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Abstract Using in situ observations from the Advanced Composition Explorer (ACE), we
have identified 70 Earth-affecting interplanetary coronal mass ejections (ICMEs) in Solar
Cycle 24. Because of the unprecedented extent of heliospheric observations in Cycle 24 that
has been achieved thanks to the Sun Earth Connection Coronal and Heliospheric Investiga-
tion (SECCHI) instruments onboard the Solar Terrestrial Relations Observatory (STEREO),
we observe these events throughout the heliosphere from the Sun to the Earth, and we can
relate these in situ signatures to remote sensing data. This allows us to completely track the
event back to the source of the eruption in the low corona. We present a summary of the
Earth-affecting CMEs in Solar Cycle 24 and a statistical study of the properties of these
events including the source region. We examine the characteristics of CMEs that are more
likely to be strongly geoeffective and examine the effect of the flare strength on in situ prop-
erties. We find that Earth-affecting CMEs in the first half of Cycle 24 are more likely to
come from the northern hemisphere, but after April 2012, this reverses, and these events
are more likely to originate in the southern hemisphere, following the observed magnetic
asymmetry in the two hemispheres. We also find that as in past solar cycles, CMEs from the
western hemisphere are more likely to reach Earth. We find that Cycle 24 lacks in events
driving extreme geomagnetic storms compared to past solar cycles.

Keywords Space weather - Coronal mass ejection - Solar wind - Heliosphere

Earth-affecting Solar Transients
Guest Editors: Jie Zhang, Xochitl Blanco-Cano, Nariaki Nitta, and Nandita Srivastava

B<I P. Hess
phillip.hess.ctr@nrl.navy.mil

B J. Zhang
jzhang7 @gmu.edu

1" NRC Research Associate, U.S. Naval Research Laboratory, Washington D.C., USA

Department of Physics and Astronomy, George Mason University, Fairfax, VA, USA

Published online: 12 June 2017 &\ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11207-017-1099-y&domain=pdf
http://orcid.org/0000-0003-1377-6353
mailto:phillip.hess.ctr@nrl.navy.mil
mailto:jzhang7@gmu.edu

80 Page 2 of 20 P. Hess, J. Zhang

1. Introduction

Coronal mass ejections (CMEs) are among the most powerful forms of solar activity. These
eruptions of magnetized plasma from the corona propagate through and interact with the
solar wind. CMEs can cause numerous harmful effects at Earth, including the damage of
satellites and power grids and the disruption of radio communications and air travel (Pulkki-
nen, 2007). Generally, the Earth will be protected from the solar wind by the magnetosphere
that is formed from its internal magnetic field. The way for the solar wind to penetrate the
magnetosphere is the presence of a strong southward interplanetary magnetic field, which
will cause reconnection along the magnetopause. A CME, because of its strong internal
magnetic field, is one of the most common structures capable of causing this reconnection
and space weather effects at Earth.

Of all datasets in which CME and CME-related phenomena have been observed, in situ
observations are among the most well studied. Taken from a spacecraft measuring the solar
wind magnetic field and plasma parameters, such as density and velocity, at one particular
point in space, in situ measurements provide a time series of the solar wind as it passes
through the spacecraft. CME signatures have long been seen in these data sets, and have
been called interplanetary coronal mass ejections (ICMEs), to make clear the connection
between these structures and those observed closer to the Sun (Richardson and Cane, 2004).

The longest continuous observational data set of CMEs near the Sun has been provided
by the Large Angle Spectroscopic Coronagraph (LASCO: Brueckner et al., 1995) onboard
the Solar and Heliospheric Observatory (SOHO), launched in 1995. These coronagraphs
have continued to provide white-light imaging of the solar corona to a distance of approx-
imately ~30 Rg. LASCO has observed thousands of CMEs close to the Sun, and has pro-
vided a way to link the signatures detected in situ back to the Sun. However, the limited
LASCO field of view left more than 80% of an astronomical unit (AU) gap between the
edge of the coronagraph observations and the detection of the CME in situ. This large gap
in spatial data coverage means there can be large discrepancies in the identification of an
observed eruption in a coronagraph and the event detected in situ.

The launch of the Solar Terrestrial Relations Observatory (STEREOQ) in 2006 offered
unprecedented observations of CMEs in the heliosphere. The STEREO mission consisted
of two spacecraft, one traveling ahead (A) of the Earth and the other behind (B). Combined
with SOHO observations from the L1 point, three separate and distinct observing locations
of the heliosphere have provided a better ability to observe CMEs in Solar Cycle 24. Addi-
tionally, STEREO contains the Sun Earth Connections Coronal and Heliospheric Investiga-
tion (SECCHI: Howard et al. 2008), a series of instruments that present continuous spatial
coverage of heliospheric observations from the low corona to 1 AU. Using SOHO alone,
remote-sensing observations of CMEs were limited to the low corona. Combining the ob-
servations from the different SECCHI instruments, CMEs using STEREO can be tracked
completely from the Sun to the Earth.

