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Abstract We present a statistical analysis of solar coronal mass ejections (CMEs) based on
23 years of quasi-continuous observations with the LASCO coronagraph, thus covering two
complete Solar Cycles (23 and 24). We make use of five catalogs, one manual (CDAW) and
four automated (ARTEMIS, CACTus, SEEDS, and CORIMP), to characterize the temporal
evolutions and distributions of their properties: occurrence and mass rates, waiting times,
periodicities, angular width, latitude, speed, acceleration and kinetic energy. Our analysis
points to inevitable discrepancies between catalogs due to the complex nature of CMEs and
to the different techniques implemented to detect them, but also to large areas of conver-
gence that are critically important to ascertain the reliability of the results. The temporal
variations of these properties are compared to four indices/proxies of solar activity: the ra-
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dio flux at 10.7 cm (F10.7), the international sunspot number (SSN), the sunspot area (SSA),
and the total magnetic field (TMF), either globally or separately in the northern and southern
hemispheres in the case of the last three. We investigate the association of CMEs with flares,
erupting prominences, active regions and streamers. We find that the CME occurrence and
mass rates globally track the indices/proxies of solar activity with no time lag, prominently
the radio flux F10.7, but the linear relationships were different during the two solar cycles,
implying that the CME rates were relatively larger during SC 24 than during SC 23. How-
ever, there exists a pronounced divergence of the CME rates in the northern hemisphere
during SC 24 as these rates were substantially larger than predicted by the temporal vari-
ation of the sunspot number. The distribution of kinetic energy follows a log-normal law
and that of angular width follows an exponential law implying that they are random and
independent. The distribution of waiting time (WTD) has a long power-law tail extending
from 3 to 100 hr with a power-law index which varies with the solar cycle, thus reflecting
the temporal variability of the process of CME formation. There is very limited evidence
for periodicities in the occurrence and mass rates of CMEs, a striking feature being the
dichotomy between the two hemispheres. Rather weak correlations are present among the
various CME parameters and particularly none between speed and acceleration. The asso-
ciation of CMEs with flares and erupting prominences involves only a few percents of the
overall population of CMEs but the associated CMEs have distinctly larger mass, speed, ki-
netic energy and angular width. A more pronounced association is found with active regions
but the overwhelming one is with streamers further confirmed by the similarity between the
heliolatitudinal distribution of CMEs and that of the electron density reconstructed from
time-dependent tomographic inversion. We find no evidence of bimodality in the distribu-
tions of physical parameters that would support the existence of two classes, particularly
that based on speed and acceleration, the distributions thus favoring a continuum of proper-
ties. There exists an excess of narrows CMEs which however does not define a special class.
These narrow CMEs are likely associated with the ubiquitous mini-filaments eruptions and
with mini flux ropes originating from small magnetic bipoles, the disruption mechanisms
being similar to those launching larger CMEs. This supports the concept that CMEs at large
arise from closed-field coronal regions at both large and small scales.

Keywords Sun · Corona · Coronal mass ejections

1 Introduction

No consensus has yet been achieved on a clear definition of coronal mass ejections (CMEs)
formerly known as “transients” after their discovery in 1971. First attempts date back to
1984. Hundhausen et al. (1984) proposed a definition based on observations i.e., “an ob-
servable change in coronal structure that (1) occurs on a time scale of a few minutes and
several hours and (2) involves the appearance of a new, discrete, bright, white-light feature
in the coronagraph field of view”. In the first review on CMEs, Wagner (1984a) proposed a
more physical description as “sudden expulsions of dense clouds of plasma from the outer
atmosphere of the Sun” adding that “CMEs are a type of coronal transient, the general name
given to the disruption of coronal structure” to make the link to the initial name. In his essay
on terminology, Schwenn (1996) favored the definition of Hundhausen et al. (1984) simply
suggesting to add “appearance and outward motion” to be more specific, “since it underlines
the observational aspect, it stresses the transient event character, and it does not imply an
interpretation of the feature and its potential origin”. Surprisingly, he ignored the proposal
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of Wagner (1984a) not even quoting it, and went on preferring the terminology “Solar Mass
Ejections” (SMEs) following an early suggestion by Gosling et al. (1975). Schwenn (1996)
also ignored another alternative definition of a CME as “a new, discrete brightening over a
time-scale of tens of minutes which is always observed to move outward” (e.g., Webb and
Hundhausen 1987; Webb and Howard 2012) which is implicitly connected to their visual
appearance in the coronagraph field of view, but has the merit of being more concise and of
mentioning the outward motion, but may be too restrictive as we now know that there exists
very slow CMEs. The preference of the present authors would go to a physical definition
along the lines of that proposed by Wagner (1984a), perhaps adding the presence of frozen-
in magnetic fields (Howard and Simnett 2008) as a relevant feature. As a closing remark,
none of the above definitions implies a size or a brightness so that attributes like “giant” or
“spectacular” often found in the CME literature are irrelevant.

On the positive side, there is a consensus on the initiation of CMEs by a loss of equi-
librium of a magnetic configuration in the solar corona (Priest 1988) and the conversion of
magnetic free energy to radiative energy and kinetic energy that accelerates and propels the
plasma cloud into the heliosphere. The process in which magnetic reconnection is though
to play a fundamental role ends up in a reconfiguration of the disrupted magnetic fields.
Several models have been proposed to explain the initial phase of eruption, notably the
“mass-loading model” (Low 1996), the “catastrophe model” (Forbes 2000), the “breakout
model” (Antiochos et al. 1999), and the “shearing arcade” model (Mikic and Linker 1994),
see for instance Zhang and Low (2005) for a review.

CMEs attract considerable attention as they have far reaching consequences in solar,
coronal, interplanetary, and planetary physics. From the viewpoint of solar and coronal
physics, CMEs are fundamental to the understanding of how magnetic energy is built up,
stored, and released in magnetic flux systems; they further provide mechanisms for remov-
ing large amounts of magnetic flux and helicity from the Sun (Low 1996) thus making room
for the new solar cycle. In fact, CMEs may play a crucial role in the solar dynamo precisely
by shedding magnetic helicity (Low 2001). From the viewpoint of the physics of interplane-
tary space, CMEs create heliospheric disturbances, driving shocks and accelerating electrons
and protons evidenced by radio bursts and solar energetic particles (SEPs). They therefore
play a major role in space weather whose forecast activities have considerably developed
in the past decade. In addition, they contribute to the solar wind mass flux especially near
solar maxima (Webb and Howard 1994; Lamy et al. 2017). From the viewpoint of planetary
physics, their impact with planets with a magnetosphere leads to magnetic storms causing
enhancement of ring currents and aurora. Resulting damaging effects at Earth such as dis-
ruption of electric power grids and telecommunication facilities and on artificial satellites
are well known.

Consequently, there has been a rapid explosion of investigations of CMEs over the past
four decades. According to Aschwanden (2017), there exist over 2000 refereed publica-
tions and at least 80 review articles for instance, Wagner (1984a), Kahler (1987), Low
(1996), St. Cyr et al. (2000), Chen (2011), Webb and Howard (2012), and Gopalswamy
et al. (2015c). The most extensive contribution to our knowledge of CMEs come from the
white-light observations obtained with the Large-Angle and Spectroscopic COronagraph ex-
periment (LASCO; Brueckner et al. 1995) onboard the Solar and Heliosphere Observatory
(SoHO) with documented information provided by five different catalogs: CDAW, CAC-
Tus, SEEDS, ARTEMIS, and CORIMP. This knowledge can be fostered by investigating
the temporal evolution of the physical properties of CMEs derived from the observations,
by studying statistical distributions, and by inferring physical scaling laws, all of which re-
quire ample statistics. Whereas many CME studies concentrate on a single or on a small
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number of events, large statistical studies are still rare and their scopes usually focus on a
limited number of physical parameters. Those dating before 2011 are limited to at most the
full duration of Solar Cycle (hereafter abbreviated to SC) 23, notably Gopalswamy et al.
(2003a), Cremades and St. Cyr (2007), Yashiro et al. (2008), Robbrecht et al. (2009), Ma
et al. (2010), Vourlidas et al. (2010). Only two recent analysis extend over parts of SC 24,
until 2013 for Gopalswamy et al. (2015c) and until 2014 for Compagnino et al. (2017). In
most cases, these statistical analysis were based on a single catalog, namely CDAW, and
only a few made use of CACTus.

The purpose of this article is to present a review of observations of coronal mass ejections
over 23 years [1996–2018] encompassing SC 23 and 24 and a statistical analysis of their
properties over the longest continuous record to date, well beyond what has been achieved
from relatively short-lived past coronagraphic observations of OSO-7, Skylab, Solwind, So-
lar Maximum Mission, and even STEREO. Our study is based on white-light observations
obtained with LASCO/SoHO and the resulting five catalogs: CDAW, CACTus, SEEDs,
ARTEMIS, and CORIMP. An in-depth comparison of these catalogs is performed so as to
assess the reliability of the reported parameters. It is structured as follows. Section 2 presents
an overview of past observations of CMEs, of the LASCO observations, of the catalogs of
CMEs, their limitations and problems, with particular attention to the ARTEMIS catalog
since it has not been used so far for statistical analysis. In Sect. 3, we discuss the various
observational biases—duty cycle, visibility function, projection effects—that affect corona-
graphic observations of CMEs and their corrections. Section 4 is devoted to the occurrence,
mass, and intensity rates reported by the catalogs, as well as mass and intensity distribu-
tions. The question of the waiting-time distribution, that is the distribution of time interval
between successive CMEs is considered in Sect. 5 and that of periodicities in Sect. 6. The
distributions of angular width and of apparent latitude are dealt with in Sects. 7 and 8. Sec-
tion 9 is devoted to the kinematics of CMEs encompassing speed, acceleration, and kinetic
energy. The correlations between the various physical parameters and between these param-
eters and the solar activity cycle are studied in Sects. 11 and 12. In Sect. 13, we consider
halo and stealth CMEs. Section 14 extensively investigate the question of the physical rela-
tionship between CMEs and other manifestations of transient solar activity—flares, eruptive
prominences and filaments—as well as with active regions and streamers. We finally discuss
and summarize our results in Sect. 15 and then conclude.

