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Abstract We report on the kinematics of two interacting CMEs observed on 13 and 14
June 2012. The two CMEs originated from the same active region NOAA 11504. After their
launches which were separated by several hours, they were observed to interact at a distance
of 100 R� from the Sun. The interaction led to a moderate geomagnetic storm at the Earth
with minimum Dst index of approximately −86 nT. The kinematics of the two CMEs is es-
timated using data from the Sun Earth Connection Coronal and Heliospheric Investigation
(SECCHI) instrument onboard the Solar Terrestrial Relations Observatory (STEREO). As-
suming a head-on collision scenario, we find that the collision is inelastic in nature. Further,
the signatures of their interaction are examined using the in situ observations obtained by
Wind and the Advance Composition Explorer (ACE) spacecraft. It is also found that this
interaction event led to the strongest sudden storm commencement (SSC) (≈150 nT) of the
present Solar Cycle 24. The SSC was of long duration, approximately 20 hours. The role of
interacting CMEs in enhancing the geoeffectiveness is examined.
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1. Introduction

After the launch of the twin Solar Terrestrial Relations Observatory spacecraft (STEREO:
Kaiser et al., 2008), the data from the Sun Earth Connection Coronal and Heliospheric In-
vestigation (SECCHI: Howard et al., 2008) have enabled us to continuously image CMEs
from their lift-off in the corona up to the Earth and beyond (Davies et al., 2009; Harri-
son et al., 2012; Liu et al., 2013; Möstl et al., 2015; Vemareddy and Mishra, 2015). These
observations have also revealed direct evidence of CME–CME interaction when they are
launched in close succession in the same direction (Harrison et al., 2012; Lugaz et al., 2012;
Shen et al., 2012; Mishra, Srivastava, and Chakrabarty, 2015). In fact, CME interactions
are now commonly observed, in particular, around solar maximum when the occurrence of
CMEs is larger in number. A number of studies pertaining to understanding of the individ-
ual cases of interacting CMEs have been reported highlighting the nature of the interaction
and/or collision and their signatures for example by Harrison et al. (2012), Liu et al. (2012),
Möstl et al. (2012), Temmer et al. (2012), Lugaz et al. (2012). Based on these observa-
tions of interacting CMEs, some of the crucial questions have been aptly addressed as to
whether the nature of the interaction is elastic, inelastic, or super-elastic (Lugaz et al., 2012;
Shen et al., 2012; Mishra and Srivastava, 2014; Mishra, Srivastava, and Chakrabarty, 2015;
Mishra, Wang, and Srivastava, 2016). Further, using in situ observations, it may also be
possible to answer the question under what conditions interacting CMEs lead to a merged
or a separate structure. One of the important questions is whether the interaction of CMEs
leads to enhanced geoeffectiveness as indicated by Farrugia et al. (2006). If so, what are the
distinct signatures of the same? Interaction of CMEs also has bearing on the prediction of
space weather as the kinematics of CMEs changes after interaction. For this purpose one
also needs to understand the pre- and post-interaction kinematics, which can influence the
resulting geoeffectiveness.

In this study, we present the evolution, propagation, and interaction of two CMEs
launched on 13 and 14 June 2012 as they traveled in the inner heliosphere and reached
the Earth. The observations reveal that the launch times of the CMEs were separated by
about 24 hr. The observations also reveal that the CMEs of 13 and 14 June were directed
towards the Earth and their initial speed values indicate their probable interaction as they
propagated out in the heliosphere. In this regard, the event provides an excellent opportunity
for us to understand the interaction process in detail. To achieve this objective, we have es-
timated the 3D kinematics of the two CMEs using STEREO/SECCHI observations, and the
distance from the Sun at which they interacted. We have also calculated the true mass of the
interacting CMEs and their momentum to reveal the type of collision, and we estimated mo-
mentum and energy transfer during the collision phase. Taking into account the propagation
characteristics, the type of collision, and the energy transfer, properties of the two CMEs
during the interaction were estimated. We also examined the in situ data of the tracked CME
features. The geomagnetic consequence of the interacting CMEs are very distinct and have
been studied in detail. The results and conclusions are presented in the final section.