Compared to the data available in Solar Cycle 23, SECCHI allows for a more complete
observational ability to track a CME from the corona as it evolves in the heliosphere beyond
1 AU. In the past, researchers were forced to infer the connectivity between the corona and
the Earth and to make assumptions about the nature of CME propagation in the heliosphere
(Gopalswamy et al., 2001; Wang et al., 2002; Zhang et al., 2003, 2007), but we can now be
more accurate and confident in relating white-light signatures to their in sifu counterparts in
Cycle 24 (Rouillard, 2011; Shen et al., 2014).

This observational advantage is not present throughout the entire Cycle 24, however.
When the STEREO spacecraft began to pass behind the Sun, no data were received, limiting
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the observations of events after September 2014. STEREO-A began transmitting observa-
tions again in December 2015, while STEREO-B is still not providing data. In the interim,
the observations of the heliosphere are similar to what was available in Cycle 23.

As part of the International Study of Earth-affecting Solar Transients (ISEST), a list of
Earth-affecting coronal mass ejections was generated that covers the STEREO era. There
can be a high degree of ambiguity in ICME signatures, so that different observers may have
different interpretations of these events. By comparing the ICME signatures with the white-
light SECCHI data, we can more reliably determine what is truly a CME-related structure
in in situ data, and understand exactly where this structure came from near the Sun.

We consider any event that generates an identifiable ICME signature at Earth to be Earth-
affecting, regardless of whether the event actually triggered a geomagnetic storm. We focus
only on events that are detected at Earth because these events possess a number of ob-
servational advantages. The heliospheric imagers onboard STEREO are being consistently
pointed to provide maximum coverage of the Sun—Earth line. The better a CME is aligned
toward Earth, the better it will be observed. For example, the 23 July 2012 Carrington Event
(Temmer and Nitta, 2015) was an impulsive CME that has been well observed in corona-
graphs and was well aligned with STEREO-A on the far side of the Sun, providing a strong
in situ signature at STEREO-A. However, the orientation of the heliospheric imagers pre-
vented them from clearly observing this CME beyond the COR?2 field of view. Furthermore,
Earth-directed CMEs can also be observed in the corona in EUV wavelengths and magne-
togram observations.

The EUV observations before 2010 come from the SOHO/Extreme-Ultraviolet Imaging
Telescope (EIT: Delaboudiniere et al., 1995), which observed the corona in four different
wavelengths. After the launch of the Solar Dynamics Observatory (SDO), the extreme ul-
traviolet observations came from the Atmospheric Imaging Assembly (AIA: Lemen et al.
2012) that provides observations at a greatly improved temporal and spatial cadence in ten
different wavelengths. The improvement of AIA allows for improved observations of even
the weakest of events.

Section 2 of this article explains our method for selecting events. Section 3 presents
the actual events with basic information on each of them. An analysis of the event data,
including in situ parameters and relationships with solar data, is presented in Section 4. This
section also includes a comparison of these data with other CME studies from Cycles 23
and 24. Section 5 summarizes the events and presents a brief discussion.

2. Method

Earth-affecting ICMEs were identified using in situ data from the Advanced Composition
Explorer (ACE: Stone et al., 1998), a satellite at the L1 point near the Earth that is capable of
observing both magnetic fields and plasma properties in the solar wind. The classic signature
of an ICME is a magnetic cloud (Burlaga, 1988), which consists of a depressed density
and temperature and an enhanced magnetic field strength with a gradual transition between
positive and negative in at least one component direction, indicating the rotation of the flux
rope magnetic field around a central axis. The dropping of the density and temperature inside
the flux rope lead to a much lower plasma pressure in the ICME than in the ambient solar
wind. This, combined with the increased magnetic pressure, causes the plasma [3, the ratio
between kinetic and magnetic pressure, to be lower inside the flux rope than in the solar
wind.
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Additionally, interplanetary shocks are often seen ahead of these signatures, indicated
by sharp, nearly instantaneous increases in magnetic field, temperature, and density (Jack-
son, 1986). The sheath region of compressed solar wind plasma between the flux rope and
the shock has been shown to contribute almost 30% of the energy of a geomagnetic storm
(Zhang, Poomvises, and Richardson, 2008).