2 LASCO Observations and Catalogs of CMEs

2.1 Overview of Observations of CMEs

Although many space missions are relevant to the study of CMEs (see Fig. 1 of Webb and
Howard 2012 for a timeline), the major contributions to our knowledge of their properties,
in particular the statistical ones, come from the white-light coronagraphs flown since 1971.
The very first CME was unambiguously observed from space with the coronagraph onboard
the seventh Orbiting Solar Observatory (OSO-7) on 14 December 1971 as a bright transient
traveling through its field of view (Tousey et al. 1973). Subsequent observations were per-
formed by the following space-borne coronagraphs: Skylab-ATM (MacQueen et al. 1974),
P78-1 Solwind (Howard et al. 1985), and the Coronagraph/Polarimeter (C/P) on the Solar
Maximum Mission (SMM) (MacQueen et al. 1980). Figure 1 displays the yearly-averaged
occurrence rate derived from these 17 years of observation supplemented by the Helios 1
and 2 spacecraft; although not equipped with coronagraphs, their zodiacal light photometers
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Fig. 1 Yearly-averaged daily occurrence rate of CMEs in comparison with the monthly smoothed sunspot
number (dotted line). The plus symbols combine data from the Skylab, Helios, Solwind and SMM missions
as compiled by Webb and Howard (1994). The MLSO data (star symbols) come from St. Cyr et al. (2015).
The SoHO data come from the five catalogs of LASCO CMEs: ARTEMIS, CACTus, CDAW, CORIMP, and
SEEDS. The STEREO data come from the MVC catalog of Vourlidas et al. (2017). See text for more detail

detected hundreds of CMEs in the heliosphere (Jackson 1985). Fortunately filling the gap of
seven years before the following solar mission, Fig. 1 includes data from the ground-based
Mauna Loa Solar Observatory (MLSO) Mark III K-coronameter as reported by St. Cyr et al.
(2015). In January 1996, the Large Angle Spectrometric Coronagraph (LASCO; Brueckner
et al. 1995) onboard the Solar and Heliosphere Observatory (SoHO) started its still on-going
saga of CME detection giving birth to five catalogs: CDAW (Yashiro et al. 2004), CACTus
(Robbrecht and Berghmans 2004), SEEDS (Olmedo et al. 2005), ARTEMIS (Boursier et al.
2009; Floyd et al. 2013), and CORIMP (Byrne et al. 2009). The COR2 A and B coro-
nagraphs (Howard et al. 2008) onboard the STEREO twin spacecraft performed routine
stereoscopic observation of CMEs from March 2007 to the end of dual-viewpoint observa-
tions in September 2014. To complete the picture, we mention the observations of CMEs
in the heliosphere (strictly speaking ICMEs) by the all-sky Solar Mass Ejection Imager on-
board the Coriolis spacecraft (Jackson et al. 2004) and by the Heliospheric Imagers HI-1
onboard STEREO (Harrison et al. 2018). When constructing Fig. 1, the occurrence rates
of incomplete years were scaled according to the number of months of effective operation.
This was also the case of the CORIMP data where several months have zero event.

With observations now extending over four solar cycles (21 to 24), we have a clear con-
firmation that the frequency of occurrence of CMEs tracks the solar activity cycle, a trend
already highlighted by Webb and Howard (1994) based on the data obtained during SC 21.
A first striking feature is the much larger number of detections recorded after 1995 cor-
rectly attributed to the superior performances of the LASCO and SECCHI coronagraphs
(the CORIMP data is somewhat at odd with this result). A second striking feature is the
large differences in the occurrence rates reported by the different catalogs with factors of
2 to 3 and a third one is the apparent increase of the rates during SC 24 in comparison
with SC 23 whereas the sunspot number follows the opposite trend. These features, together
with the peculiar behaviour of the CORIMP data are extensively discussed in the following
sections.
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Table 1 Average statistical properties from space- and ground-based coronagraphic observations of CMEs.
The OSO-7 and Skylab statistics come from Webb and Howard (2012). The Solwind and SMM statistics
come from St. Cyr et al. (1999). The MLSO statistics come from St. Cyr et al. (2015). The LASCO statistics
come from the ARTEMIS II catalog (Floyd et al. 2013). The SECCHI COR2 statistics come from Vourlidas
et al. (2017) and merge the COR2-A and -B data. Two speeds are reported when available, the average and
median values

Coronagraph Epoch
year

FOV
R�

Total #
CMEs

Width
Deg

Speed mean
km s−1

Speed median
km s−1

Mass
1015 g

OSO-7 1971 2.5–10 27 – – – –

Skylab 1973–1974 1.5–6 115 42 470 – 6.2

Solwind 1979–1981,
1984–1985

3–10 1457 39 409 313 4.1

SMM C/P 1980,
1984–1989

1.6–6 1209 47 349 285 3.3

MLSO Mk3 1989–1996 1.1–2.4 274 36 390 305 –

LASCO 1996–2018 2.2–30 39188 41 360 300 1.2

SECCHI 2007–2014 2.5–15 1747 62 390 – –

To complete our overview of observations of CMEs, Table 1 adapted from Table 1 of
Webb and Howard (2012) summarizes the average statistical properties of CMEs as de-
rived from the above sources when available. Note the impressive number of detections by
LASCO resulting in part from its unsurpassed longevity. Except for SECCHI, the values of
the apparent width are fairly consistent, lying in a narrow range of 36–47◦. This is less so for
the values of the speed which ranges from 349 to 470 km s−1 but this is possibly caused by
the different methods of measurement. Much more puzzling is the range of masses from 1.2
to 6.6 × 1015 g. The largest values come from the early, pre-LASCO era coronagraphs and
may be a consequence of their poor radiometric performances hampered by their Secondary
Electron Conduction (SEC) vidicon detector and of their higher levels of stray light.

2.2 LASCO Observations of CMEs

The Solar and Heliosphere Observatory (SoHO, Domingo et al. 1995) was launched on 2
December 1995 and injected into a transfer trajectory towards the L1 Lagrangian point. The
halo-orbit injection maneuver took place on 14 February 1996 followed by a small trim on
20 March 1996 and the observatory was formally transferred to the scientific community
on 16 April 1996. In the meantime, the LASCO instrument, a suite of three coronagraphs
C1, C2, and C3, had completed its check-out activities and had performed intermittent ob-
servations of the solar corona. However, the regular synoptic program relevant to CME
observations really commenced in early May 1996.

The two externally occulted telescopes C2 and C3 having respective field of view of
2.2–6.5 R� and 3.8–30 R� have been and are still the workhorses of CME observations
providing the inputs for several catalogs and many statistical studies. As a side note, C1
detected some CMEs during its short (2.5 year) lifetime (Plunkett et al. 1997; Schwenn
et al. 1997). The routine synoptic observations are performed through broadband filters, an
“orange” filter for C2 (bandpass of 540–640 nm) and a “clear” filter (bandpass of 420–
860 nm) for C3 and images are acquired in the full CCD format of 1024 × 1024 pixels.
However, prior to September 1997, the north and south polar regions of the C2 and C3
image frames were often truncated into an equatorial band as a trade-off between field of
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Fig. 2 Monthly rate of images acquired by LASCO-C2 with the “orange” filter

view and cadence given the telemetry constraint. It was relaxed thereafter thus allowing the
transmission of full-frame images. However, ≈ 50% of the images recorded between 10 and
22 January 2008 were half-frame of 512 × 1024 pixels covering the eastern hemisphere and
this introduced a problem for the generation of the synoptic map for CR2065.

The operation of LASCO experienced minor interruptions since 1996 for various in-
strumental and spacecraft reasons except when an accidental loss of SoHO during a roll
maneuver on 25 June 1998 resulted in a long data gap until recovery on 22 October 1998.
Subsequent failure of the gyroscopes caused another long interruption from 21 December
1998 to 6 February 1999 when nominal operation resumed. Following the failure of the mo-
tor steering its antenna, SoHO was periodically (every three months) rolled by 180◦ starting
in June 2003 to maximize telemetry transmission to Earth. Until 29 October 2010, the refer-
ence axis of SoHO was aligned along the sky-projected direction of the solar rotational axis
resulting in solar north being up or down (in case of rolled images) on the LASCO images.
To simplify operation, this was abandoned and the reference orientation was fixed to the
perpendicular to the ecliptic plane causing the projected direction of the solar rotational axis
to oscillate around the vertical direction on the LASCO images. These two last events had
fortunately little impact on the CME observations unlike other scientific programs which
suffers from changing stray light patterns.

More important for the CME program, the rate at which the C2 and C3 images were taken
varied considerably throughout the first 3 years of the mission progressively increasing to
stabilize at a cadence of ≈ 67 images per day for C2 as illustrated in Fig. 2. This figure
further highlights the rates of the two truncated formats used prior to September 1997. From
10 May 1996 to 24 January 2017, 4638 images were taken in the reduced format of 1024 ×
576 pixels and 971 images in the full format of 1024 × 1024 pixels. From 1 January to
25 August 1997, 3959 images were taken in the reduced format of 1024 × 768 pixels and
3452 images in the full format. Marginally, in February 1999, ≈ 30 images were taken
in the above reduced format. In September 2010, LASCO received additional telemetry
resulting from the decommissioning of several SoHO instruments and the cadence of C2
was increased to ≈ 117 images per day.

Apart from the loss of a few months of observation, the LASCO CME program is ex-
traordinarily successful allowing giant steps in our understanding of CMEs. This stems from
a combination of factors.
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– The intrinsic qualities of the instruments in terms of spatial resolution and unsurpassed
low level of stray light;

– Their photometric performances, notably sensitivity and dynamical range, offered by their
CCD cameras;

– Their image cadence and record longevity, 23 years at the end of 2018;
– The benefit of observing from the L1 Lagrangian point procuring uninterrupted observa-

tions and a stable thermal environment;
– The remarkable pointing capability and stability of the SoHO spacecraft, these last two

factors insuring minimal variations of instrumental stray light.

As an illustration, let us finally mention that, after initial pointing of the C2 optical axis to
the center of the Sun and adjustment of its inner occulter in January 1996, no correction was
required thereafter and that its re-focusing device was never activated as its image quality
remains nominal since the beginning of the mission.