2. Observations

For the CME–CME interaction event of 13 – 14 June 2012, we analyzed data from the
SECCHI suite (Howard et al., 2008) onboard NASA’s twin STEREO (A and B) mission.
The SECCHI package includes the Extreme Ultraviolet Imager (EUVI), two coronagraphs
(COR1 and COR2), and two Heliospheric Imagers (HI1 and HI2) (Eyles et al., 2009). These
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Figure 1 The two interacting coronal mass ejections of 13 and 14 June 2012 observed as partial halos by
COR2-B coronagraph in the left and right panels, respectively.

instruments can track a CME from near the Sun to the Earth and further into the heliosphere.
The field of view (FOV) of the EUVI is 1 – 1.7 R�, of COR1 is 1.5 – 4 R� and of COR2,
is 2.5 – 15 R�. The FOVs of the EUVI and CORs are centered on the Sun. On the other
hand, HI1 and HI2 have their optical axis aligned in the ecliptic plane and are off-centered
from the Sun at solar elongation of 14◦ and 53.7◦, respectively. The field of view of HI1 and
HI2 is 20◦ and 70◦, respectively. Thus using SECCHI/STEREO instrument data, a CME can
be tracked from 0.4◦ to 88.7◦ elongation. For quick examination, we also used the corona-
graph observations by the Large Angle and Spectrometric Coronagraphs (LASCO: Brueck-
ner et al., 1995) onboard the Solar and Heliospheric Observatory (SOHO). During 13 – 14
June 2012, STEREO A and B were 117◦ westward and 118◦ eastward from the Sun–Earth
line at a distance of 0.96 AU and 1.0 AU from the Sun, respectively. The in situ properties
of interacting CMEs were studied using the OMNI database which includes data recorded
by instruments on board Wind (Lepping et al., 1995; Ogilvie et al., 1995) and the Advance
and Composition Explorer (ACE) spacecraft (Stone et al., 1998).

2.1. Analysis of the CMEs of 13 – 14 June 2012

A partial halo CME (CME1) at 13:25 UT with a projected speed of 630 km s−1 was recorded
by LASCO on 13 June 2012. On the next day, i.e. 14 June, another halo CME (CME2) was
recorded around 24.8 hr after the launch of CME1, having a projected speed of 990 km s−1 at
14:12 UT. The two CMEs are shown in Figure 1. As CME1 had a slower speed than CME2
and both seemed to propagate in the earthward direction, the observations suggest the prob-
ability of their interaction in the heliosphere. The two CMEs originated from the same active
region (AR), i.e. from NOAA AR 11504. CME1 was associated with an M1.2 flare which
occurred at around S16 E18 location on 13 June 2012 and CME2 was associated with an
M1.0 flare in the same active region and occurred on 14 June. The separation angle of the
STEREO spacecraft during 13 – 14 June 2012 was large, i.e. 126◦, therefore, in order to es-
timate the 3D kinematics of the CMEs, the Graduated Cylindrical Shell model (GCS model:
Thernisien, Howard, and Vourlidas, 2006) was used for 3D reconstruction of the CMEs. This
model represents the large scale flux rope structure of CMEs. It consists of a tubular section
which forms the main body of the structure attached to two cones that form the legs of the
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Figure 2 The GCS wired model overlaid on the contemporaneous images observed for the two CMEs, upper
panel (CME1) around 16:54 UT on 13 June and lower panel (CME2) around 15:39 UT on 14 June. For both
CMEs the fitting of the model is done for the three images recorded by COR2-B (left), LASCO-C3 (middle),
COR2-A (right) images.