In practice, however, very few ICMEs present ideal signatures. Interacting CMEs can
lead to complex in situ signatures that are more difficult to interpret, and may be more
likely to lead to extreme space weather (Burlaga, Plunkett, and St. Cyr, 2002; Wang et al.,
2003a,b; Wang, Ye, and Wang, 2003; Mostl et al., 2012; Lugaz et al., 2015). CME:s that are
not pointed directly at Earth can also lead to in situ data that are not observed as a perfect
magnetic cloud because the leg of the CME impacts the Earth (Zhang, Hess, and Poomvises,
2013). There are also other transients that can be detected in situ and lead to geomagnetic
storms, such as corotating interacting regions (CIRs) (Richardson et al., 2006).

To determine a list of ICME events, we specifically searched for periods of enhanced
magnetic field (peak > 10 nT), with depressed proton density (<4 cm™3) and tempera-
ture (Tion/ Texp < 1.5, where Tioq is the measured ion temperature and Te, is the expected
temperature based on particle velocity) (Richardson and Cane, 1995). These periods are de-
termined through an automated detection algorithm. For any period that displayed at least
two of these three signatures, a list of potential events was compiled. The in situ signatures
were then manually inspected to determine if the event was an ICME, CIR, or other false
event.

This list provided the ICMEs observed at the Earth in Cycle 24. To determine the bound-
aries of the passing ICME, we specifically focus on periods in the solar wind where the
plasma 3 <« 1. This could bias our results toward events with stronger magnetic fields, so
that our list may exclude some ICMEs with a weaker magnetic field at Earth. It will help us
identify the highest potential for geoeffectiveness based on magnetic field strength (with the
actual geoeffectiveness determined largely by the magnetic field orientation), however, and
provide a consistent means of identifying the ambiguous trailing boundary of the flux rope.

After finding the in situ events, the signatures detected at ACE were linked to an erup-
tion from the corona. This was done with SECCHI data, allowing us to trace each event
backward from the Earth to observe the full evolution of the CME and verify the solar con-
nection and its heliospheric signal. A detailed example of this full heliospheric tracking as
well as the relationship between white-light structures and in situ signatures for the 12— 14
July 2012 CME is presented in Hess and Zhang (2014), including the use of a graduated
cylindrical shell model (GCS: Thernisien, Howard, and Vourlidas 2006), using the multiple
viewpoints of STEREO and SOHO to reconstruct the three-dimensional geometry of the
CME.

By following each event back to the corona, we can also identify the flare or prominence
associated to the event and observe the photospheric magnetic field configurations that lead
to the eruptions. Knowing the time of CME onset and the time of the arrival at Earth, it also
allows us to calculate an average transit velocity for the CME from the Sun to the Earth.
The full list, as well as data and discussion pages for the events, can be found at the ISEST
Wiki.!

1http://solar.gmu.edu/heliophysics.
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3. Detected Events

Between 2007 and 2015, we have a total of 70 ICMEs from ACE observations. These
events cover a range of different signatures, including standard magnetic clouds, shocks and
sheaths, more complex events of multiple interacting CMEs and/or CIRs, and more ambigu-
ous events that may only contain some with the ICME signatures for which we look. There
are also three events that do not show an identifiable CME, but appear to be CME-driven
shocks that have reached Earth.

The ICMEs can be difficult to link to white-light observations. An event that presents
clear in situ signatures is more likely to be well linked with a bright, Earth-directed CME
that is well observed through the entire SECCHI field of view. A weaker ICME is likely
indicative of a less powerful CME or one of which only the flank of the CME passes through
Earth. The lower quality heliospheric observations of these events will make it more difficult
to determine whether the detected disturbances at Earth are truly related to the observed
coronal eruption.

The events are summarized in Table 1. The data in the table include the arrival times of
the ICME signature, which can be either a flux rope structure or the shock in front of the flux
rope, as well as the trailing boundary of the event. The trailing boundary is one of the more
subjective parameters even for clear events, and the plasma [3 is used to make the distinction,
as most events will show a significant, instantaneous increase between the low flux rope
and that of the solar wind. The CME in LASCO shows the time of the first C2 image in
which the CME can be seen, with the exception of the 1 August 2010 event, for which there
was a LASCO data gap. The time given for that event is from STEREO/COR2.

We provide a brief classification for the type of event, where “SH” stands for the presence
of a shock, “MC” stands for the classic magnetic-cloud-type of event, and “EJ” or ejecta is
a more ambiguous ICME signature. “Multiple EJ” means that based on both in situ data and
remote-sensing observations, this event is a combination of multiple interacting transients.
The difference between the detection of the CME in LASCO and the arrival at Earth provides
the transit time.