2.3 Catalogs of LASCO CMEs and Their Problems

CMEs exhibit a variety of very different forms, sometime quite complex and this presents
a major challenge for their detection when having to cope with thousands of them in order
to build a robust catalog. As an illustration, Vourlidas et al. (2013) classified LASCO CMEs
into six morphological categories which they slightly revised in their recent analysis of the
STEREO COR2 observations (Vourlidas et al. 2017). Figure 3 displays typical examples of
well-defined morphologies, the “flux rope CME” with its classical three-part structure (i.e.,
a circular front, a cavity, and a bright core), a “loop CME” (i.e., lacking a cavity and/or a
core), and a “jet CME” (i.e., narrow and lacking the attributes of the aforementioned types).
Other prominent classes are “Other” and “Unknown” which altogether amounts to nearly
50% of the COR2 CMEs. Morphology is determined not only by the intrinsic geometry of
the CME itself (controlled by the process of its ejection) but also by the extrinsic viewing
geometry (the vantage point) so that any identification based on morphology is inherently
biased. Whatever the case, the variety of the visual appearance of the CMEs is a serious
hurdle and this partly explains the existence of several catalogs of LASCO CMEs, each one
implementing its own technique of detection and characterization.

The very first attempt was performed by St. Cyr et al. (2000) who reported the properties
of 841 CMEs observed from January 1996 to June 1998, specifically annual and cumulative
statistics of the rate, apparent latitude, apparent size, and apparent speed of these CMEs
(their Table 2). The next efforts concentrated on the production of catalogs and, apart from
the ARTEMIS catalog presented in the next sub-section, four other catalogs of LASCO
CMEs are currently available. Let us briefly review their technique of detection, their prod-
ucts, and their possible shortcomings. More extended comparative descriptions can be found
in Byrne (2015) and in Hess and Colaninno (2017).

– The Coordinated Data Analysis Workshop catalog (CDAW1) developed at the CDAW
Data Center (Yashiro et al. 2004; Gopalswamy et al. 2009) relies on visual tracking of
bright structures on series of LASCO-C2 and C3 images by human operators. It covers
the period January 1996–March 2018 and appears to have been terminated thereafter.
According to Webb and Howard (2012), this catalog is affected by observer bias since
it has been compiled by at least four different observers. A decision to include narrow
CMEs which were previously disregarded until 2004 has further artificially distorted the

1http://cdaw.gsfc.nasa.gov/CME_list/index.html.

http://cdaw.gsfc.nasa.gov/CME_list/index.html
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Fig. 3 Typical examples of well-defined morphologies of CMEs: flux rope (a), loop (b), jet (c), and other (d)

temporal variation of the occurrence rate which, unlike the other catalogs, does not track
the solar cycle as will be illustrated later. In spite of these inherent limitations, the CDAW
catalog has been used for several investigations of CME properties, for instance by Gopal-
swamy et al. (2004), Cremades and St. Cyr (2007), Vourlidas et al. (2010), Webb and
Howard (2012), and Gopalswamy et al. (2015a). Following this first catalog, the next
generation implemented automatic detection.

– The Computer Aided CME Tracking catalog (CACTus2) developed at the Royal Obser-
vatory of Belgium (Robbrecht and Berghmans 2004) relies on the Hough transform to
automatically track CMEs on polar transformed LASCO-C2 and C3 images. CACTus
encompasses in fact two different catalogs. The first (original) version covers the time in-
terval April 1997–March 2007 and peaks at ≈ 360 CME/month (≈ 12 CME/day) during
the maximum of SC 23. It has been used for statistical analysis (in particular the char-
acterization of the temporal variation of the CME rate) by Robbrecht et al. (2009) and
by Webb and Howard (2012). The second version covers the time interval from April

2http://sidc.oma.be/cactus/.

http://sidc.oma.be/cactus/
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1997 until present and displays a much lower occurrence rate, for instance peaking at
≈ 180 CME/month (≈ 6 CME/day) during the above maximum. It has been used for the
analysis of the temporal rate of CMEs for instance by Petrie (2013). The difference in
peak rates suggests that some threshold has been changed resulting in a reduced rate by a
factor of ≈ 2 in the second version, possibly to put it more in line with the CDAW occur-
rence rate. Unfortunately the two versions are not clearly distinguished (and the second
version is not documented) thus introducing a confusion when the CACTus catalog is
used. The second catalog further presents three lists labeled “CMEs”, “Flows”, and their
combination. According to the website, “Flows” are “suspicious detections” generally
being faint, narrow events. From April 1997 to April 2018, the data set comprises 19608
CMEs and 7693 flows; in broad terms, the former have larger speeds (〈V〉 = 480 km s−1)
and larger widths (〈W〉 = 39◦) than the flows (〈V〉 = 370 km s−1, 〈W〉 = 18◦).

– The Solar Eruptive Event Detection System catalog (SEEDS3) developed at the George
Mason University (Olmedo et al. 2005, 2008) relies on an automated threshold-
segmentation technique to detect CMEs in polar transformed running difference images
constructed from the LASCO-C2 images. It covers the time interval from January 1996
until present.

– The CORonal Image Processing (CORIMP4) catalog developed at the University of
Hawaii (Byrne et al. 2012; Byrne 2015) implements dynamic background separation
technique and multiscale edge detection to isolate and characterize CME structures in
LASCO-C2 and C3 images. Detection masks are generated to isolate the CME structure
and a sequence of observations then reveals the changing CME kinematics and morphol-
ogy. It extends from January 2000 to January 2016 and lists far less CMEs than all other
catalogs as conspicuously illustrated in Fig. 1. Several months (three in 2014 and three
in 2015) have no reported events as already mentioned and the temporal variation of
the occurrence rate during SC 23 is at odd with that of the other catalogs. In view of
these problems, CORIMP was found unsuited for comparative statistical studies but bet-
ter suited to the detailed studies of individual CMEs as performed for instance by Byrne
(2015). We however made two exceptions for the mass and the acceleration to enlarge the
comparison which would have been otherwise limited to CDAW and ARTEMIS for the
mass and to CDAW and SEEDS for the acceleration.

Table 2 summarizes the methods implemented by these catalogs (plus ARTEMIS) and
Table 3 presents their main characteristics and specifies the listed parameters among: date of
CMEs first appearance in C2, central position angle, angular width, speed(s), acceleration,
mass, and kinetic energy.

2.4 The ARTEMIS Catalogs of CMEs

Unlike all other catalogs which use the LASCO images themselves, the automated detection
and characterization of CMEs developed to generate the ARTEMIS catalogs are performed
on synoptic Carrington maps of the K-corona radiance. They are built from time-series of
LASCO-C2 “orange” images first corrected for instrumental effects, calibrated in units of
the radiance of the mean solar disk, and re-sized to a common format of 512 × 512 pixels.
These tasks as well as the separation of the K-corona and the generation of the synoptic
maps are performed by the pipeline processing developed by the LASCO team at the Labo-
ratoire d’Astrophysique de Marseille as described in Lamy et al. (2014) and summarized in

3http://spaceweather.gmu.edu/seeds/.
4http://alshamess.ifa.hawaii.edu/CORIMP.

http://spaceweather.gmu.edu/seeds/
http://alshamess.ifa.hawaii.edu/CORIMP
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Table 2 Comparison of the methods implemented by the five catalogs of LASCO CMEs to detect and
characterize the CMEs

Catalog Instrument Detection Image type Method

CDAW C2 + C3 Visual RDI Visual tracking

SEEDS C2 Auto RDI Threshold-segmentation on PTI

CACTus C2 + C3 Auto RDI Tracking on J-maps

ARTEMIS C2 Auto Synomaps Threshold-segmentation

CORIMP C2 + C3 Auto Images Multiscale edge detection

RDI = running difference images, Synomaps = synoptic maps, J-maps = time-height stacks, PTI = polar
transformed images

Table 3 Summary of the parameters listed in the catalogs of LASCO CMEs. The total numbers of CMEs
correspond to the listed intervals which have been considered in this study

Catalog Interval Total # CMEs Quantities

CDAW Jan. 96–Mar. 18 21452a T, CPA, W, V, A, M, KE

CACTus Apr. 97–Nov. 18 27357 T, CPA, W, V

SEEDS Jul. 97–Oct. 18 52905 T, CPA, W, V, A

ARTEMIS Jun. 96–Sep. 18 39188 T, CPA, W, V, M, KE

CORIMP Jan. 00–Jan. 16 11026 T, CPA, W, V, A, M, KE

aExcluding “very poor events”

T = date of CMEs first appearance in C2, CPA = central position angle, W = angular width, V = speed(s),
A = acceleration, M = mass, KE = kinetic energy

the appendix of Barlyaeva et al. (2015). These non-standard synoptic maps first introduced
by Lamy et al. (2002) simultaneously display both east and west limbs and are particularly
adapted to the detection of CMEs. Circular profiles are extracted at different radial distances
from the center of the Sun, stacked and resampled uniformly with time by linear interpola-
tion (to remove the effect of irregular image acquisition) in a frame where the horizontal or
x-axis represents time running from left to right (this is equivalent to the longitude of the
central meridian of the Sun). The vertical or y-axis represents the solar polar angle running
from 0◦ to 360◦ starting from the north pole and increasing counterclockwise (instead of the
latitude running from −90◦ to +90◦ in the standard synoptic maps). Our synoptic maps are
generated at radial distances in multiples of 0.5 R� inside the field of view of LASCO-C2
and range from 3 to 5.5 R�.

A first generation of synoptic maps used to generate the ARTEMIS-I catalog were
constructed with an angular step of 1◦ and a uniform resampling with a time step of
27.3 days/1000 = 39.3 minutes (Boursier et al. 2009). A second generation of synoptic
maps used to generate the ARTEMIS-II catalog (Floyd et al. 2013) were subsequently pro-
duced to optimally take advantage of the spatial and temporal resolutions of the C2 images.
First, two different angular steps were implemented: 0.4◦ for radial distances of 3 and 3.5 R�
and 0.25◦ beyond. Second, the time step of the uniform linear resampling was decreased to
27.3 days/1440 = 27.3 minutes comparable to the average temporal cadence (≈ 21 min-
utes) of the C2 images during 12 years (1999–2010), corresponding to ≈ 67 images per day.
In September 2010, the cadence was increased to ≈ 118 images per day but the temporal
resolution of the synoptic maps was kept at 27.3 minutes to avoid introducing a bias in the
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Fig. 4 Illustration of the four steps of the procedure applied to the original synoptic maps (left panel). From
left to right: filtering, thresholding, segmentation, and merging with high level knowledge. The effect of this
final step is highlighted on three events by the red ellipses. The rightmost image is the detection mask used
when computing the propagation velocity. Each subimage extends over five days (x-axis) and 360◦ (y-axis)

detection rate of CMEs. These maps have therefore a format of 1440 × 900 pixels at radial
distances of 3 and 3.5 R� and of 1440 × 1440 pixels at larger distances.