CME. The resulting shape resembles that of a hollow croissant. For the present case, we
have applied the GCS forward fitting model to the contemporaneous images of the CMEs
obtained from the SECCHI/COR2-B, SOHO/LASCO-C3, and SECCHI/COR2-A corona-
graphs as shown in the images overlaid with the fitted GCS wireframed contour (Figure 2).
From the fitting of the GCS model, we estimate the propagation direction of CME1 along
E15 S30 at 10.9 R�. The propagation direction for the following CME2 was along E02 S25
at 13.5 R�. In addition to the propagation direction, the best visual GCS fitting gives a half
angle of 22.5◦, a tilt angle of 70◦, and an aspect ratio of 0.55 for CME1. The half angle,
tilt angle and aspect ratio for CME2 is 30◦, 70◦, 0.6, respectively. At around 11 R�, the 3D
speed of CME1 is estimated as 560 km s−1 and for CME2 as 900 km s−1. The directions and
speeds of the CMEs suggest that they possibly collide during their heliospheric evolution.
Using SECCHI/HI observations, we determined the distance from the Sun at which the in-
teraction took place and also the nature of collision. We also attempted to identify distinct
CME structures in the in situ data taken at L1 point and used them to estimate the arrival
time of the interacting CMEs.

2.1.1. 3D Reconstruction of Interacting CMEs in HI FOV

The CMEs of 13 – 14 June 2012 were well observed also in the HI-A and HI-B field of views
of STEREO. For the tracking of CME features, a minimum background image was created
from a sequence of HI images. We constructed the time–elongation maps, conventionally
called J-maps, (Sheeley et al., 2008; Davies et al., 2009) using the running difference im-
ages of HI-1 and HI-2. The details of the procedure to construct the J-maps and to derive
the distance from the measured elongation angles have been described in our earlier studies



Interplanetary and Geomagnetic Consequences of Interacting CMEs Page 5 of 12 5

Figure 3 Time–elongation maps
(J-maps) using the COR2 and HI
observations of
STEREO/SECCHI spacecraft
during the interval of 13 – 14
June 2012 is shown. The features
corresponding to the leading
edges of CME1 and CME2 are
tracked and overplotted on the
J-maps.

(Mishra, Srivastava, and Chakrabarty, 2015; Mishra, Wang, and Srivastava, 2016). These
J-maps reveal the kinematic evolution of these CMEs and are shown in Figure 3. The pos-
itively inclined bright features in the J-maps correspond to the enhanced density structure
of the CMEs. The J-maps for 13 – 14 June events indicate that enhanced brightness features
came in close contact with each other and merged around 25◦ elongation. Both features were
tracked further up to 35◦ elongation.

On the basis of earlier studies regarding the relative performance of the reconstruction
methods (Lugaz, 2010; Liu et al., 2013; Mishra, Srivastava, and Davies, 2014), we applied
the stereoscopic self-similar expansion (SSSE) (Davies et al., 2013) method to the J-maps of
the interacting CMEs. The SSSE method is expected to yield better results as the CMEs were
observed in HI field of view of both STEREO-A and B. To implement the SSSE method,
we require an appropriate value of the cross-sectional angular half width (λ) of the CMEs
as an input. Earlier studies have also revealed that the use of different values of λ with
the SSSE method give different estimates of the kinematics of the CMEs (Liu et al., 2013;
Mishra, Srivastava, and Davies, 2014). It has been observed that, for CMEs that are Earth-
directed when the STEREO spacecraft are behind the Sun, the SSSE method should be
implemented with a value of λ of 90◦ (Liu et al., 2013, 2014; Mishra, Srivastava, and Singh,
2015; Vemareddy and Mishra, 2015). In our case, the CMEs are Earth-directed and therefore
the SSSE method is implemented with a value of λ as suggested in earlier studies. The
kinematics estimated by implementing the SSSE method on the derived time–elongation
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Figure 4 The distance and
speed estimated for different
tracked features of the two
CMEs.

profiles of these CMEs is shown in Figure 4 and has been used to understand the collision
phase of CMEs. As described in an earlier article (Mishra, Srivastava, and Chakrabarty,
2015), we define the collision phase as the interval during which the two CMEs come in
close contact with each other and show opposite trends of acceleration relative to one another
until they attain an approximately equal speed or their trend of acceleration is reversed. The
collision of the two interacting CMEs occurred between 8:40 UT and 15:50 UT in a 7.2 hr
span on 15 June 2012. At the beginning of the collision, the tracked feature of CME1 was
at around 105 R� and that of CME2 at around 100 R�. During the collision, they traveled a
distance of around 25 R� before reaching an approximately equal speed. The collision led
to an acceleration of the preceding CME1 from 590 km s−1 to 680 km s−1 and a deceleration
of the following CME2 from 865 km s−1 to 680 km s−1.