The values in the columns labeled as CDAW width and velocity are based on manual
CME tracking in LASCO coronagraphs, taken from the Coordinated Data Analysis Work-
shops (CDAW) CME catalog? (Yashiro et al., 2004). There are five events in our sample
that either were not determined to be CMEs in the CDAW catalog or occurred after the most
recent update to the catalog in October 2015. The GCS velocities are based on linear fits to
height measurements from the GCS model in coronagraph data and were performed for 18
of the events in the table.

The active region number and location are based on NOAA designations, and the flare
strength and onset time is taken from GOES data. The active region location is based on the
location of the active region at 00:00 UTC on the date in question. Eruptions that occur later
in the day could be rotated more than 10° from this location. If the eruption is not associated
with an active region, an approximate location was determined for the eruption based on
EUYV observations, although given the extended spatial range of an eruptive filament, this is
an inexact location. It should be noted that even with an ability to track a CME completely
back to its source, there is some room for debate about these sources. In addition to the
potential errors already discussed, there are also a number of events that are a combination
of structures from multiple eruptions. While we attempt to focus on the event that we be-
lieve contributes more to the detected ICME signature, this is another potential source of
uncertainty.

2 http://cdaw.gsfc.nasa.gov/CME_list.
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The Dst peak is a measure of the enhancement of the Earth’s ring current, caused by
particle injection from magnetic reconnection with the solar wind. A peak Dst of —100 nT
or lower is generally considered to be an intense geomagnetic storm. We consider anything
that drops below —40 nT to be a moderate enhancement.

We also include the quality rating, which is a subjective rating of each event. Richardson
and Cane (2010) and Zhang et al. (2007) used a quality rating based on ICME boundaries
and the confidence of solar source identification, respectively. We have used a similar system
of quality rating between 1 and 3, but with different criteria.

In our list the quality rating is essentially a confidence rating in our ability to state that
the in situ signature is CME related and our ability to track the CME back to the Sun. This
does not necessarily mean that a quality rating of 1 will be observed as a magnetic cloud,
but instead just means that we can definitely say that the event in question is a CME and that
we can confidently relate the remote-sensing observations to what is seen in situ.

A quality rating of 2 is an event that has some ambiguity, which could be related to a de-
graded in situ signature or the possible presence of another CME or CIR in the observation.
A quality rating of 3 pertains to events that still show an obvious signature of some kind at
the Earth, but are complex enough that we cannot definitively state that the in sifu signa-
ture is a CME or that the relation between the different observational data sets is accurate.
This could be an event that seems to only briefly pass through ACE without clear flux rope
parameters, or a CME that has multiple potential candidates that contribute the signature
observed by ACE. We do believe that the QR3 events are related to CMEs, but there may be
enough ambiguity to make them less useful for a more detailed study.

The quality rating in the catalog was added to emphasize the most well observed events,
as these would be the most beneficial for a collaborative study. Because the QR1 events
show clear observations in EUV, white light, and in situ, we consider these to be the best
events for the group to focus on as parts of any campaign study. However, because there
are relatively few QR1 events, QR2 events should be good enough to merit consideration
for many studies. While there may be some QR3 events that individually warrant a more
detailed investigation, on the whole this subset should be considered less reliable for a larger
CME study and should be used with caution.

4. Results

In accordance with the solar cycle, there is only one event during solar minimum in 2007
and 2008, with more occurring in 2009 and most of the events occurring in 2010—-2015.
The yearly event count, plotted with the sunspot number and the CME rate, is shown in
Figure 1. The overall CME rate is determined by the Solar Eruptive Event Detection System
(SEEDS), an automatic CME detection algorithm developed at George Mason University?
(Olmedo et al., 2008).

The average characteristics of the events, broken down by flare association, are presented
in Table 2. As expected, the fastest speeds as reported in the CDAW list are associated with
the nine X-class flare events. This also corresponds to the events that reach Earth the fastest,
although they do not have the largest in situ speeds. As a result of the drag force, the faster a
CME is initially, the more rapidly it will decline in speed. Most of the deceleration will occur
well within 1 AU and the CME speed will be largely determined by the upstream solar wind

3 http://spaceweather.gmu.edu/seeds.
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Table 2 The properties of the events broken down by flare strength. The speeds given are all in km s~ The
transit time (TT) is given in hours, based on the first appearance of the CME in LASCO and arrival in situ. The
in situ speed is the average speed of the event during the in situ passing period based on ACE observations,
the transit speeds is based on the transit time from the Sun to the Earth. The CDAW speeds are the average
linear speed reported in the catalog, and the widths are given in degrees. The in situ magnetic field strength
(|B]) is given in nT based on ACE data.