Synoptic maps offer a clearly defined signature of CMEs in the form of vertical streaks
expressing sudden and short disruptions in the corona well in line with the early terminol-
ogy of “transients” which was commonly used in early investigations. These unambiguous
signatures are therefore much easier to detect than CMEs of very different shapes as they
appear on the LASCO images. The automated method developed by Boursier et al. (2009)
and updated by Floyd et al. (2013) aimed at detecting these streaks and implement four
successive operations, filtering, thresholding, segmentation, and merging with high-level
knowledge (Fig. 4). At the end of the process, masks are produced where every CME is rep-
resented by a vertical segment whose center defines its central position angle (and thus its
apparent latitude) and whose vertical extent defines its angular width; a lower limit of 7◦ is
imposed to register the detected event in the catalog. Masks obtained at different radial dis-
tances are used to determine three velocities provided that the CME is detected on at least
three masks (≈ 60% of the whole set of detected CMEs). A parameter called “Intensity”
quantifies the total radiance of a CME at 3 R� as the excess radiance over the background
and is calculated by summing the pixel values of the filtered synoptic maps limited by the
masks resulting from the segmentation and merging operations. As pointed out by Floyd
et al. (2013), it does not strictly correspond to its total radiance as recorded on the original
C2 images because of the incomplete sampling introduced by the synoptic maps and, when
comparing CMEs, it is furthermore biased by their respective velocities. However, it does
provide an approximate estimate of the CME strength.

The calculation of the mass of each CME from the radiance recorded by the synop-
tic maps required a specific procedure developed by Floyd et al. (2013) and is inherently
limited to those CMEs whose speeds are determined (≈ 60% of the whole set of detected
CMEs). The mass calculation classically assumes that CMEs are composed of fully ionized
hydrogen atoms with 10% helium. As always the case for observations from a single van-
tage point, the procedure further assumes that the CME lies close to the plane of the sky
(“limb event”), since we have no longitudinal information from the images. Colaninno and
Vourlidas (2009) and Bein et al. (2013) have exploited the two independent views offered
by the SECCHI coronagraphs of the STEREO mission to determine the direction of propa-
gation of CMEs by imposing the constraint that the same mass should be derived from the
two stereoscopic views thus leading to more robust results. Floyd et al. (2013) and Lamy
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et al. (2017) compared the ARTEMIS and SECCHI masses for respectively 7 and 25 CMEs
and found excellent general agreement between the two results except for those CMEs far
out the LASCO sky plane, the ARTEMIS masses being underestimated as expected.

In summary, the ARTEMIS-II catalog lists the CMEs detected since March 1996 and
characterized by: time of detection at 3 R�, central apparent latitude, angular width, and
for a large fraction of them (≈ 60%), three different velocities (“propagation”, “global”,
and “median”), intensity, mass, and kinetic energy. The propagation velocity is determined
by shifting the successive masks at each radial distance of the synoptic maps and retaining
the values that maximizes the number of matches. The two other velocities are obtained by
cross-correlating the detected CMEs on the original synoptic maps at 3 and 5.5 R�. A global
cross-correlation yields the global velocity whereas a line by line cross-correlation produces
a distribution of velocities whose median value is taken as the median velocity.

For the time interval considered in this study, from March 1996 to September 2018 in-
clusive, the ARTEMIS-II (thereafter called ARTEMIS for simplicity) catalog lists a total of
39188 CMEs, of which 22894 have their velocities, mass, and kinetic energy determined.
The ARTEMIS catalog is part of the LASCO-C2 Legacy Archive5 hosted at the Integrated
Data and Operation Center (formerly MEDOC) of Institut d’Astrophysique Spatiale.

We conclude this presentation by an excerpt of the article of Wang and Colaninno (2014)
concerning the ARTEMIS catalog: “In our view, the use of synoptic maps, which provide
a relatively simple and clearly defined signature of CMEs in the form of vertical streaks,
is more likely to yield consistent estimates of the long-term variation of CME rates than
attempts to identify and distinguish outward-propagating ejections in individual images,
even with the aid of automated techniques. We therefore consider the ARTEMIS results
for the intra- and inter-cycle variation of the CME rates to be the most reliable among the
different catalogs”.

3 Observational Biases and Corrections

Real observations inherently suffer from various problems and limitations which must be
accounted for to remove biases that could distort statistical properties. We present below
the different problems which affect the LASCO-C2 observations and the methods used to
correct them.

3.1 Duty Cycle

In general terms, the duty cycle of an instrument is defined as the fraction of useful observ-
ing time during a given time interval (e.g., day, month, Carrington rotation). In the case of
CMEs, the question boils down to estimate how many CMEs have been missed because of
interruptions in the observations (data gaps). Hundhausen et al. (1984) for the SMM obser-
vations and Howard et al. (1985) for the Solwind observations presented similar methods
to estimate the duty cycle for CME detection. First, a typical CME is considered assuming
a mean speed to define a time interval such as two views of that CME are obtained while
traveling throughout the field of view of the instrument (for instance, 4.5 hours for Solwind).
The fraction of a given time period not interrupted for times exceeding this value then de-
fines the duty cycle for that period. This procedure has been widely implemented in the past,
for instance by Webb and Howard (1994) for Skylab, Helios, Solwind, and SMM, St. Cyr
et al. (2000) and Cremades and St. Cyr (2007) for LASCO-C2 and C3, Vourlidas et al.

5http://idoc-lasco-c2-archive.ias.u-psud.fr.

http://idoc-lasco-c2-archive.ias.u-psud.fr
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Fig. 5 The monthly-averaged observational duty cycle of LASCO-C2 adopting a 3-hour data gap

(2010) for LASCO-C3, St. Cyr et al. (2015) for MLSO Mk3, and Vourlidas et al. (2017) for
SECCHI-COR2. Considering a typical CME traveling at a speed of ∼ 300 km s−1 in the C2
field of view, we adopted 3 hours as a threshold for declaring a data gap in the C2 obser-
vations. Figure 5 displays the derived monthly-averaged duty cycle from 1996 to 2018. If
we exclude the interval during which SoHO was lost, the duty cycle generally remained in
the range 0.8–1 and occasionally decreased to 0.7 with a couple of extreme values of ≈ 0.6.
However, starting in October 2012, the duty cycle became very stable at a value of nearly 1
with a couple of exceptions in 2016 and in 2018.

3.2 Visibility Function

The visibility function attempts to correct for the decreased sensitivity of visible light coro-
nagraphs in detecting mass ejections away from the plane of the sky because of the depen-
dence of the efficiency of Thomson scattered light on the viewing angle of the CME with
respect to the line-of-sight. A detailed formulation of the problem was given by Hundhausen
(1993). It prominently affects faint halo CMEs propagating along or near the Sun-observer
direction whose number may consequently be underestimated. A method to determine the
visibility function was developed by Webb and Howard (1994) and applied to Skylab, Sol-
wind, and SMM data. It relies on the association (although not one-to-one) of CMEs with
metric type II radio bursts identified with Hα flares. These authors derived correction factors
of 1.3 (Solwind) and 1.4 (Skylab and SMM) which they applied to the CME rates already
corrected for duty cycle. This method was applied to the first 2.5 years of LASCO data by
St. Cyr et al. (2000) relying on the work of Cliver et al. (1998) and they established that
95% of the metric Type II bursts were associated with LASCO CMEs thus indicating that
little, if any, correction is required for the visibility of LASCO CMEs”. We are not aware
of any extension of this kind of analysis beyond these first 2.5 years. In their study of EUV
post-eruptive arcades as tracers of coronal mass ejection source regions during the [1997–
2002] interval, Tripathi et al. (2004) found that 92% of these events were associated with a
CME based on close space and time relationships and they suggested that the discrepancy
could be caused by sensitivity limitation of LASCO. Howard and Simnett (2008) consid-
ered interplanetary coronal mass ejections (ICMEs) detected by the Solar Mass Ejection
Imager (SMEI) from February 2003 to September 2005 and searched for possible progen-
itors among the LASCO CMEs. They found that 17% of the ICMEs had a weak or un-
likely LASCO counterpart, and 7% had none. Rather than invoking a sensitivity limitation
of LASCO, they investigated several physical mechanisms which could explain the discrep-
ancy and finally proposed “erupting magnetic structures” that had not sufficient mass to
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be detected by LASCO. Regarding these last two works, two remarks can be put forward:
(i) they made use of the CDAW catalog which roughly detect twice less CMEs than the
ARTEMIS and SEEDS catalogs and (ii) they did not exclusively involve halo CMEs which
are potentially the most affected by sensitivity limitations. It would be of interest to see
whether their conclusions still hold when reconsidering their investigations on the ground of
the above remarks. Vourlidas et al. (2017) recently addressed the issue of undetected CMEs
by comparing the numbers of CMEs detected by COR2-A and -B during their simultaneous
operation and found visibility functions of 96.5% for COR2-A and 86.7% for COR2-B, this
smaller value resulting from a larger stray light background in the latter instrument.

In view of the above remarks, of the results of Vourlidas et al. (2017), and of the ex-
tremely large number of CMEs reported in the automated catalogs notably SEEDS and
ARTEMIS, we can safely conclude that the visibility function is not an issue for LASCO
CMEs and that any possible correction would be very small, probably at the level of a few
percents with no impact on statistical aspects except possibly for halo CMEs.

3.3 Reduced Field of View

As mentioned in Sect. 2.2, during 1996 some C2 and C3 frames were truncated into an equa-
torial bands to reduce telemetry requirements and increase image cadence. However during
this year of low solar activity, CMEs were confined to low latitudes as will be shown later,
so that we are confident that these reduced formats have not affected the rate of detection.

