r@gyi

time of the CME applying the ESA model which is briefly From this comparison, we also confirm the CME-ICME
explained in the previous pap&yed Ibrahim et al. 2095  connection.
The estimated arrival time for the IP shock is 84.04h. Here,  1he first detection point of the second CME by C2
we utilized the following acceleration equatiarr2.19— coronagraph is at a distance of 2.85, at 10:00 UT.
(0.0054*CME linear speed) for arrival time which is basedNSO’ the linear speed of the CME is around 634km s
on the work ofMichatek et al.(2004. A summary of the 5.4 the solar wind speed is around 400k .sUsing
observations and model predictions is given in Table ¢ jnitial parameters and DBM model, we calculated the
CME transit time. The time taken by the CME from the
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Table 1 Summary of the First CME Initial Observations, along witk #hctual and Estimated Transit Times

First observation in LASCO FOV
Height of first observation in LASCO FOV
Linear speed (from LASCO FOV observations)
IP Shock arrival at Near-Earth
ICME arrival at Near-Earth
Actual transit time for IP shock

from the first point of the CME observation
Actual Transit time for ICME

from the first point of the CME observation
Estimated transit time

from DBM
Estimated transit time

from ESA model

05:24 UT on 2013 May 2
2.68¢
671 kmis
~15:10 UT on 2013 May 5
~16:45 UT on 2013 May 6
81.77h
107.35h
72.05h

84.04h

Table 2 Summary of the CME Initial Observations, along with the Agdtand Estimated Transit Times

First observation in LASCO FOV
Height of first observation in LASCO FOV
Linear speed (from LASCO FOV observations)

10:00 UT on 2014 February 16
2.58
634 kmi's

IP Shock arrival at Near-Earth
ICME arrival at Near-Earth
Actual transit time for IP shock

~03:57 UT on 2014 February 19
~12:00 UT on 2014 February 19

from the first point of the CME observation 65.95h
Actual Transit time for ICME

from the first point of the CME observation 74.00h
Estimated transit time

from DBM 74.38h
Estimated transit time

from ESA model 64.47h

Sun to near-Earth is nearly 74.38 h with near Earth speekinown that CRFs are associated with a typical fan-spine
(at 1 AU) of 504km s. Then utilizing the ESA model, configuration (see e.gDevi et al. 202). Both the CRFs
we estimated arrival time for the IP shock to be abouinitiated from a complex magnetic field configuration of
64.47 h. Comparison between the observations and modtide AR that exhibits3~y and g~vd sunspot distributions,
predictions is given in Tablg. From the comparison, we respectively, for the first and second event. At the time
confirm the CME-ICME connection. For both the casesof flares, the e-CALLISTO radio spectrometer observed
IP shock arrival shows a good match with the actualh strong type Il radio burst. Despite the similarities
observations. In the first case, the prediction error idlalit in the source region configuration and some of the
high between the estimated and actual ICME arrival timdlare characteristics, both CME events produced quite
which could be attributed to the deflection of the eruptingdifferent geoeffective behavior. The first event is also
structure and/or interaction between the two propagatingssociated with a type Il radio burgsg¢palswamy et al.
structures of CME/ICME in the near-Sun region or IP2001¢ Lugaz et al. 201) Notably, during the first event,
medium. we observed CME-CME interactions which were absent
during the second event. CME-CME interaction and
associated density perturbation increase the probability
type Il formation which is likely the case for the first
In this article, we have carried out a study of two Earthevent reported here. From metric type Il radio observation
directed CMEs. We connect and correlate the flare, CMEnd considering the Newkirk density modeéllewkirk
and ICME information from the near-Sun region to the1961l), we estimate the shock formation height range
near-Earth environment. In the following, we summarizeof ~1.18-1.91R., with the corresponding shock speed
the important results obtained from the present study.  (782km s!).

Both the events clearly show the pre-existence of a
small twisted filament associated with the eruptive CRFs.
The characteristics of CRF are briefly discussed from  After eruption of the flares, CMEs were observed
multi-channel AlA observations and availableriinages. in the LASCO C2 FOV with moderate linear speeds of
The formation of circular ribbons at the source regions o671 km s! and 634 km s! respectively. Further, the
both the CMEs indicates that the coronal magnetic fieldMEs/ICMEs were observed by the STEREO instrument
configurations during both events are similar. It is wellfrom the Sun to a distance of 1AU. The in-situ

4 SUMMARY AND CONCLUSIONS
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measurements confirm CME associated IP shocks as well

as the ICMEs at 1 AU.