Events Shocks TT In situ Transit CDAW CDAW |B| QR
speed speed speed width

All events 70 45 80 400 500 655 258 10.6 2.13
No flare 29 15 93 394 423 419 206 10.3 2.21
B 4 2 87 480 508 376 176 8.5 1.50
C 9 7 84 409 468 612 284 10.8 1.78
M 20 17 63 461 582 904 317 11.2 2.15
X 8 4 69 426 605 1072 312 10.7 2.5

speed by the time it reaches Earth (Cargill, 2004; Poomvises, Zhang, and Olmedo, 2010;
Subramanian, Lara, and Borgazzi, 2012; Vr$nak et al., 2013; Hess and Zhang, 2015).

The ICME events corresponding to C, M, and X class flares on the Sun all have sim-
ilar magnetic field strengths in situ. The few events associated with B-class flares show
extremely weak CDAW speeds and magnetic field strengths. The events that are associated
with quiet-Sun filament eruptions have a magnetic field strength between these two classi-
fications and also have slower coronagraph speeds. The flare events are slightly more likely
to drive shocks that can be seen in situ than the quiet-Sun eruptions, which is most likely
due to the slower initial speeds.

Surprisingly, as the flare strength increases, the quality rating of the event decreases.
The probable cause of this is the more limited spatial extent of weaker CMEs. Many of the
events associated with stronger flares have source regions farther from the Sun—Earth line,
but because they drive powerful shocks and have strong internal magnetic fields that lead
to increased expansion, they are able to strike Earth away from the CME nose where the
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Table 3 The properties of the events, broken down by geoeffectiveness. The speeds are all in km s~1. The
transit time (TT) is given in hours, based on the first appearance of the CME in LASCO and arrival in situ.
The in situ speed is the average speed of the event based on ACE observations, and the transit speed is based
on transit time. The CDAW speeds are the average linear speed reported in the catalog, and the widths are
given in degrees. The in situ magnetic field strength (| B|) is given in nT and is based on ACE data.

Events Shocks TT Insitu Transit CDAW CDAW |B| QR
speed speed speed width

All events 70 45 80 400 500 655 258 10.6 2.13
Dst > —40 nT 23 11 90 392 461 549 226 83 230
—100 nT < Dst < —40nT 35 21 82 427 492 631 256 10.6  2.09
Dst < —100 nT 12 12 58 460 599 965 331 13.3 192

Table 4 The properties of the events, broken down by projected angular width of the CMEs. The speeds are
all in kms~!. The transit time (TT) is given in hours, based on the first appearance of the CME in LASCO
and arrival in situ. The in situ speed is the average speed of the event based on ACE observations, the transit
speed is based on transit time. The CDAW speeds are the average linear speed reported in the catalog, and
the widths are given in degrees. The in situ magnetic field strength (| BJ) is given in nT and is based on ACE
data.

Events Shocks TT In situ Transit CDAW |B| QR
speed speed speed
All events 70 45 80 400 500 654 10.6 2.13
Full halos 34 30 68 416 555 899 10.8 2.06
Partial halos 20 11 89 388 452 454 10.5 2.25
Not halo 11 1 103 363 424 265 8.9 2.18

strong, classic magnetic cloud signatures are more likely to be observed. For the smaller,
weaker events, they will either strike Earth near the CME nose or will miss it entirely.

The same statistics are presented in Table 3, broken down instead by Dst index. Because
the in situ measurements are taken close to Earth, the correlation between in situ signatures
and Dst index is often quite strong. As would be expected, the strong geomagnetic storms
(Dst < —100 nT) correspond to the fastest in situ speeds, transit speeds, and by far the
fastest CDAW speeds. These events also clearly possess the strongest magnetic fields and
on average are the events that are most clearly associated with ICMEs. The average quality
rating would likely be even lower if it were not for the high correlation between geomagnetic
activity and complex, multiple interacting structures. All 12 of these events in Cycle 24
appear to drive shocks at Earth as well, which makes sense since they are the strongest
events in the sample.

The events can be further broken down by projected angular width in coronagraphs, as
determined by CDAW, in Table 4. Halo CMEs, which present a signature at all position an-
gles around the Sun, are generally associated with CMEs that originate near disk center and
propagate toward an observer. Even before STEREO, the association between full halos and
geoeffectiveness was well understood (Webb et al., 2000). Halos and partial halos, where
a CME front has an apparent width between 120° and 360°, especially those propagating
farther away from the observer, are also indicative of the presence of a shock front (Kwon,
Zhang, and Vourlidas, 2015).

