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Abstract In this article, we present a statistical study probing the relation between inter-
planetary coronal mass ejections (ICMEs) observed at 1 AU and their corresponding coro-
nal mass ejections at the near-Sun region. The work encompasses the ICME activity that
occurred during Solar Cycles 23 and 24 (1996-2017) while presenting an overall picture
of ICME events during the complete Solar Cycle 24 for the first time. The importance of
this study further lies in comparing two subsets of ICMEs, i.e. magnetic clouds (MCs) and
ejecta (EJ), to explore how the observed structures of ICMEs at 1 AU could be associated
with the properties of CMEs during their launch at the Sun. We find that, although Solar
Cycle 24 saw a significant reduction in the number of ICME events compared to the pre-
vious cycle, the fraction of MCs was much higher during Cycle 24 than Cycle 23 (60%
versus 41%). In general, the ICME transit-time decreases with the increase in the CME ini-
tial speed, although a broad range of transit times were observed for a given CME speed.
We also find that the high-speed ICMEs (= 500 kms~') form a distinct group in terms of the
deficit in their transit times when compared with low-speed events (<500 kms™!), which
means that high-speed ICMEs acquire a much higher internal energy from the source active
regions during the initiation process that effectively overcomes the aerodynamic drag force
while they transit in the interplanetary medium. The CME propagation from the Sun to the
near-Earth environment shows both an overall positive and negative acceleration (i.e. de-
celeration), although the acceleration is limited to only low-speed CMEs that are launched
with a speed comparable with or less than the mean solar wind speed (=~400—450 kms™!).
Within a given cycle, the similarities of MC and EJ profiles with respect to the CME-ICME
speed relation as well as interplanetary acceleration support the hypothesis that all CMEs
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have a flux rope structure and that the trajectory of the CMEs essentially determines the
observed ICME structure at 1 AU.

Keywords Coronal mass ejections - Interplanetary coronal mass ejections - Magnetic
clouds - Ejecta

1. Introduction

Coronal mass ejections (CMEs) and associated eruptive flares are the most violent manifes-
tations of the active Sun. While a flare is attributed to the sudden and impulsive release of a
huge amount of energy (2 10?7 — 10?2 ergs on the time scales of a few to several tens of min-
utes) from a localized region of the solar atmosphere, CMEs primarily represent the eruption
of a large amount of plasma from the Sun (= 10'* - 10'® g with speeds ranging from < 100 to
>2500 kms™!). During a CME, the large-scale eruption of plasma and magnetic field pro-
duces significant changes in the magnetic configuration of the solar corona (see the reviews
by Webb and Howard, 2012; Schmieder, Aulanier, and Vr$nak, 2015; Chen, 2017). Inter-
planetary CMEs (or ICMEs) are known to drive severe space weather events. Earth-directed
CMEs (known as halo CMEs) can generate non-recurrent geomagnetic storms when collid-
ing with Earth’s magnetic field, provided that they contain a strong and sustained southward
magnetic field component (see the review by Zurbuchen and Richardson, 2006).

Early observations of the solar wind confirm that CMEs at 1 AU generally have distinct
plasma and field signatures by which can be distinguished from the ordinary solar wind (see
the review by Gosling, 1990). The characteristic features of ICMEs in the flow of the solar
wind include abnormally low proton and electron temperatures, and bidirectional suprather-
mal electron strahls along with anomalies in plasma composition (Cane and Richardson,
2003; Richardson and Cane, 2004). With the availability of continuous in situ observations
at 1 AU of multiple plasma and magnetic field parameters of the solar wind, it has become
possible to identify the arrival of Earth-directed ICMEs corresponding to CMEs launched
from the Sun several hours earlier. There has been a continued interest in assessing the rela-
tion among kinematical properties of CMEs at the near-Sun region, their propagation char-
acteristics through the interplanetary medium, and the physical properties of corresponding
ICMEs at the near-Earth environment.