3.4 Projection Effects

All measurements made from coronagraph images are projected into the plane of the sky.
The resulting fore-shortening affects the geometric and kinematics properties of CMEs away
from that plane when viewed from a single vantage point as it is the case for LASCO.
Position angle or latitude are primarily concerned as coronal structures off the plane of
the sky and assumed to travel radially will appear at an apparent heliographic latitude Λ

larger than the true latitude λ of its source on the Sun. Hundhausen (1993) worked out the
geometry and summarized his results in a convenient graph (his Fig. B2) where one can
follow the variation of the projected latitude as a function of longitude reckoned from the
plane of the sky. As expected, the difference remains small for longitudes up to ≈ 40◦ but
rapidly increases beyond, being the largest at the lowest latitudes.

The kinematics aspects were addressed by Leblanc et al. (2001) who derived corrections
for eight CMEs that could be associated with a flare in an active region—thus providing the
heliographic coordinates of the source—and based on simplifying geometric assumptions.
This method was later slightly improved by Yeh et al. (2005) and applied to 557 LASCO
CMEs observed from 1996 through 2003. Apart from correcting the speed and the mean an-
gular width of those CMEs, they reached an interesting conclusions, namely that the weak
correlation between the angular width and the speed of CMEs that was present before cor-
rection disappears after the correction. Burkepile et al. (2004) selected a set of 111 SMM
“limb” CMEs through associations with erupting prominences at the limb, X-ray and limb
optical flares thus minimizing projection effects and found that their properties substantially
differed from the bulk of the SMM CMEs. Howard and Simnett (2008) considered over
10,000 LASCO CMEs in the CDAW catalog spanning the [1996–2005] interval and could
associate 1961 of them with a surface event, either an X-ray or Hα flare or a disappearing
filament, and utilized their heliospheric coordinates to estimate the 3-D direction of propaga-
tion of the CMEs. De-projected speeds, accelerations, and launch angles were subsequently
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Fig. 6 The ARTEMIS monthly detection rate given in the catalog (red curve) and its value corrected for the
duty-cycle (green curve) and by patching the 1998 data gap (blue curve). Note that the latter two curves are
indistinguishable except for the patching

determined assuming that CMEs propagate radially. A remarkable result of particular rele-
vance to the present article is that statistical trends in CME properties recovered from direct
measurements in the plane of the sky are preserved in the corrected CME kinematic prop-
erties. However and unsurprisingly, individual values can differ significantly between the
projected and corrected parameters requiring a case-by-case analysis.

To summarize, the central position angles, angular widths, and speeds listed in the cata-
logs, are all projected or apparent; speeds, masses, and kinetic energies are therefore under-
estimated. Projection also affects the morphology of CMEs (also influenced by the orienta-
tion of non-axially symmetric CMEs such as flux ropes), detectability (affecting prominently
faint CMEs far from the plane of the sky and narrow CMEs), and in turn occurrence rate
(Vourlidas et al. 2013, 2017).

4 Occurrence, Mass, and Intensity

This section is devoted to the temporal evolution of the occurrence rates reported by the
four main catalogs, mass rates and mass distributions reported by ARTEMIS, CDAW and
CORIMP, and intensity rate and distribution reported by ARTEMIS. We have seen that the
occurrence rate tracks solar activity as recorded in sunspot number (Fig. 1). In this section,
we make use of the solar decimetric radio flux at 10.7 cm (F10.7) as we have already done in
the past (Lamy et al. 2014). As pointed out by Cremades and St. Cyr (2007), this flux is a
more reliable indicator of solar cycle evolution than sunspot number since it is described by
a unique number coming from a single station. The radio flux is systematically scaled and
vertically shifted to best match the variations of the individual rates during SC 23.

The occurrence and mass rates data were corrected for the LASCO duty cycle as given in
Fig. 5. In the case of ARTEMIS, we introduced an additional operation of patching the large
data gap of the second half of 1998 so as to remove this discontinuity in our analysis. This
was realized by generating semi-random values using the “Kernel Density Estimator” (KDE)
which is fed by real data of the ascending phase of SC 23 as a reference; this insures that
the statistical distribution of the data is preserved. Among a number of possible realizations
of the KDE, we selected the one that best matches the variation of the radio flux (Fig. 6).

4.1 Occurrence Rate

Figure 7 displays the monthly occurrence rates of CMEs reported by the four main catalogs.
The CACTus data combine the CMEs and the “flows” as this brings the total occurrence rate
to values closer to those reported by the other catalogs.
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Fig. 7 Monthly occurrence rates of CMEs reported by the four catalogs in comparison with the solar radio
flux at 10.7 cm. Note the different scales of the rates for ARTEMIS and SEEDS (0–500), for CACTus (0–350),
and for CDAW (0–300). Two solutions of the CDAW rates are displayed in two separate panels. The upper
one includes all listed CMEs whereas the lower one omits the “very poor” events (see text for detail). In
the case of SEEDS and CACTus, the dashed lines correspond to the monthly rates multiplied by 0.632 from
September 2010 to compensate the increase of the image cadence
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A first striking point concerns the large difference in numbers of detections by ARTEMIS
and SEEDS on the one hand, and by CACTus and CDAW on the other hand. For example,
during SC 23, the rates peak at ≈ 400 CMEs per month for the former two whereas they
are of the order of 200 for the latter two. As a side note, the first version of CACTus peaked
at ≈ 360 CMEs per month, more in line with the ARTEMIS and SEEDS peaks. A second
striking point concerns the diverging rates during SC 24: whereas ARTEMIS reports rates
globally inferior to those of SC 23, the three other catalogs report the opposite situation
with SC 24 rates largely exceeding those of SC 23. Failure to account for the increased
rate of image cadence starting in September 2010 was suspected in the case of SEEDS and
CACTus by Wang and Colaninno (2014) and confirmed in the former case by the exercise
performed by Hess and Colaninno (2017) consisting in rerunning the SEEDS detection code
on C2 data resampled at the original cadence. They found that the SEEDs occurrence rate
must be reduced by a factor of 0.632 ± 0.047 to correct for the increased cadence, con-
sistent with the ratio 67/117 = 0.573 of the two average values of the cadence given in
Sect. 2.2. The so revised SEEDs occurrence rate was then found to better track the sunspot
number with a correlation coefficient of 0.92 instead of 0.78 before the correction. Hess and
Colaninno (2017) did not perform the same exercise on the CACTus rate but we assume
that the same factor of 0.632 may hold as well to correct for the increased image cadence.
Consequently and unless otherwise stated, the so revised SEEDS and CACTus rates will be
used from now on. The application is straightforward for the variation of parameters with
time. In the case of histograms, two are separately calculated using the same minimum,
maximum and bin size, one before and the other after the above date, and summing the
two.

The atypical behaviour of the CDAW rate has long been a matter of concern and has
generally been linked to the visual detection by different operators and the late inclu-
sion of narrow, faint ejections as already mentioned in Sect. 2.3. According to Wang and
Colaninno (2014), omitting these “very poor” events—which amounts to 26% of the to-
tal population—brings the rate in much better agreement with solar activity. Alternatively,
a lower threshold of 20◦ (and even 30◦) on the angular width has been imposed in several
past studies (e.g., Webb and Howard 2012; Vourlidas et al. 2017) to remove the obvious
bias in the temporal evolution of the rate at the expense of reducing the data set by 31%
(44% when using the threshold of 30◦). We tested the two alternatives and concluded like-
wise Wang and Colaninno (2014) that omitting the “very poor” events yields a rate that
better tracks solar activity than thresholding the angular width at 20◦. It looks also more
reasonable than an arbitrary lower limit on the width and more consistent with the other
three (automated) catalogs which incorporate narrow CMEs and still display rates satis-
factorily tracking solar activity. In other words, a selection on the width does not appear
pertinent.

The rates recorded by SEEDS and CACTus and to a lesser extent by CDAW exhibit
fluctuations much larger than those present in the ARTEMIS data. This is particularly con-
spicuous during the declining phase of SC 23 during which these fluctuations were particu-
larly large and often uncorrelated with the radio flux whereas the ARTEMIS rate exquisitely
mirrors many of the shorter-term fluctuations of the radio flux.

The correlation coefficients among the occurrence rates for the four catalogs (corrected
when appropriate as described above) are presented in Table 4. The catalogs are faily well
correlated with one another with ARTEMIS correlating very well with SEEDS (0.90) and
CDAW (0.91) but much less so for CACTus for which the correlation coefficients with the
other catalogs do not exceed 0.85.
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Fig. 8 Monthly occurrence rates of CMEs derived from the ARTEMIS catalog. The upper panel displays
the rate of all detected CMEs (red curve) and the rate of CMEs with known mass (blue curve). In the lower
panel, the rate of CMEs with known mass has been scaled to match the rate of all CMEs by a factor 1.57
(solid blue line) and by a factor 2.18 starting from November 2013 (dashed blue line)

Table 4 Correlation matrix of
the Pearson correlation
coefficients for the occurrence
rates reported by the ARTEMIS,
SEEDS, CACTus, and CDAW
catalogs corrected as described in
the text

ARTEMIS SEEDS CACTus CDAW

ARTEMIS 1 0.90 0.82 0.91

SEEDS 0.90 1 0.84 0.83

CACTus 0.82 0.84 1 0.85

CDAW 0.91 0.83 0.85 1

4.2 Mass Rate and Distribution

As justified in Sect. 2.3, we include the CORIMP catalog in addition to ARTEMIS and
CDAW in the statistical analysis of mass. We mentioned above that ARTEMIS lists mass
for ≈ 60% of the detected CMEs. We checked that this restriction does not introduce a bias
by comparing the temporal evolution of the monthly occurrence rate of the whole set of
CMEs with that of the CMEs with a calculated mass (Fig. 8). Indeed, they closely track
each other and can be matched almost perfectly by multiplicative scaling. To be more pre-
cise, two scaling coefficients were applied to the rate of CMEs with mass, a factor of 1.57
for the first 18 years and starting in November 2013, a factor of 2.18. This means that dur-
ing the latter period, there was a number of CMEs for which our procedure was unable to
determine speeds and masses. They are most likely faint events which could not be tracked
on the required three synoptic maps. The CDAW catalog also has a restriction on mass de-
termination to 65% of its whole data set since it requires that the CME be seen on more than
three images and that its angular width lies between 20◦ and 120◦ with rare exceptions. Fur-
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Table 5 Correlation matrix of the Pearson correlation coefficients for the mass rates reported by the
ARTEMIS, CDAW, and CORIMP catalogs. The coefficients relative to CORIMP were calculated over its
limited time coverage

ARTEMIS CDAW CORIMP

ARTEMIS 1 0.86 0.93

CDAW 0.86 1 0.82

CORIMP 0.93 0.82 1

ther omitting the “very poor” events decreases the above percentage to 55%. The CORIMP
catalog includes only 7945 CMEs with measured mass (compared to 22894 for ARTEMIS
and 15840 for CDAW) and covers only 13 years extending over parts of SC 23 (maximum
and declining phases) and of SC 24 (ascending phase). Note that no mass is reported during
the last three years [2013–2015] of the CORIMP catalog.