Nearly half the events in the list are full halos, and these events are also the fastest events
both near the Sun and at 1 AU. Thirty of the 34 full halo events have well observed in
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situ shocks and also the strongest in situ magnetic fields. Similarly, the 11 events that were
not registered as even partial halos are noticeably slower and weaker than the other events,
indicative of a weaker impact along the flank of the flux rope. Of the ten events in with Dst
peak < —100 nT that were also included in the CDAW catalog, eight are full halos and the
other two are partial halos.

In addition to having just the CDAW velocities, which are linear fits to height measure-
ments in LASCO coronagraphs, we have also fit a number of the events in this sample with
the GCS model to determine the true deprojected speed based on a three-dimensional geom-
etry. The GCS fittings, taking advantage of the multiple viewpoints, should be more accurate
than the LASCO height measurements. Figure 2 shows the relationship between the CDAW
speeds, based on a linear fit to height time measurements, and the GCS speeds, based on a
linear fit to the measurements in a roughly comparable field of view. The CDAW measure-
ments are determined by approximating a radial height at a selected position angle (Yashiro
et al., 2004). On average, the two show a good agreement, with an r? of 0.94. The GCS val-
ues are consistently higher, causing the y-intercept of the line of best fit to be 127.0 kms™!.
This is probably because the events we chose to measure are halo CMEs, and these velocities
tend to be underestimated when using a plane-of-sky speed from one observer (Vr$nak et al.,
2007; Howard, Nandy, and Koepke, 2008; Gopalswamy et al., 2010; Jang et al., 2016). In
a larger sample of events from a similar time frame, Shen et al. (2013) also found a trend
where the GCS velocity is more likely to be higher than the CDAW velocity, with a larger
difference as events become faster, which matches the behavior seen in Figure 2.

4.1. CME Source Regions

To further visualize the data, Figures 3 and 4 show the source locations of the ICMEs,
colored by quality rating. The size of the circles in each figure is determined by flare strength
and Dst index, respectively.

One conclusion from these maps is that while QR1 events can be associated with a wide
range of flare strengths and Dst enhancements, these events do tend to be more strongly
clustered near the Sun—Earth line. All of these events having a clear in sifu signature are
within 45° in latitude from the equator and 36° in longitude from the central meridian. Nine
of the 12 events are within 20° in longitude from the central meridian, indicating that it is
important for an event to be close in longitude to the disk center to produce a clear signal in
situ.
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Figure 3 A map of the source X Filament
regions of the CME:s that are GRT
observed by ACE. The QR3

color-coding is given by the
quality rating (green =1,

yellow = 2, red = 3). Quiet-Sun
eruptions are marked with an X,
while CMEs associated with
flares are marked with a circle;
the circle size corrresponds to the
flare strength. The solar disk map
is a Lambert azimuthal
projection.

Figure 4 A map of the source

regions of the CMEs that are QR 1
observed by ACE. The QR3
color-coding is given by the

quality rating (green = 1,

yellow = 2, red = 3). The size of

the circles corresponds to the

observed Dst index associated

with the event, with larger circles
corresponding to larger

geomagnetic disturbances. The

solar disk map is a Lambert

azimuthal projection.

Figure 3 shows a wide variety of flare or filament associations near disk center, but closer
to the limb, nearly all the events are associated with larger flares. For an event close to the
limb to have any kind of noticeable impact near the Earth, it has to be large in size and/or
drive a strong shock. For such an event to be strong enough to be detected so far away from
its initial eruption direction, it will be more likely associated with a powerful flare. The
source longitude that corresponds to a B-class flare is in average of 12.3° from the central
meridian, while for C-, M-, and X-class flares this increases to 25.2°, 28.7°, and 40.5°,
respectively.

The geoeffective events that are classic magnetic clouds (i.e. quality rating of 1) come
from closer to disk center, as seen in Figure 4. There are events closer to the limb whose
interplanetary B, component in geocentric solar ecliptic coordinates (GSC) is strong enough
to drive a geomagnetic storm, but there will be a higher likelihood of encountering the
necessary magnetic field strength to drive geomagnetic activity in a flux rope if the CME
encounters Earth close to the nose. However, for events farther from the center of the disk
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that drive geomagnetic activity, including some of the most powerful Dst events of Solar
Cycle 24, the in situ signatures are more complex. These signatures are more commonly
associated with events that on their own would not have been expected to be particularly
geoeffective, but that drove an intense storm as a result of interactions with another transient
structure.

Zhang et al. (2007) examined the source location of all geomagnetic storms with a Dst
lower than —100 nT between 1996 and 2005. The most striking difference between this
present study and that previous work is the large difference in the number of these events far
in Cycle 24. In the ten-year period examined by Zhang et al. (2007), 65 CMEs that generated
an intense geomagnetic storm were observed. In our sample between 2007 and 2015, only
12 such events were identified.