2.2. Momentum, Energy Exchange, and Nature of the Collision

To estimate the momentum exchange during the collision of the CMEs, it is required to es-
timate the true masses of the two CMEs. Assuming that the CME observed in white-light
is due to Thomson scattered photospheric light from the electrons in the CME (Minnaert,
1930; Billings, 1966; Howard and Tappin, 2009), the recorded scattered intensity can then
be converted into the number of electrons, and hence the mass of a CME can be estimated,
assuming a completely ionized corona with a composition of 90% hydrogen and 10% he-
lium. In earlier studies (Munro et al., 1979; Poland et al., 1981; Vourlidas et al., 2000), the
mass of a CME was calculated assuming the CME location in the observer’s plane of sky.
We use the method of Colaninno and Vourlidas (2009), which is based on Thomson scatter-
ing theory, to estimate the true propagation direction and true mass of both CMEs. For this
purpose we used the simultaneous image pair of SECCHI/COR2 and estimated the masses
of CME1 and CME2 to be 8.4 × 1012 kg and 9.2 × 1012 kg, respectively. The mass ratio of
the interacting CMEs is approximately 1.1.
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Although we have estimated the true mass, this also involves uncertainties. A straightfor-
ward uncertainty arises due to the assumption that the mass of a CME is concentrated on the
plane of sky. However, a CME is a three dimensional structure with a significant depth along
the line-of-sight. It has been reported earlier that such an assumption leads to underestima-
tion of the CME mass by 15% (Vourlidas et al., 2000). We calculated several independent
mass values for this event and found that the values differ only in 20%. Further, the role of
the uncertainty in the mass estimation has been studied to understand the variation in the
coefficient of restitution which has been found to be negligible in deciding the nature of
the collision (Shen et al., 2012; Mishra, Wang, and Srivastava, 2016). This is expected as
our approach constrains the momentum conservation while modifying the observed post-
collision speeds (Mishra and Srivastava, 2014). Therefore, in this study we did not assess
the effect of uncertainties in the mass. Significant momentum exchange takes place during
the interaction, with an increase in the momentum of the preceding and a decrease in the
momentum of the following CME. In the present case, the momentum of CME1 increased
by 57% and that of CME2 decreased by 24% after the collision.

For our analysis we consider that after crossing the FOV of the COR2 coronagraph,
during the collision of CME1 and CME2, their estimated true masses remained constant. The
observed velocity of CME1 and CME2 before the collision is estimated as u1 = 590 km s−1

and u2 = 865 km s−1, respectively, while after the collison the values are the same, v1 =
v2 = 680 km s−1. To understand the nature of the collision of the two CMEs, we estimate the
coefficient of restitution, e, of the colliding CME1 and CME2 following the formulations
described in Mishra and Srivastava (2014) and Mishra, Srivastava, and Singh (2015), i.e.
using the estimated kinematics before and after the collision and their true masses. The
coefficient of restitution measures the bounciness of the collision and is defined as the ratio
of their relative velocity of separation to their relative velocity of approach. In this particular
case, the coefficient of restitution is e = 0.0, i.e. the collision is perfectly inelastic in nature.
Consequently the kinetic energy of the system after the collision is found to be lower than
that before the collision.

3. In situ Properties and Time of Arrival of the Interacting CMEs of
13 – 14 June 2012

We analyze in situ data associated with the 13 – 14 June interacting CMEs using the OMNI
database to identify interplanetary signatures of different features of the CMEs. Figure 5
shows the magnetic field and plasma measurements from 00:00 UT on 16 June to 00:00 UT
on 18 June. The arrival of a forward shock (labeled S1) marked by a sudden enhancement
in speed, temperature, and density is observed at 08:42 UT on June 16. This is followed by
an ICME structure (ICME1) for approximately 12 hrs. The second shock S2 is marked by
a sharp and huge increase in density indicating a pile-up or compression of the plasma as
the shock passes through the cloud. S2 is observed at 21:40 UT on 16 June. Based on the
signatures of ICMEs that are expected to be observed in in situ observations (Zurbuchen
and Richardson, 2006), the region bounded between approximately 21:40 UT on 16 June
and 21:00 UT on 17 June is identified as the second ICME structure (ICME2).