These two CMESs present some similar characteristics,
e.g. (i) similar intensity class of associated flare (M1.1),
(i) CRFs and (iii) moderate speed CMEs. However,
these events differ in the way of (i) early evolution and
propagation of CME during its activation phase in the
corona, and (ii) near-Sun pre-post CME interaction. At the
near-Earth region, the main difference is that the second
event is associated with the major geomagnetic storm with
DST ~-119nT in comparison to the first event which

is associated with the Dst ag£—20nT. This is the first

detailed study about the geoeffectiveness of CRFs and

flare-CME-ICME connections.

The following points are found to be the reasons for

the major geoeffectiveness of the second CME:

— While the second CME erupted from the exact disk

318-17

observations of two moderate speed CMEs, both of
which were capable of reaching the near-Earth region.
The two events seem to be identical in terms of
morphology of the associated flare and origin of CME
at the source region by filament eruption. The source
regions of both the events are also in the central
part of the solar disk but within a separation of25
However, both CMEs evolve differently beyond the
lower coronal region. Our study demonstrates that the
CME deflection by the large-scale coronal structures
and CME-CME interactions were the major reasons
that largely shaped the propagation characteristics of
the two events in the upper coronal and IP medium.
The presentinvestigation points toward the importance
of detecting the changes in the propagation character-
istics of the CMEs through a combination of multi-
channel and multi-point measurements, such as source
region imaging, radio spectral diagnostic, heliospheric

center of the Sun, the first CME erupted°2&way
from the solar disk center. The location of the CME
in the solar disk is an important factor that decides
its trajectory in the corona and subsequent evolution
in the IP mediumZhang et al. 2003Vlanoharan et al.
2004 Dasso etal. 20Q7Zhangetal. 2011 Also,

when compared to the first event, the second CME was
associated with a larger filament eruption (for exampléAcknowIedgementsWe thank the SDO, CALLISTO and

see the study bghandra et a2017). GONG teams for their open data policy. We sincerely
From the AIA difference images (see F&), we found thgnk the Aryabhatta Research I.nstltute of Observational
that the first eruption is highly deflected from the Sciences (ARIES) so]arobservatlon staffs. We are grateful
source AR. Also the eruption direction is not along theto the Solar Geophysical Data team, the World Data Center
radial direction. After the main eruption, a huge part’0r Geomagnetism (Kyoto University) and the OMNIWeb
of the CME moved towards the north-east direction off US data and service for their open data policy. The CME
the Sun. The non-radial evolution of the CME as it €atalog used in this study is generated and maintained
moves outward from the source AR has been reportelY the Center for Solar Physics and Space Weather, The
in earlier studies (see e.gZuccarello etal. 2017a Catholic University of America, in cooperation with the
Mitra et al. 2020. Finally, only a small part of the Naval Research Laboratory and NASA. The data services
CME propagates along the Sun-Earth line. Notab|yfr0m CDAWeb are also thankfully acknowledged.

there was no deflection in the case of the second CME,

so that most of the CME reached the Earth.

The first CME seems to be interacting with t-
wo pre-CMEs in the LASCO FOV. These t- Aulanier, G., Pariat, E., & Démoulin, P. 2005, A&A, 444, 961
wo pre-CMEs erupted consecutively around 01:25Benz, A. O. 2017, Living Reviews in Solar Physics, 14, 2

UT and 04:24 UT. Very likely, because of the Benz, A. O., Monstein, C., & Meyer, H. 2005, Sol. Phys., 226,
interaction, the first CME might have lost it- 143

s energy Gopalswamy et al. 200icYashiroetal. Bravo, M. A, Batista, I. S., Souza, J. R., & Foppiano, A. 120
2014 Shanmugaraju et al. 2014Joshietal. 2018 Journal of Geophysical Research (Space Physics), 124, 9405
Morosan et al. 2020Rodriguez Gbmez etal. 2020 Brueckner, G. E., Howard, R. A., Koomen, M. J., et al. 1995,
Scolini et al. 202 Sol. Phys., 162, 357

Our analysis also suggests that the first event becam@armichael, H. 1964, A Process for Flares, 50, NASA Special
dissipated in IP space. After a certain distance, the first Publication, 50 (Washington, DC: National Aeronautics and
ICME mingled up with the solar wind. Space Administration, Science and Technical Information
In summary, the present paper provides detailed Division), 451

multi-wavelength, multi-instrument and multi-point Chandra, R., Chen, P. F., Joshi, R., et al. 2018, ApJ, 863, 101

imaging and in-situ observations. Understanding the
Sun-Earth propagation characteristics of CMEs is a
key toward assessing their geoeffective behavior. We
plan to analyze the CME observations of a series of
circular ribbon eruptive flares in the future.
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