Before we proceed with the results, let us address the question of the “true” mass of
CMEs as it is often considered that they accumulate extra mass while propagating through
the corona and heliosphere via the so-called snow-plow effect. There are however conflict-
ing results on the reality and effectiveness of this process. Combining measurements of eight
CMEs observed by C2 and C3 and COR2-A and -B during a period of low solar activity,
Colaninno and Vourlidas (2009) found that their mass tends to increase rapidly between 3
and 8–10 R� and reaches a plateau beyond. In a subsequent study extending over the full
SC 23 and based on LASCO observations and the CDAW catalog, Vourlidas et al. (2010)
identified two populations in the mass of the CDAW catalog: the “normal” CMEs which
reach a constant mass beyond 10 R�, and the “pseudo-CMEs” (54% of their total sample)
which reach a mass peak below 7 R� before they disappear in the C3 field of view. Different
conclusions were reached by Bein et al. (2013) based on their study of 25 CMEs observed
by both COR2-A and -B: the mass increase was found important at about 10–15 R� and to
mostly contribute up to 20 R�, ranging from 2% to 6% per R�. As a consequence, these au-
thors estimated the “true” mass values at very low coronal heights (< 3 R�) in contradiction
with the warning of Vourlidas et al. (2010) “that only CME measurements to at least 15 R�
can allow the proper measurement of CME properties such as mass and energy”. As a mat-
ter of fact, in a recent study of 13 CMEs with well-defined frontal boundaries crossing the
LASCO-C2 and C3 field of view, Howard and Vourlidas (2018) concluded that they were in
simple radial expansion with no observed pile-up. By relying on mass measurements in the
LASCO-C2 field of view, the ARTEMIS catalog is likely to report values close to the “true”
mass of CMEs, except for the bias resulting from projection effects.

Figure 9 reveals that altogether the monthly mass rates reported by the three catalogs
perform quite well in tracking solar activity. The improvement, compared to the occurrence
rates, is particularly spectacular for CDAW as was already shown by Wang and Colaninno
(2014) although there appears a deficit of mass in 1999 and 2000. Furthermore, the CDAW
rate exhibits very large fluctuations inconsistent with the variations of the radio flux. To the
contrary, ARTEMIS and CORIMP (although CORIMP captures only 30% of the CME mass
reported by the other two catalogs) perform extremely well in tracking the radio flux with
much reduced fluctuations compared with CDAW. Figure 9 displays a direct comparison of
the ARTEMIS and CORIMP mass rates where the latter data are scaled by a multiplicative
factor of 3.3 leading to a very impressive match between the two. These trends are confirmed
by the correlation coefficients among the mass rates for the three (Table 5).

The three-dimensional graph shown in Fig. 10 displays the annual count of CMEs per bin
of 0.2 in the logarithm of the mass (expressed in g) from the ARTEMIS catalog. The varia-
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Fig. 9 Upper three panels: monthly mass rates of CMEs reported by the ARTEMIS, CDAW, and CORIMP
catalogs in comparison with the solar radio flux at 10.7 cm. Note the different scale for the CORIMP mass.
Lower panel: Comparison of the ARTEMIS mass rate and the scaled CORIMP mass rate

tion with the solar cycle is quite impressive but is quantitatively misleading as a consequence
of the above binning in logarithm. This is circumvented in Fig. 11 which displays the time
variation of the mass per CME, arithmetically averaged over each year, at the expense of los-
ing the information on the mass distribution. The three data sets agree on the correlation with
the solar activity cycle but there appears significant differences, prominently between the
ARTEMIS and CORIMP results on the one hand and that of CDAW on the other hand. The
first two follow the same smooth evolution with ARTEMIS displaying slightly larger values
than those of CORIMP, for instance in 2002, 1.4 × 1015 versus 1.0 × 1015 g. The CDAW
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Fig. 10 Three-dimensional distribution of mass of CMEs registered in the ARTEMIS catalog. The columns
correspond to the annual number of CMEs binned on a logarithmic scale of the mass with a step of 0.2

Fig. 11 Temporal evolution of the annualized average mass of CMEs from the ARTEMIS, CDAW (excluding
the “very poor” events), and CORIMP catalogs

evolution looks more erratic with large fluctuations (e.g., the high peak of 1998) and system-
atically exceeds the other two (except for a couple of years), amounting to 2.6 × 1015 g in
2002. The effect is particularly pronounced during SC 23 as the CDAW data imply a much
larger average mass per CME than during SC 24 by a factor of ≈ 1.5; this is not confirmed
by the ARTEMIS result which indicates nearly the same average mass during the two cycles.

We now consider the question of the distribution of mass and display in Fig. 12 its his-
togram on a linear scale of frequency and a logarithmic scale of mass (using a bin of 0.1)
over the two solar cycles and separately for SC 23 and 24. Similar histograms are shown in
Fig. 13 using now a logarithmic scale for the frequency. The difference of the mass range
is quite pronounced with CORIMP reporting masses in the range 1010 to 1016 g whereas
ARTEMIS and CDAW have a nearly common range of 1012 to 5 × 1016 g. This translates
naturally in the skewness of the three distributions, CORIMP towards the small masses and
ARTEMIS and CDAW towards the large masses, however less pronounced in the latter case.
Quite remarkably, the ARTEMIS and CDAW distributions agree quite well at large masses,
typically ≥ 1015 g, whereas the former largely exceeds the latter at smaller masses. Note
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Fig. 12 Histograms of the CME mass distribution from the ARTEMIS, CDAW, and CORIMP catalogs using
a log-lin representation. The upper panel covers the two solar cycles and the lower two panels correspond to
SC 23 (left) and SC 24 (right)

Fig. 13 Same as Fig. 12 except for the log-log scale of frequency
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Fig. 14 Frequency distributions of the mass of CMEs from the ARTEMIS, CDAW, and CORIMP catalogs
using a log-log representation. The vertical dotted line separates the two regions of different mass bins: 1014 g
(left side) and 1015 g (right side). The solid lines are second-order polynomial fits to the data

that the above results hold independently for the two solar cycles and globally when they
are combined.

The skewness of the ARTEMIS and CDAW distributions is opposite to that found by
Vourlidas et al. (2010) in their analysis based on the CDAW catalog during the [1996–2009]
time interval corresponding to SC 23. This is somewhat surprising but may be a conse-
quence of imposing different selection criteria on the CDAW data, namely excluding “very
poor events” in the present study and excluding narrow CMES with angular width less than
20◦ in that of Vourlidas et al. (2010). In any case, the immediate implication is that they do
not follow a log-normal distribution found in some manifestations of solar activity (Abra-
menko and Longcope 2005). Such a distribution would produce a Gaussian function in the
log(mass)–log(frequency) space and this is clearly not the case based on a simple visual in-
spection of Fig. 13: the departure of the three curves from a Gaussian shape is so pronounced
that attempting a fit makes little sense. They could possibly be fitted by a superposition of
two or more Gaussian distributions as tested by Vourlidas et al. (2010) but this exercise is
of limited interest since the large overlap between the contributing distributions preclude a
clear identification of two or more populations of CMEs and moreover the connection to
other physical properties (e.g., speed).

We finally focus our attention to a possible power-law tail which can be suspected at
large masses in Fig. 13 as the statistics of non-linear processes often ends up in power-law
distributions. The three frequency distributions from ARTEMIS, CDAW, and CORIMP are
replotted Fig. 14 restricted to masses > 1014 g and with two bin sizes to best sample the
distributions. It is readily seen that the three distributions are best fitted by second-order
polynomials and that a broken power law with power exponents of ≈ −1.5 and ≈ −2 would
be required to fit the data at masses >∼ 1015 g. In summary, the present data do not really
support a power-law tail in the mass distribution of CMEs.

4.3 Intensity Rate and Distribution

The total or integrated intensity as defined in Sect. 2.4 is only reported in the ARTEMIS
catalog. Its monthly values displayed in Fig. 15 closely track the radio flux but with different
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Fig. 15 Temporal evolution of the monthly intensity of CMEs reported by the ARTEMIS catalog in com-
parison with the solar radio flux at 10.7 cm

Fig. 16 Histograms of the logarithm of the intensity distributions of ARTEMIS CMEs over SC 23 and SC 24

scaling factors for SC 23 and 24, a situation consistent with that of the occurrence rate
(Fig. 7). This translates into a relative excess of intensity during SC 24 when the radio flux
is used as a baseline and fitted to the intensity during SC 23. A scaling factor of 1.4 brings
the intensity in line with the radio flux during SC 24. The distributions of intensity for SC 23
and SC 24 are displayed in Fig. 16. They extend over the same range but differ slightly in
their statistical properties with mean/median values of 810/212 for SC 23 and 715/171 for
SC 24.

Figure 17 displays a two-dimensional histogram (to avoid the illegible clumping of data
points of a scatterplot) between mass and intensity confirming their close relationship as
expected. The regression allows deriving the following formula log(Mass) = 12.17+0.92×
log(Intensity). As explained by Floyd et al. (2013), the intensity cannot be strictly converted
to mass but the above formula allows estimating the “missing” CME mass (i.e., the mass
of CMEs without measured mass) assuming that both groups with and without listed mass
have globally the same kinematic properties. We found that this “missing” mass amounts to
a modest ≈ 14% of the measured mass.

5 Waiting Time

The waiting-time distribution (WTD), that is the distribution of time intervals �t between
successive events, gives information on the temporal process of their formation, either ran-
dom or having some form of organization such as memory effect, intermittency, or cluster-
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Fig. 17 Two-dimensional histogram of the mass versus intensity of ARTEMIS CMEs. The black line corre-
sponds to the linear regression on the log-log scale

ization. Moreover, the WTDs of two processes may be compared allowing establishing a
possible link between them. WTDs are widely used in physics. In the field of solar physics,
the WTD of flares received particular attention thanks to the availability of a long sequence
of data from the GOES satellites and resulted in conflicting results (e.g., Boffetta et al. 1999;
Wheatland 2000; Lepreti et al. 2001; Aschwanden and McTiernan 2010).