During the passage of ICME1, the magnetic field was quite strong (≈10 nT), while
plasma β is largely lower than unity. In the case of ICME2, the magnetic field is even
stronger (40 nT). A gradual decrease in magnetic field, density, and velocity is observed until
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Figure 5 From top to bottom,
total magnetic field magnitude,
z-component of magnetic field,
proton density, proton
temperature, proton speed,
plasma β , and SYM-H, shown
for the time interval of 00:00 UT
on 16 June to 00:00 UT on 18
June. From the left, the first,
second, and third vertical
(dashed) lines mark the arrival of
shock S1 associated with CME1,
shock S2 associated with CME2,
and the trailing boundary of
ICME2, respectively.

21:00 UT on 17 June. During the passage of this CME, plasma β < 1, the temperature is low
(≈104 K), and the density high. These signatures are suggestive of the passage of a magnetic
cloud as defined by Burlaga et al. (1981). It is further observed that the temperature does not
show any distinct variation during the interaction of the two CMEs, contrary to our previous
studies (Mishra and Srivastava, 2014; Mishra, Srivastava, and Chakrabarty, 2015), where
the interaction of the CMEs was represented by a high temperature region associated with
the first CME, which is higher than usually found for a normal isolated CME (Zurbuchen
and Richardson, 2006).

Thus, examining the in situ observations, we can mark the arrival of two distinctly dif-
ferent regions as far as the CME–CME interaction is concerned in the present case. The
first part appears to be the arrival of the first CME marked by the increase of the plasma
parameters at 8:42 UT on 16 June that stay steady for some time. Then the second CME at
21:40 UT on 16 June probably pierces through the first one creating a small region where
the density falls off very rapidly. The two peaks in SYM-H (Iyemori, 1990) at 22:40 UT on
16 June and at 01:05 UT on 17 June interspersed by a dip probably correspond to the arrival
of the faster CME in which a rarefied region is embedded. The estimated speeds of the two
shocks, marked S1 and S2, are 450 and 485 km s−1, respectively. The proton temperature
ratio Tpdown/Tpup is approximately 0.04 for the second shock as compared to 1.26 for the
first shock.
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4. Geomagnetic Consequences of the Interacting CMEs of 13 – 14 June
2012

The CMEs on 13 – 14 June 2012 were quite normal in terms of their initial speeds. They
resulted in a single moderate (Dst ≈ −86 nT) and long lasting geomagnetic storm. How-
ever, the magnitude of the sudden storm commencement (SSC) was exceptionally high
(≈150 nT) at 21:40 UT on 16 June. This calls our attention to the study of the impact
of the interaction of the two CMEs on the terrestrial magnetosphere-ionosphere system in
detail.

4.1. Sudden Storm Commencement

As mentioned above, the resulting geomagnetic storm is important because of its intense
magnitude, particularly that of the associated SSC. Generally the time of the SSC denotes
the arrival of the interplanetary shock and its strength. Previous studies based on a statistical
analysis have shown that the occurrence rate of SSCs is less than 5% for amplitudes larger
than 50 nT and less than 1% for amplitudes larger than 100 nT (Araki, 2014). Furthermore,
generally large amplitude SSCs tend to occur during the declining phase of the solar activity,
however, the present case is an exception as it occurred during the ascending phase of Solar
Cycle 24. The SYM-H index rose from 39 nT to 150 nT, during 16 June 2012 from 20:20 UT
to 20:47 UT, the rise time being 27 minutes. This puts the observed SSC as the strongest
observed in Solar Cycle 24 and also as one of the most intense events if one considers the
past events examined by Araki (2014). Further, SSCs with amplitude larger than 100 nT are
extremely rare (less than 1%) and the rise time is usually 3 to 4 min (Maeda et al., 1962).
In this regard, the amplitude of this SSC is very large and the rise time is unusually long.
The present case, due to its large variation with time, strongly suggests the strengthening of
the shock which occurred due to the interaction of the two successive CMEs. This is unique
for three reasons. First, it had a long duration (more than 20 hr); second, its peak magnitude
was high (≈150 nT); and third, it occurred in three distinct steps with a small rise to start
with and two peaks with a sharp fall in between. It is also interesting to point out that during
this time the y-component of the interplanetary electric field was negative, which means that
the z-component of the interplanetary magnetic field (IMF), Bz, was northward during this
interval, thereby implying that its time of occurrence is prior to the main phase of the storm
and hence confirms that the feature is an SSC.