Burlaga ef al. (1981) identified a subset of ICMEs showing a characteristic pattern in
which their passage is accompanied by the enhancement of the magnetic field (> 10 nT)
that rotates slowly through a large angle (Klein and Burlaga, 1982). Such structures are
termed magnetic clouds (MCs). The modeling of the magnetic field configuration of MCs
suggests these structures to be associated with a magnetic flux rope. Notably the flux rope
interpretation is also consistent with the occasional detection of the helical structure of the
CME in the corona and near-Sun region (Dere et al., 1999; Xie, Gopalswamy, and St. Cyr,
2013; Cho et al., 2013). We also note that typical features of an MC can also be completely
absent or only partially present in several ICMEs (Burlaga et al., 2001), which points toward
the complexity associated with the structural evolution of the CMEs. When MC features are
absent, the ICMEs are referred to as ejecta (EJ). For a proper understanding of the interplane-
tary consequences of CMEs, it is therefore very important to identify the different structures
associated with ICMEs (i.e. MCs and EJ) and their associations with their corresponding
near-Sun counterparts.

The motivation of the present article is to study the association between ICMEs at 1 AU
and CMEs at the near-Sun region during Solar Cycles 23 and 24. We particularly focus

@ Springer



ICME Characteristics Page30f 17 54

on the propagation characteristics of the ICMEs, i.e. transit time and IP acceleration, and
their variations along different solar cycles. We further divide ICMEs into two subsets —
MCs and EJ, to explore how the observed ICME structures at 1 AU could be associated
with the corresponding CME properties during the early evolution at the near-Sun region.
In Section 2, we provide information as regards the sources of the observational data. We
analyze the data and explain the results in detail in Section 3. The main conclusions of the
study are given in Section 4.

2. Data and Selection Criterion

Our study is based on data from the following catalogs.

1. Solar and Heliospheric Observatory (SOHO) Large Angle and Spectroscopic Corona-
graph (LASCO) CME catalog': This catalog is used to study the properties of CMEs at
the near-Sun region that have an ICME counterpart at 1 AU. The catalog is generated
and maintained at the Coordinated Data Analysis Workshop (CDAW) Data Center by
NASA and The Catholic University of America in cooperation with the Naval Research
Laboratory. The catalog was used to study some of the initial parameters of the CME
corresponding to ICMEs at the near-Sun region, viz. onset time and initial speed (i.e. the
linear speed within LASCO field of view).

2. Near-Earth ICME catalog®: The present analysis is primarily based on the catalog com-
piled by Ian Richardson and Hilary Cane and contains a list of ICMEs detected by in
situ probes from May 1996 to September 2017 (Cane and Richardson, 2003). The cat-
alog provides several useful parameters of the ICMEs, out of which the parameters of
interest are the estimated start and end times of the ICME, the mean ICME speed, the
minimum value of the geomagnetic Dst index during the period between the disturbance
and the ICME trailing edge, and the time of CME onset in the solar corona, based on
LASCO observations, which is probably associated with the ICME in question. Notably,
the catalog also marks those ICME events for which an associated CME at the near-Sun
region has been identified in LASCO observations. The criteria used for the identifica-
tion of the CME-ICME association have been described in Cane and Richardson (2003).
The onset time of the corresponding CME (i.e. the time of the first CME observations by
LASCO) is listed in the catalog and this information forms the basis for the calculation
of the CME transit-time from the near-Sun to the near-Earth environment. Obviously, the
analyses have considered only those ICME events for which the CME-ICME association
is confirmed in the catalog. A very useful piece of information included in the catalog is
whether the observed ICME presents a magnetic cloud (MC) structure or not, based on
the criteria proposed by Burlaga et al. (1981). When an ICME lacks most of the typical
features of a magnetic cloud, it is called ejecta (EJ). Kim et al. (2013) have used the same
terminology for defining two distinct classes of ICMEs i.e. MC and EJ (see also Burlaga,
2001). The catalog also marks complex events where the MC structures cannot be fully
defined.

In this study, we consider all ICMEs divided in two subsets, i.e. MCs or EJ. Examples of
MC and EJ type ICMEs along with their corresponding CMEs are shown in Figures 1 and
2, respectively. In this analysis, we do not study complex cases explicitly although these are
included in our master list of all ICMEs.

1 https://cdaw.gsfc.nasa.gov/CME_list/.
2http://www.srl.caltech.edu/ACE/ASC/DATA/IeveIS/icmetabIe2.htm.
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Figure 1 An example of a CME
that exhibited an MC type ICME
structure at 1 AU. (a) and

(b) present LASCO C2 and C3
observations, respectively, of the
CME on 13 December 2006.
Panels (¢) — (h) show in situ
measurements of various ICME
associated parameters at 1 AU,
viz. total magnetic field strength,
the z-component of the magnetic
field, flow speed, proton density,
proton temperature, SYM-H
index (i.e. high resolution Dst
index). The vertical black line
indicates the arrival of an IP
shock. Red and green dotted lines
mark start and end times,
respectively, of the ICME.

sl bl

!