The question of the WTD of CME was first addressed by Wagner and Wagner (1984)
based on SMM and Skylab data and they found clustering in periods less than 59 hours long
and coherence on a grand scale; surprisingly, this early work has been ignored thereafter.
Moon et al. (2003) considered the first half of SC 23 [1999–2001] and using the CDAW
catalog (fortunately unbiased by very poor events at that time), they found that the WTD of
CMEs was well represented by two time-dependent Poisson distributions except at the short-
est waiting times. Wheatland (2003) extended the analysis to the first six years of LASCO
operation [1996–2001], i.e., including the SC 22/23 minimum, and he concluded that (i) the
WTD exhibits a power-law tail with an index γ ≈ −2.36 ± 0.11 for large waiting times
(�t > 10 hours) and (ii) this index varies with the solar cycle, the power law being steeper
at times of high activity.

Let us summarize the theoretical background which is essential for the understanding of
the analysis and start with the basic (random) Poisson process where the sequence of events
in time is such that there is a constant probability per unit time λ (the rate of the process) of
an event occurring. The WTD of the Poisson process is a simple exponential:

P (�t) = λe−λ�t . (1)

Wheatland (2003) noted that the WTD of CMEs did not obey this simple process and he
introduced a time-dependent Poisson process where the mean rate λ = λ(t) varies slowly
with time t (with respect to the average waiting time) having a distribution:

P (�t) = 1

N

∫ T

0
λ(t)2e−λ(t)�tdt, (2)

where N is the total number of observed events and T is the total observing time. He lim-
ited his analysis to the special case of a piecewise-constant Poisson process, i.e., a Poisson
process consisting of a series of constant rates λi for intervals ti , so that the distribution
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becomes the sum of individual distributions via:

P (�t) = 1

λ0

∑
i

ti

T
λ2

i e
−λi�t , (3)

where λ0 is the mean value of λ(t). He then decomposed the occurrence rate of the CMEs
in discrete intervals of piecewise-constant rates using the Bayesian Blocks procedure and
found that the piecewise-constant model provides a reasonable representation of the ob-
served WTD, including reproducing the extended tail of the distribution whose index γ var-
ied with solar activity. He finally compared his results on CMEs with those of GOES flares
and found that they have very comparable indices and time variation. A similar conclusion
was reached by Yeh et al. (2005) using a slightly longer time interval [1996–2003]; further
considering separately slow and fast CMEs, they found identical indices of their WTDs.

Telloni et al. (2014) noted that the approach of Wheatland (2003) required two untested
assumptions: (i) the local Poisson hypothesis and (ii) a power law λα of the rate probability
density (whose index α is furthermore constrained to be larger than 3 to ensure that the result
holds). Using the CDAW catalog from 1996 to 2012, they found that the first hypothesis does
not generally hold and they explained the observed WTD by a certain amount of memory.
Such a process can be described by a Weibull distribution of the probability function P (�t)

(Weibull 1951) which was successfully fitted to the CME observations. The problem with
this work and its conclusions is that it relies on the early, uncorrected occurrence rate of the
CDAW catalog which is distorted by the very poor events during nine years [2004–2012]
out of the seventeen years interval [1996–2012] considered by the authors. We therefore
re-examined the question of the WTD of CMEs on the basis of the three catalogs extending
over 23 years: ARTEMIS, SEEDS (corrected for the change in image cadence), and CDAW
(without very poor events).

The left column of Fig. 18 displays the temporal evolutions of the waiting times of CMEs
coming from the three data sets. As expected, they are not constant and anti-correlated with
the solar cycle with longer waiting times during the minima and larger values for CDAW
than for ARTEMIS and SEEDS except during the SC 23/24 minimum. The right column
of Fig. 18 displays the histograms of the distribution of WTDs together with different fitted
models: Poisson, Weibull, and power law. In addition, in the case of ARTEMIS, we include
the non-stationary Poisson model introduced by Li et al. (2014) in their analysis of the WTD
of solar energetic particles where the event rate f (λ) follows an exponential law via:

f (λ) = Aλ−αe−βλ. (4)

This generalized form reduces to the simpler exponential function of Wheatland (2000)
when α = 0 and to Cases (4) and (5) of Aschwanden and McTiernan (2010), when α = 0
and α = 1, respectively. All three distributions of WTDs conspicuously depart from the
Poisson model. The CDAW distribution is compatible with the Weibull model and in fact,
our fit is superior to that of Telloni et al. (2014) (their Fig. 1) although there persists some
deviation at large WTs (> 60 hr). The ARTEMIS and SEEDS distributions significantly
depart from the Weibull model and that of ARTEMIS is best fitted by Li’s function; most
importantly, both ARTEMIS and SEEDS distributions exhibit long power-law tails over a
range of WTs extending from 3 to 100 hr with very close power-law index γ ≈ −2.2 for
ARTEMIS and γ ≈ −2.3 for SEEDS. The CDAW distribution does exhibit such a tail but
on a much restricted range, from 15 to 100 hr with a larger index γ ≈ −2.5. Our results
therefore clearly show that on the long term, namely two solar cycles, the WTD of CMEs
does not obey Poisson statistics and that the properties of their observed distribution depends
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Fig. 18 Left column: temporal variations of the waiting times of CMEs over 22 years from the ARTEMIS
(upper row), SEEDS (middle row), and CDAW (lower row) data sets. Right column: corresponding his-
tograms of the distribution of WTDs together with different fitted models

upon the data sets. The agreement between ARTEMIS and SEEDS gives strong support to
the prevalence of an extended power-law tail against the Weibull distribution advocated by
Telloni et al. (2014). Note that strictly speaking, the Weibull distribution includes the power
law in the limit of the “key parameter” k −→ 0 where k describes whether the probability of
occurrence decreases (k < 1) or increases (k > 1) with time, but then the power law holds
over the full interval of WT unlike the observed WTD of CMEs.

The finding of an extended power-law tail in a WTD has no unique interpretation but
its slope is indicative of the behaviour of the event rate, e.g., whether it is constant, varies
gradually, or is clustered. Non-stationary Poisson processes with continuous occurrence rate
functions λ(t) do generate such a behaviour as illustrated by the four cases considered by
Aschwanden and McTiernan (2010) where four different analytical expressions for λ(t)

were introduced to somehow mimic the solar cycle in a more or less pronounced way. The
power-law index is clearly controlled by λ(t) and the values of −2.2 (ARTEMIS) and −2.3
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(SEEDS) fall in between the last two (γ = −2.9 and −1.9) of the four cases indicating a
moderately intermittent CME generation with intervals of high rates (with some form of
clustering) alternating with intervals of low rates as precisely observed.

To better characterize this evolution, we split the 23 years coverage of LASCO CMEs
into six time intervals of two to four years, isolating characteristic phases of the solar cy-
cles: minimum, ascending phase, maximum, and declining phase. The respective histograms
of the distribution of WTDs are displayed in Fig. 19 and indicate considerable changes along
the cycles consistently confirmed by the ARTEMIS and SEEDS data sets. There is a sys-
tematic trend of the observed WTDs to get close to a Poisson process during the maxima of
activity and conspicuously depart from this process during the minima, thus fully contradict-
ing the conclusions of Telloni et al. (2014). Conversely, the WDTs during the minima and
ascending/declining phases have more extended power-law tails than during the maxima of
solar activity. The time evolution of the nine corresponding power-law indices displayed in
Fig. 20 reveals a quasi-periodic variation in anti-phase with the solar cycle and an extremely
large range of values from −3.6 (maximum of SC 23) to −1.1 (SC 23/24 anomalous min-
imum) based on ARTEMIS values; incidentally the WTD of the weaker SC 24 exhibits a
shallower slope with an index of −3.3.

The coherent results yielded by the ARTEMIS and SEEDS data sets fully support the
early conclusion of Wheatland (2003) based on the first six years of LASCO operation
[1996–2001] that the CME waiting time distribution and its variation with the cycle are
best explained in terms of CMEs occurring as a time-dependent Poisson process. The time
varying occurrence rate of CMEs produces power-law tails despite the intrinsic exponential
distribution that is characteristic of stationary Poisson processes (Aschwanden et al. 2016).
The power-law index then reflects the temporal variability of the process of CME forma-
tion and is found to be anti-correlated with the solar cycle to the point of reproducing the
differences between SC 23 and 24. We found that the WTD gets close to a Poisson process
during the maxima of activity but departs from this process during the minima, implying
high levels of randomness in the former case and a trend of intermittence or clusterization
in the latter case.

WTDs of CMEs were traditionally compared to those of flares and Wheatland (2003)
found very similar indices and time variation during the first six years of LASCO opera-
tion: γCME = −1.86 ± 0.14 and γFlare = −1.75 ± 0.08 during [1996–1998] and γCME =
−2.98 ± 0.20 and γFlare = −3.04 ± 0.19 during [1999–2001]. Aschwanden et al. (2016)
compiled the WTDs measured over approximately three decades from solar flares hard and
soft X-ray events and tabulated the power-law indices which range from 0.75 to 3.04 (their
Table 7). This is quite close to the range we found for CMEs. However, when Aschwanden
and McTiernan (2010) considered the specific case of hard X-ray events from the observa-
tions of five satellites from 1980 to 2008, they ended up with a single distribution function
which has a power-law index of ≈ −2.0 at large WTs (> 1 hr). We think that this comes
from averaging the WTD over a long time interval very much like what we found for CMEs
with γ = −2.2 over two solar cycles. As we shall see later in the course of this article, only a
small percentage of CMEs may be associated to flares thus the comparison of WTDs should
not be over interpreted. Any similarity most likely results from the same driver of the solar
eruption processes, namely the magnetic field as controlled by the solar dynamo.