Also, in an attempt to understand the role of interacting CMEs for the unique SSC event,
we observe that solar wind density increased three times from 20 to 60 cm−3 and the velocity
from 300 to 550 km s−1 during this interval, which corresponds to distinct steps manifested
in the SYM-H values. This further suggests that the solar wind ram pressure related to the
shocks contributed significantly to the SSC.

The interplanetary shock properties as derived from Wind data and catalogued at
http://ipshocks.fi/ reveal that for the second shock S2, the value of θ , i.e. the angle between
the shock normal and the magnetic field lines upstream, is 60◦ as compared to 15◦, for the
first shock S1. Here, the values of θ indicate that shock S1 is quasi-parallel (θ < 45◦) and
therefore should be associated with extended foreshock regions, whereas the shock transi-
tions are typically more gradual. The jumps in the solar wind plasma parameters and in the
magnetic field magnitude are less significant in this case than at quasi-perpendicular shocks
(Burgess et al., 2005; Kruparova et al., 2013), where θ > 45◦.

http://ipshocks.fi/
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4.2. Main Phase of the Geomagnetic Storm

As may be noted from Figure 5, the main phase of the geomagnetic storm lasted for more
than 16 hr and the recovery phase was also quite long (approximately 72 hr). In situ observa-
tions indicate the arrival of two shocks and a merged structure for the two events. In particu-
lar, the OMNI in situ data reveal a weak shock at 09:03 UT with a small ICME followed by
a stronger shock at 19:34 UT and a prolonged ICME. We also note that the intensity of the
geomagnetic storm, Dst reached a minimum value of ≈−86 nT at 14:00 UT and maintained
the moderate level of −50 nT for 14 hr. The event resembles that described by Lugaz and
Farrugia (2014), wherein they reported a long-duration isolated event that resulted from the
merging of two CMEs with peak Dst reaching ≈−150 nT and remaining at moderate values
(below −50 nT) for 55 hr. It is noteworthy that we do not observe any signature of a distinct
interaction region in in situ data for 13 – 14 June event, as was reported in the case of 9 – 10
November 2012 interacting CMEs (Mishra, Srivastava, and Chakrabarty, 2015).

5. Summary and Conclusion

Although the interacting CMEs of 13 – 14 June 2012 appear to be quite normal in terms
of speeds, associated flares, and the resulting geomagnetic storm is also moderate with a
minimum Dst attaining ≈−86 nT, the interaction event is quite unique in terms of its geo-
magnetic consequence. The two CMEs interacted at a distance of 100 R� from the Sun and
reached the Earth as a merged structure. The arrival of the CMEs is marked by an enhanced
SSC with a peak of 150 nT. The magnitude of this SSC is the highest recorded in Solar Cycle
24. The duration of the rise time of this SSC is also unusually high, of the order of several
hours due to the strengthening of the shock because of the interaction of the CMEs. The
merged structure led to a single step moderate storm whose duration was unusually long,
both for the main phase (≈16 hr) and the recovery phase (≈72 hr). Contrary to the present
knowledge that the strong SSCs occur during the descending phase of the solar cycle, the
CMEs of 13 – 14 June 2012 are remarkable as their interaction led to the strongest SSC in
the ascending phase of Solar Cycle 24.
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