9 900 (9 : .

ga  800F !

85 700F :

L WY .

38 5 : 1

m

%’ 15F ; i

F SR S

temperature

PRV PP Y Y P Y PO N 0 TR T

SYM/H index
al

=250 e +
0B:0D:00 12:0D:00 18:00:00 00:00:00 0B:0D:00 12:0D:00 18:0D:00
0B Dec 14 0B Dec 14 OB Dec 14 DB Dec 1S 0B Dec 1S 0B Dec 15 DB Dec 15

3. Analysis and Results
3.1. Statistical Variations of CME-ICME Events

Table 1 provides statistics of the occurrence of ICMEs along with the three subsets (i.e.
MCs, EJ, and complex events) during Solar Cycles 23 and 24. We note a drastic reduction
in the number of ICMEs during Cycle 24 compared with the previous one (151 versus 62).
Interestingly, with respect to the total ICME:s, the fraction of MC-type events is much larger
during Cycle 24 (60%) than during Cycle 23 (41%). Obviously, Solar Cycle 24 presents a
much lower percentage of the EJ and complex cases compared with the previous cycle.

In Figure 3, we plot histograms of the initial speed of CMEs and corresponding speed
of the ICME:s for Solar Cycles 23 and 24. The comparison of near-Sun CME observations
(Figures 3a and b) indicates that CMEs exhibited a wide range of initial speeds for both
cycles; however, Cycle 24 had fewer high-speed CMEs than Cycle 23. On the other hand,
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Figure 2 Same as in Figure 1,
but for the CME that exhibited an
EJ-type structure at 1 AU. The
images shown in (a) and (b)
correspond to 22 June 2015.
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Table 1 Occurrence of ICMEs
during Solar Cycles 23 and 24 for ~ Solar cycle Number of events
all kinds of evgnts, magnetic Total MC EJ Complex
clouds (MC), ejecta (EJ), and
complex events. 23 149 62(41%)  44(30%) 43 (29%)
24 62 37 (60%) 9 (15%) 16 (25%)

the ICME speed range is very narrow (Figures 3c and d) and tends to a distribution around
the ambient solar wind speed (*400-450 kms™").

To show how the CMEs, included in the database, evolve at the near-Sun region, we plot
the histogram of CME width in Figures 4a and b. We find that most ICME-CME associ-
ations correspond to wide CMEs with angular extents > 100°. We would like to mention
that the initial CME speeds (see Figure 3), analyzed in this work in the context of Sun—
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Figure 3 Top panels: histograms of the initial speeds of CMEs in the LASCO field of view for Solar Cy-
cles 23 (a) and 24 (b). Bottom panels: histograms of ICME speeds at 1 AU for Solar Cycles 23 (c¢) and
24 (d).
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Figure 4 Histograms of CME widths for Solar Cycles 23 (a) and 24 (b). Note that the CMEs selected for
the histograms are those events for which CME-ICME associations have been clearly identified.

Earth propagation properties of ICMEs along with their characteristics at 1 AU, are directly
obtained from LASCO observations. The coronagraphic observations of CMEs (especially
halo CMEs) are subject to a projection effect which is a limitation as regards determining
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Figure 5 (a): Histograms showing the annual occurrence of ICMEs during Solar Cycles 23 and 24. (b): Two
types of ICMEs, i.e. MCs (white bar) and EJs (black bar), are shown separately for Solar Cycles 23 and 24.
We find that, in comparison with Cycle 23, Cycle 24 is much poorer in producing ICMEs. In particular, we
note a drastic reduction in EJ type events during Cycle 24. (¢): For a comparison between occurrence rate
of ICMEs reaching the near-Earth region with the total number of CMEs launched at the Sun, we draw a
histogram of annual counts of CMEs. Inspection of histograms (a) and (c) reveals that ICMEs that reach the
near-Earth region form a very small fraction of the total CMEs originating from the Sun. For example, we
find annual rates of ICMEs and CMEs to be about 11 events year_1 and 1397 events year_l, respectively.
(d): To show the evolution of CME and IMCE activity with the solar cycle, we plot monthly sunspot numbers
(SN). The solid line indicates 11 points running average.

the true radial velocity and width of CMEs. In this study, however, we simply use the linear
speed of CMEs, without accounting for projection effects.