Zhang et al. (2007) showed that of the 65 events, 56 were within 45° in longitude of the
central meridian (86%). Forty-nine events (75%) were within 30° and 34 (52%) were within
15°. The average longitude of the events was 12°W. In our much smaller sample of 12 of
such events in Cycle 24, we find evidence that these extremely geoeffective events are more
spatially spread out, as 10 events (83%) are within 45°, but just 7 (58%) are within 30° and
4 (33%) are within 15°. The average longitude of the Cycle 24 events is 18°W. This may not
be a significant difference as just one or two additional events in our limited sample could
drastically alter the results.

Figure 5 shows the latitude of the source regions of the ICME events as a function of
time. In the period before April 2012, 20 of the 28 (71.4%) events originate in the northern
hemisphere. After April 2012, this trend reverses and just 11 of 42 events (26.2%) have
source locations in the northern hemisphere. This matches observations of sunspot number
and magnetic field strength, which show increased activity in the northern hemisphere in the
beginning of Cycle 24, later this switches and the southern hemisphere becomes more active
(Karna, Pesnell, and Zhang, 2015). The source regions seem to generally follow the butterfly
diagram, which shows the trend of active-region formation to progress to the equator as
the solar cycle progresses (Hathaway, 2010). The CME activity in each hemisphere will
generally follow this active region belt in each hemisphere (Gopalswamy et al., 2003).

As expected, there does not seem to be a clear trend in the longitude of the events with
time. Unlike latitude, there is no evidence that CME activity would be more likely at any
particular range of longitudes. In the longitude, only a slight majority of events are observed
to come from the west, as 44 of 70 (63%) erupted from the western hemisphere. This bias
of events to come from the west matches a study of events from Cycle 23 by Richardson
and Cane (2010), as well as other studies of CME source locations (Zhao and Webb, 2003;
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Zhang et al., 2007; Wang et al., 2011; Lee et al., 2014), which found that 57% of the events
come from the western hemisphere. The western hemisphere was also source of four of the
five CMEs from beyond 70° away from the Sun—Earth line. Physically, this can most likely
be attributed to the Parker spiral of the solar wind. A CME propagating radially and faster
than the solar wind, as most of our events are, will be deflected to the east by the solar wind
(Wang et al., 2004, 2006, 2014).

4.2. Comparison with Other Studies

Richardson and Cane (2010) presented a comprehensive ICME list for Cycle 23, finding 322
probable events between 1996 and 2009. This list and the list of events we have presented
for Cycle 24 overlap between 2007 and 2009. The Richardson and Cane (2010) list seems
to be more inclusive, as it contains 15 events during this time, while our list contains just 7.
All but one of the events on our list between 2007 and 2009 are also included in Richardson
and Cane (2010), so it seems that there are just more events in that study. This may be in
part because of the ability we have had to remove events that present no clear white-light
CME in SECCHI data for the period when these data are available. As Richardson and Cane
(2010) note, nearly half of their events present no identifiable solar signature. The list has
been updated since publication and can be accessed online.*

The additional events of Richardson and Cane (2010) may make a direct comparison
difficult. The Richardson and Cane (2010) list shows CMEs with an average in situ velocity
of 474 kms~!, with an average magnetic field strength of 10.1 nT, and an average size of
0.33 AU. Removing the events from our sample that we consider to be only shocks without
an associated CME signature behind them, our observed CME ejecta have an average veloc-
ity of 400 km s~! and an average magnetic field strength of 10.5 nT. The average size of the
events is 0.31 AU. This also compares to the size of events for intense events in Cycle 23
(Zhang, Poomvises, and Richardson, 2008).

The average parameters for all of our events can be compared to the other ICME studies
that have been performed on Cycle 24. Gopalswamy et al. (2015) presents 65 magnetic
clouds in Cycle 24, with an average velocity of 402 kms~! and an average magnetic field
strength of 12.3 nT. However, these events have an average duration of 19.2 hours and an
average size of 0.17 AU, while the events in our sample have averages of more than 31 hours
and 0.31 AU. This reveals a significant difference between the two studies in the selection of
the CME boundaries that may make any direct comparison pointless, despite the agreement
in average velocity. This is probably also the reason why our list has weaker magnetic fields,
as we are including more material farther away from the flux rope core within our selected
boundaries.