In Figure 5, we show a histogram of the total ICMEs (panel a) along with MC and EJ
events (panel b) during Solar Cycles 23 and 24. For comparison, the histogram of the total
annual CME counts and the plot of the monthly sunspot number during the same period are
also shown in Figure 5c and d, respectively. We note that although Cycle 24 is significantly
weaker than the previous cycle in terms of sunspot numbers, it showed a higher CME ac-
tivity. We find that the years 2000 and 2012 had the maximum number of ICMEs during
Cycles 23 and 24, respectively (Figure 5a). The bar chart of MC and EJ events shows some
very interesting variations in their temporal evolution with the different phases of the solar
cycles. We find a dominance of MCs during the rise phase of the solar cycle, while EJs took
over the yearly count when the cycle was in its maximum phase. During Cycle 24, we find
a dominance of MCs all along.
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Figure 6 Relationships between the initial CME speeds and the observed ICME transit-times for Solar
Cycles 23 (a) and 24 (b). The black curves indicate the quadratic least-squares fit to the ICME transit-times
(Ticme) and the initial CME speeds (Vomg) (see Equations 1 and 2 for Cycles 23 and 24, respectively). The
correlation coefficient (R) for the quadratic fitting is annotated at the top right corner of each panel. Dotted
vertical lines are plotted at Vopg = 1000 km s~! to visualize the distribution of high- and low-speed CMEs.
We note that the number of high-speed CMEs (V 2 1000 km s™1)in Cycle 24 is much smaller (14) than in
the previous cycle (44).

It is worth noting that the annual rate of CMEs that arrive at the near-Earth region (i.e.
the ICMEs presented in Figure 5a) is about 11 events year~!, which forms a very small
fraction of the total CMEs originating from the Sun (¢f. Figure 5a and c). For example,
considering all the CMEs observed by LASCO in the same period, the annual CME rate is
1397 events year™'.

3.2. CME Transit Time from the Sun to 1 AU

The transit time of an ICME (TicMmE) is estimated from the difference between the CME
onset time in the LASCO C2 field of view and the arrival of the ICME to the near-Earth
region. In Figure 6, we plot the transit time for all ICME:s as a function of the initial speed
of the corresponding CME for Solar Cycles 23 (panel (a)) and 24 (panel (b)). For a clearer
presentation, data points corresponding to MCs, EJ, and complex cases are denoted by red,
blue, and green colors, respectively. For Solar Cycle 23, the transit time ranges between
~ 120 and 30 hours, while for Solar Cycle 24 the lower limit for the transit time is at a
significantly higher level, &~ 45 hours. Obviously, the fewer high-speed CME events during
Solar Cycle 24 would correspond to the majority of ICMEs showing larger Sun—Earth transit
times. The least-square fittings to a second order polynomial to ICME transit-time versus
initial CME speed for Cycles 23 and 24 are given by the following equations, respectively:

Tieme = 99.9 — 0.04Vemg + 5.0 x 107 Vewe?,
Tieme = 102.3 — 0.04 Ve + 6.0 x 1070 Veys?.

(1
()

In Figure 7, we show the deviations (in %) of the observed ICME transit-time from
the empirical relations (given by Equations 1 and 2) for Solar Cycles 23 (panel a) and 24
(panel b).

In Figure 8, we provide the relation between ICME transit-times and CME initial speeds
separately for MC and EJ types for Solar Cycles 23 and 24. We find that Solar Cycle 23, in
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Figure 7 Pie chart of the deviations of the observed ICME transit-times from the average fitted transit times
for Solar Cycles 23 (a) and 24 (b).
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Figure 8 Relations between the initial CME speeds and the observed ICME transit-times separately for MC
(top panels) and EJ (bottom panels) type ICMEs for Solar Cycles 23 (left panels) and 24 (right panels). The
black curves indicate the quadratic least-squares fit to the ICME transit-time for MC and EJ cases (i.e. Tyvic
and Tgy) and the computed initial CME speeds (Vomg) (see Equations 3 —6). The correlation coefficient (R)
for the quadratic fitting is indicated at the top right corner of each panel.

comparison with the next cycle, presents a more systematic pattern in terms of variations of
CME initial speeds with ICME transit-times. During Cycle 24, we do not find any MC with
speed > 1500 kms~!, while there are several very high-speed MCs during Cycle 23 within
the speed range of &~ 1500—2500 kms~!. Due to the occurrence of very high-speed MC
events, Cycle 23 exhibited lower transit times (Figure 8a). We further notice a very small
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Figure 9 Pie chart of the deviations of the observed ICME transit-times from the average fitted transit time
separately for MC (top panels) and EJ (bottom panels) type ICMEs for Solar Cycles 23 (left panels) and 24
(right panels).

number of EJ during Cycle 24 (Table 1 and Figure 8(d)). The best fittings to a second order
polynomial to MC transit times versus initial speeds of CMEs for Cycles 23 and 24 give us
an idea about the average pattern of MC propagation and are given by Equations 3 and 4,
respectively:

Tyic = 100.9 — 0.05Vepe + 8.0 x 107 Veye?, 3)
Tyve = 110.2 — 0.06 Vg + 2.5 x 107 Veue?. 4)

For EJ events, the relationships between transit times versus initial speeds of CMEs for
Cycles 23 and 24 are given by Equations 5 and 6, respectively:

Ty = 104.8 — 0.05Veme + 6.0 x 1078 Vewe?, 3)
Ty = 90.9 — 0.02Vemg + 1.0 x 1070 Vo2, (6)

We note that Equation 6 may not yield a very reliable statistical relation between the
ICME transit-times and CME initial speeds because of a very limited number of data points.

Figure 9 shows the deviations (in %) of the observed transit times of MCs and EJs from the
empirical relations given by Equations 3 —6 for Cycles 23 and 24.

3.3. ICME Speeds at 1 AU
In Figure 10, we plot the ICME speeds at 1 AU as a function of ICME transit-times from the

Sun to the near-Earth environment. The dashed curve in each panel represents the estimated
travel time assuming that all the CMEs propagate between the Sun—Earth distance with a
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Figure 10 Relations between the mean ICME speeds and the observed ICME transit-times for all ICMEs
(top panels), MC (middle panels), and EJ type events (bottom panels) for Solar Cycles 23 (left panels) and
24 (right panels). Dashed curves show the estimated travel time assuming that CMEs propagated with a
constant speed which is equal to their speed at 1 AU (i.e. mean ICME speed). We note that most of the events
lie below the hypothetical constant speed curve. Further, the transit times for fast ICMEs (2 500 km s—h
are distinctly shorter than those expected from their observed speeds at 1 AU which can be noticed in the
form of a gap between observed transit times and the hypothetical constant speed curves. We also note that
mean ICME speeds (considering all the events plotted in panels a and b) for Solar Cycle 23 (508 km s~y are
significantly higher than those for Cycle 24 (443 km s~1), which implies low-speed dominated solar wind

conditions during Cycle 24.
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constant speed which is equal to [CME speed at 1 AU. We notice that most of the CMEs
lie below the hypothetical transit-time curve for constant speed which readily suggests that
the majority of CMEs traveled faster than their final speeds at 1 AU. There are only a few
events that lie on or above the dashed curve, indicating the possibility of intermittent phases
of acceleration of these CMEs in the interplanetary medium. However, such events occur in
the lower speed range only (i.e. ICME speed < 500 kms~!). The mean ICME speed versus
transit-time profiles also shows a distinct gap between high-speed ICMEs (2500 kms™!)
indicated with dashed curves. In fact, at this speed range, none of the events lie close to the
dashed line. This feature can be seen for both MC and EJ type events (Figures 10(c) and (f)).

3.4. CME-ICME Speed Relations

In Figure 11, we plot the mean ICME speed at the near-Earth region as a function of the
initial CME speed for all ICME events (top panels) as well as MC and EJ events separately
(middle and bottom panels, respectively). The plot comprising all ICME cases suggests a
general trend in which the ICME speed increases with initial CME speed. The dotted line
in Figure 11a and b indicates a constant velocity line (i.e. it implies a hypothetical situation
in which CMEs neither accelerate nor decelerate). The best fit curves corresponding to the
quadratic fitting intersect the constant speed line at ~400 kms~! for both cycles, which is
nearly equal to the ambient solar wind speed. This intersection value approximately indi-
cates the speed above which the deceleration of a CME is effective.