Wu and Lepping (2016), using observations from the Wind spacecraft, found 168 mag-
netic cloud events in an 18-year span and 197 magnetic-cloud-like events with an average of
9.3 magnetic clouds and 20.3 total events per year from Wind. Our list includes an average
of 8.9 events per year, which indicates that a better comparison may be found by focus-
ing on just the magnetic clouds from Wu and Lepping (2016) and excluding the magnetic-
cloud-like events. The included set has an average velocity of 440 kms~! and 12.3 nT. With
average magnetic cloud time durations of 18.8 hours, it is again difficult to determine if the
difference between the lists is the sample of events selected, or the selection of the bound-
aries on common events.

4http://www.srl.caltech.edu/ACE/ASC/DATA/IeveI3/icmetab|e2.htm.
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Wu and Lepping (2016) also break events down by whether a magnetic cloud is associ-
ated with a shock, with similar results as we have presented in Table 3. Each study shows
that a shock associated event will be far more likely to lead to a strong geomagnetic storm.
60.1% of the events in our sample show shocks, while Wu and Lepping (2016) show 55.9%
of all events to contain shocks.

Chi et al. (2016) created a comprehensive catalog using ACE and Wind observations
from 1995-2015. This catalog, focused on in situ signatures, shows strong overlap with
Richardson and Cane (2010). The events in the Chi et al. (2016) have an average magnetic
field strength of 10.08 nT and an average velocity of 433 kms~!. The shock-associated
events in the Chi ef al. (2016) list have an average sheath magnetic field of 12.94 nT, much
higher than the 10.74 nT sheath in our sample.

Like Wu and Lepping (2016), Chi et al. (2016) also divided all events into magnetic
clouds and non-magnetic clouds. In that study, 61% of the magnetic clouds drove shocks
and just 43% of non-magnetic clouds drove shocks. The higher percentage of shock-driving
events in our list is comparable to the percentage of shocks associated with magnetic clouds
in other studies. This reinforces our assumption that the selection criteria placed on events
in our catalog makes it more likely that our events are associated with the events that are
classified as magnetic clouds in previous studies. There is also an added level of difficulty
in comparing our list to the Wu and Lepping (2016) and Chi et al. (2016) lists, of course,
given the extended time period of these studies in comparison to ours.

Another catalog, based entirely on Wind observations, has also been compiled on the
satellite website.> This catalog spans from 1995 through November of 2015. Like many of
the other catalogs we discussed, this list appears more inclusive than ours and has many
more events than our list. There are 14 events from our list that are missing from the Wind
catalog, nine of them are QR3 events that are more ambiguous. Of the five QR2 events that
are missing from this catalog, many possess signs of a possible interaction between multiple
transients (such as the 17 March 2015 ICME, which caused a severe geomagnetic storm
and is almost certainly CME related). Therefore this may only be a difference in terms of
the specific structures that the two different studies are focused on. There was a single QR1
event (from July 2015) that did not appear in the Wind catalog.

5. Conclusions

We have identified 70 ICMEs using ACE data. Each event has been associated with a white-
light CME observation in SECCHI data and was followed backwards to the Sun. This com-
prehensive Sun-to-Earth study of CME-ICME events was not possible before the launch of
the STEREO spacecraft in 2006, but has left a unique opportunity in Solar Cycle 24. By
taking the time to verify the coronal structure that is later seen in situ, we can verify the
conditions near the Sun that cause geomagnetic activity at Earth.

We find that as expected, the flare strength is well correlated with initial speed and mag-
netic field strength for the CME. We can also confirm that CME speed and magnetic field
are well correlated with geomagnetic activity. ICME activity is clearly dependent on the so-
lar cycle, in terms of both frequency and magnitude of events. Additionally, as CME source
regions follow the general trend of solar activity to shift toward the equator as the solar cycle
progresses, we also see an asymmetry between the frequency of events in the northern and

5https://wind.nasa.gov/fuIIcatangue.php.
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southern hemisphere in Cycle 24 that mirrors observed trends in magnetic field differences
in each hemisphere.

There is a significant amount of ambiguity in determining whether a signature observed
in situ is an ICME. Relating these signatures to observed white-light CMEs can prevent any
false events from entering our event sample. This still leaves a subjective element in terms
of the boundaries of each event. The sizes of our events are much larger than in other studies
of ICMEs in Cycle 24 (Gopalswamy et al., 2015; Wu and Lepping, 2016), but comparable
to a study of events in Cycle 23 (Richardson and Cane, 2010).

The improved ability to track these events from the Sun to the Earth demonstrates the
usefulness of SECCHI data and can improve the physical understanding of CME propaga-
tion. Having a complete dataset that overlaps and includes the initial eruption, propagation,
and in situ arrival of the CME is a unique observational benefit for studying CME events in
Cycle 24.
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