When we consider the CME-ICME speed relation for the MC and EJ cases separately
for the two cycles, we find an interesting scenario (middle and bottom panels of Figure 11).
The curves of the second order best fitting during Cycle 23 for both MC and EJ type events
indicate a gradual rise in ICME speed at 1 AU with initial CME speed. On the other hand,
ICME-CME speed relations for Cycle 24 for both MC and EJ events exhibit rising and
decreasing trends for lower and higher CME speeds, respectively.

3.5. Interplanetary Acceleration of CMEs

In Figure 12, we present the effective acceleration that ICMEs experience as they travel in
the interplanetary medium as a function of the initial speed of CMEs. Here the IP accelera-
tion of a CME is the ratio between the difference in the initial and final speeds of the CME
and the transit time of the ICME. The final speed of the CME is essentially the ICME speed
measured at 1 AU. We have studied the relation between IP acceleration and initial CME
speed for all ICME, MC, and EJ type events and the corresponding plots are shown in the
top, middle and bottom panels of Figure 12. These plots clearly indicate that most CMEs are
decelerated in the interplanetary medium except for very low-speed CMEs with initial speed
less than =450 kms~!. It is also evident that with the increase in CME initial speed, the net
deceleration gradually increases. The IP accelerations versus CME initial speed profiles sep-
arately for MC and EJ events are consistent with the general trend seen in the total ICME
population. One can also notice that CMEs decelerate faster with CME initial speed for Cy-
cle 23 than for Cycle 24. To illustrate the CME acceleration associated differences between
Cycles 23 and 24, we have plotted a horizontal dotted line at an arbitrary acceleration value
of —5 ms~2. We see that, in all cases, the dotted line intersects with the best fitted curve
at lower initial CME speed (indicated by arrows) for Cycle 23 (& 1500 kms™') compared
with the next cycle (=2 1600 kms~"). This difference also reflects the fact that Cycle 24 has a
significantly smaller number of high-speed events (which are subject to higher deceleration)
than Cycle 23, which has a restricted number of data points for polynomial fittings at higher
speeds. However, within a given cycle the profiles of IP acceleration and CME initial speed
remain similar for the MC and the EJ cases.
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Figure 11 Relations between the initial CME speeds and the ICME speeds at 1 AU for Solar Cycles 23 (left
panels) and 24 (right panels), for all ICMEs (top panels), MC (middle panels) and EJ type events (bottom
panels). The black curves indicate the quadratic least-squares fit to the data points. The correlation coefficient
(R) for the quadratic fitting is shown at the top right corner of each panel. The dashed lines in the top panels
indicate the assumed constant velocity profiles for CMEs.

4. Summary and Discussions

In this article, we carry out a statistical study of ICMEs to understand their propagation
characteristics and consequences at 1 AU during Solar Cycles 23 and 24. In order to bet-
ter understand the CME-ICME relation, we further consider two subsets of ICMEs, MCs
and EJs, separately. Our work is based on a simple analysis, but it presents an overview
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Figure 12 Relation between the initial CME speeds and the IP accelerations for all ICMEs (top panels),
MC (middle panels) and EJ type events (bottom panels). Left and right panels indicate plots for Solar Cycles
23 and 24, respectively. The black curves indicate the quadratic least-squares fit to the data points. The
correlation coefficient (R) for the quadratic fitting is shown at the top right corner of each panel. To illustrate
the relation of IP accelerations as a function of CME initial speeds during Solar Cycles 23 and 24, we have
drawn a dotted horizontal line at an arbitrary acceleration value of —5 ms~2. We note that the dotted line
intersects with the best fitted curve at lower initial speed for Cycle 23 (~ 1500 km ) compared to the next
solar cycle (& 1600 km 51 ), which means that, for Cycle 24, ICME decelerations increase slowly with the
increase of CME initial speeds. However, within a given cycle the profiles of IP accelerations and CME initial
speeds remain similar for the MC and EJ cases.
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and comparison of the propagation characteristics of the ICMEs during two complete solar
cycles.

Our study reveals that Solar Cycle 24 shows a significant reduction in the number of
ICME events compared with the previous cycle (Figure 5). The drastic reduction of ICME
activity during Solar Cycle 24 can be seen in the light of its weak magnetic activity in com-
parison with Cycle 23, as evidenced by sunspot observations (Figure 5c), which has eventu-
ally resulted in much fewer CMEs and subsequent ICMEs. Notably, the fraction of MC type
events is much larger during Cycle 24 (60%) than during Cycle 23 (41%). In this context, we
note that, despite a larger number of MCs, the geoeffectiveness in Solar Cycle 24 is very low
(Gopalswamy et al., 2015). Furthermore, interplanetary scintillation (IPS) observations sug-
gest a low-speed dominated background solar wind conditions during Cycle 24 (Manoharan
et al., 2016; Johri and Manoharan, 2016). The comparison between histograms of initial
speed of CMEs and 1 AU speed of ICMEs indicates a narrower range in the speed of ICMEs
compared with their near-Sun counterparts. This finding is consistent with the general un-
derstanding that CMEs effectively slow down during their propagation in the interplanetary
medium because of their interaction with the background solar wind (Vr$nak et al., 2013;
Shanmugaraju and Vr$nak, 2014; Syed Ibrahim, Manoharan, and Shanmugaraju, 2017).

As expected, there is a general trend of decrease in ICME transit-times with respect to
initial CME speeds (Figures 6 and 8). However, there is a broad range in transit times of
ICMEs for a given initial CME speed, which suggests that each CME has a different prop-
agation profile. These results are consistent with earlier works (see, e.g., Michalek et al.,
2004; Manoharan et al., 2004; Manoharan, 2006; Syed Ibrahim, Shanmugaraju, and Bendict
Lawrance, 2015). We also note that almost all ICMEs travel in the interplanetary medium
faster than with their final speeds (Figure 10), which implies that every event is subject to
the aerodynamical drag force in the background solar wind, which tends to equalize the
speed of the CME to that of the solar wind (see, e.g., Gopalswamy et al., 2001; Manoharan,
2006). Our analysis clearly indicates that (see Figure 10) the transit time for fast ICMEs
(=500 kms™!) is shorter than expected from their observed speeds at 1 AU, which can be
noticed in the form of a horizontal gap between the observed transit times and the hypothet-
ical constant speed curve. This interesting feature implies that high-speed ICMEs acquire
a much higher internal energy from the source active regions during the initiation process,
which effectively overcomes the aerodynamic drag force, while the CMEs transit the inter-
planetary medium (Manoharan, 2010). In this context, it is noteworthy that Solar Cycle 24
significantly lacks high-speed CMEs in comparison with the previous cycle (cf. Figures 3a
and b). This means that under the conditions of low-speed dominated solar wind and a mi-
nority of high-speed CME events during Cycle 24, the drag applied by the background solar
wind to the CME propagation (which is proportional to |Veme — Vsolar wind|) Will, on the
whole, be less effective.

In general, the mean ICME speed increases with an increase in the initial CME speed
(Figure 11). Also we note that, for a given initial speed, the ICME arrival speed at 1 AU
exhibits a wide range. However, the relationships between CME initial and final (i.e. 1 AU)
speeds for Cycles 23 and 24, as represented by the second order polynomial, show different
trends when viewed separately for MC and EJ events (cf. Figures 11c—f). Such differences
imply that a combination of multiple parameters affect the evolution of ICMEs, such as CME
properties at the near-Sun region (e.g. speed, acceleration, and structure) along with changes
in the background solar wind. Irrespective of this, the similarities in the general trends of the
ICME-CME speed relations for MC and EJ within the same cycle are also noteworthy (cf.
Figures 11c—f). The CME propagation from the Sun to the near-Earth environment shows
an overall positive as well as negative acceleration (i.e. deceleration), although the acceler-
ation is limited to only low-speed CMEs that are launched with speeds comparable with or
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less than that of the mean solar wind speed, i.e. ~400-450 kms~! (Figure 12). Notably,
the effective deceleration increases with the initial speed of the CME. These results imply
that, for slow CMEs (<400 kms™!), the energy is transferred from the solar wind to the
CMEs, while faster events (2> 400 kms~!) tend to lose their energy to the ambient medium.
Within a given cycle, the similarities of MC and EJ profiles with respect to CME-ICME
speed relations as well as IP accelerations suggest that the underlying physical structure that
supports the propagation of both kinds of ICMEs through the interplanetary medium is the
same. These observations are consistent with the assumption that all CMEs have a flux rope
structure and that the trajectory of the CMEs essentially determines the observed ICME
structure at 1 AU (Marubashi, 2000; Kim et al., 2013; Marubashi et al., 2015)
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