6 Periodicities

Quasi-periodic variations have been found in essentially all physical indicators of solar ac-
tivity extending from the 27-day synodic rotation period to the ≈ 11-year sunspot cycle.
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Fig. 19 Histograms of the distribution of WTDs in nine time intervals spanning solar cycles 23 and 24
constructed from the ARTEMIS (upper nine panels) and SEEDS (lower nine panels) data sets together with
two fitted models: Poisson (black curves) and power-laws (blue lines). The power-law index γ is given in
each case
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Fig. 20 Temporal evolution of the power-law index of the WDT of CMEs from the ARTEMIS (red curve)
and SEEDS (blue curve) data sets

Best examples are: (i) the 154-day periodicity found in the temporal distribution of flares
(Rieger et al. 1984) and subsequently in a variety of solar and interplanetary data (Richard-
son and Cane 2005 and references therein); (ii) the 1.3-year periodicity detected at the base
of the solar convection zone (Howe et al. 2000, 2007), in sunspot area (SSA) and sunspot
number (SSN) time series (Krivova and Solanki 2002).

These multiple periodicities collectively known as intermediate or mid-term quasi-
periodicities together with those in the range of 0.6–4 years are often referred to as quasi-
biennial oscillations (QBOs). Barlyaeva et al. (2015) showed that the radiance of the corona
exhibits such QBOs sharing the same properties as those resulting from solar activity. These
quasi-periodicities carry themselves limited information but commonality among different
solar/coronal processes of activity may contribute to establish a relationship. It is conceiv-
able that sunspot area, flares, erupting prominences, and coronal mass ejections which are all
some manifestation of the emergence of magnetic flux from the convection zone all exhibit
the same periodicities.

The case of CMEs was considered based on LASCO observations since they offer the
longest data set to investigate this question. Lou et al. (2003), Lara et al. (2008), Vourlidas
et al. (2010, 2011), Choudhary et al. (2014), and Guedes et al. (2015) analyzed the first years
of data (at most 13 years for the most recent articles) using either spectral analysis and/or
wavelet analysis of either the occurrence or mass rates that led to a variety of periods. Those
exceeding two months are: 2.2, 3.1, 3.3, 3.64, 5.06, 6.24, 6.34, 6.44, 8.9, 11.8 months and
1.1 yr (note that for convenience, we use a mean month equals to 1/12 of a year). Barlyaeva
et al. (2018) presented a comprehensive summary of these past results and a new analysis of
21 years [1996–2016] of LASCO-C2 data supplemented by solar flares, prominences, and
several proxies of solar activity, further distinguishing solar hemispheres and SC 23 and 24.

We present below an extension of their work by two additional years thus covering 23
years [1996–2018] and implementing strictly the same procedure which combines frequency
(periodogram) and time-frequency (wavelet) analysis; we direct the interested readers to
their publication for technical detail of the analysis. Likewise, we include a comparison with:
(i) three photospheric indices or proxies of solar activity, sunspot number (SSN), sunspot
area (SSA), and total photospheric magnetic flux (TMF) considered globally and by hemi-
spheres; (ii) the GOES flare data and prominence data taken from three different sources:
the Nobeyama Radioheliograph (NoRH) and Kislovodsk Observatory databases and the cat-
alog compiled by McCauley et al. (2015) from observations with the Atmospheric Imaging
Assembly onboard the Solar Dynamics Observatory restricted to the subset of unconfined
events. More information on the data sources are given in Sects. 12.2 and 14. For concise-
ness, we restrict the periodograms to those obtained with Fourier analysis and we do not
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Table 6 Summary of the periods
detected over the [1996–2018]
time interval with a significance
level of 95% against the red noise
backgrounds for CMEs, solar
proxies, flares and prominences.
The results of the Fourier
analysis are in bold and those of
the global wavelet spectra are in
italic

2 Mo–11 Mo 1 Yr–1.4 Yr 1.5 Yr–2.5 Yr

CME number 3.2 Mo – 2.4 Yr

CME number North 5.9 Mo 1.2 Yr –

CME number South 6.4 Mo – 1.9 Yr

CME mass – – 1.7 Yr

CME mass North – – –

CME mass South 2.2, 6.2 Mo – 1.7, 1.8, 1.9 Yr

SSN 4.4 Mo – 2.1 Yr

SSN North 4.9 Mo 1 Yr 1.5 Yr

SSN South 2.2, 3.6 Mo – 2 Yr

SSA 3.1 Mo – 1.8 Yr

SSA North 6.1 Mo – –

SSA South 2.8, 9.3 Mo – 2 Yr

TMF 3.4, 7.6 Mo 1, 1.1 Yr –

TMF North 2.3, 7, 7.6 Mo – 1.7 Yr

TMF South – 1.1 Yr –

M-class flares 2.1, 4.4, 8.9 Mo – –

X-class flares 4.6, 7.5 Mo – –

EP NoRH 6.9, 7.6 Mo 1 Yr –

EP Kislov. 2.2, 4.3 Mo 1.2 Yr –

EP AIA – – –

present new wavelet spectra because of their similarity with those of Barlyaeva et al. (2018).
However, we include the new global wavelet spectra which were constructed from the new
wavelet spectra by time-averaging the power in each frequency step limited by the cone of
influence. They may be viewed as a bridge between the results of pure frequency analysis
and those of time-frequency analysis. In both cases, it is possible to build a statistical test
against the white and red noises and deduce the 95% significance level computed from the
calculated noise models.

Figure 21 displays the updated periodograms and global wavelet spectra of monthly CME
occurrence and mass rates globally and separately for the two hemispheres. We note several
improvements brought by the extra two years of data compared with the results of Barlyaeva
et al. (2018): (i) several periodicities which barely reached the 95% significance levels now
clearly exceed them and (ii) one slight discrepancy between the two methods is solved end-
ing in the same periodicity. Otherwise, the values of periodicity that meet the significance
criterion as regrouped in Table 6 in three time domains are similar.

Figure 22 displays the global wavelet spectra corresponding to the maximum phase of
SC 23 and of SC 24 to highlight differences between the two cycles. Most of the periodicities
were found by Barlyaeva et al. (2018) but a few changes are noted prominently in the case
of the mass rate in the northern hemisphere where the period of 5.9 months which slightly
exceeded the significance criterion during SC 24 now barely miss it and vice-versa a period
of 4.3 months which barely missed the criterion during SC 23 now meets it.
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Fig. 21 Periodograms and global wavelet spectra of monthly CME occurrence (left column) and mass (right
column) rates globally (upper four panels), in the northern (middle four panels) and southern (lower four
panels) hemispheres. The most significant peaks are labeled in either month (Mo) or year (Yr) as most ap-
propriate. The 95% significance levels against the red and white noise backgrounds are shown by dashed red
curves and dash-dot blue lines, respectively

The periods found in indices/proxies of solar activity and in eruptive processes are listed
in Table 6 but to facilitate the comparison with those of CMEs, we offer a graphical presen-
tation in Fig. 23. The few minor changes do not change the main conclusion already reached
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Fig. 22 Global wavelet spectra of monthly CME occurrence (left column) and mass (right column) rates
for SC 23 and 24 globally (upper panels), in the northern (middle panels) and southern (lower panels) hemi-
spheres. The spectra are shown by blue curves and the 95% significance levels against the red noise back-
grounds by red curves. The continuous and dashed lines correspond to SC 23 and 24, respectively

by Barlyaeva et al. (2018) namely the very limited commonality for periods of less than one
year. The few exceptions are the periods of 3.1–3.2 months found in the occurrence rate of
the global set of CMEs and in SSA (and marginally, the 3.4-month period seen in TMF)
and those of 5.9–6.1 months found in the CMEN subgroup and in SSAnorth. Periods of 1 to
1.2 years are found in the CMEN subgroup, in SSNnorth, in TMF, in TMFsouth and in the
prominence data sets of both NoRH and Kislovodsk (with however a possible bias inherent
to ground-based observations) but are absent in all other cases. Periods clustering around
two years are observed in CMES, CMEm,S, SSN, SSNsouth, SSA, and SSAsouth and absent
otherwise, suggesting that they may be restricted to southern activity.

The changes noted above between the present results and those of Barlyaeva et al. (2018)
raise the question of the stability of the periods, that is how long do the various periodic
regimes hold. Barlyaeva et al. (2018) proposed a method of quantifying the duration of these
regimes on the wavelet spectra and consisting in integrating the power in slices one month
wide bounded by contours defined by the significance level and whose duration exceed a
preset integer number k of the period P (see their Fig. 14). Figure 24 synthesizes the results
for two extreme values k = 2 and 4. In the case of the weak constraint k = 2, most of
the processes exhibit high- and mid-frequency oscillations with periods of ≈ 3 months and
≈ 1 year whereas the period of ≈ 6 months is less frequent. The most striking outcome
is the dichotomy between the two hemispheres, with periods of 1–1.5 years prevailing in
the northern hemisphere whereas a period of ≈ 2 years prevails in the southern one. The
only notable exception is TMFsouth which exhibits in addition a marked one-year period.
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Fig. 23 Graphical representation
of the periods found in the
different groups of CMEs,
proxies, flares, and eruptive
prominences in Fourier spectra
(blue bars), global wavelet
spectra (red bars) and
simultaneously in both spectra
(black bars). The results are for
the whole [1996–2018] time
interval

The more stringent condition k = 4 confirms that the ≈ 3-month oscillation is present in
most—but not all—processes whereas the ≈ 6-month period is present in only a few. The
one-year period persists in only the TMF and the prominences, and the two-year period has
disappeared simply because the condition k = 4 translates in a duration of 8 years, largely
over what we observe.

7 Angular Width

The angular width W of a CME estimates its angular extent in the sky plane. It is therefore
biased by both projection and geometric effects as discussed in Sect. 3 and in addition, it
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Fig. 24 Distributions of periods found in CME rates, solar proxies, M- and X-class flares and prominences
based on the time-frequency (wavelet) analysis. Two cases of stability are displayed depending upon the
number of observed periods: two periods (left panel) and four periods (right panel). The vertical dashed lines
at 3, 6, and 12 months are intended to guide the eyes. The results in the two hemispheres are emphasized by
different colors: blue (north) and red (south)

tends to increase as the CME expands in the corona. In spite of these shortcomings and
of the different methods of measurement implemented by the four catalogs which may ex-
plain some of the discrepancies, the results are broadly consistent as we now illustrate. An
overview of the distribution of angular widths during the 23 years of LASCO observations
is presented in two three-dimensional graphs shown in Fig. 25 which display the annual
count of CMEs per bin of 30◦ from the ARTEMIS catalog in two angular intervals, the
whole range [0◦–360◦] and a zoom on the very wide CMEs with widths exceeding 180◦.
Two conspicuous features emerge from these graphs, the close similarity between the dis-
tributions for SC 23 and 24 for CMEs narrower than 180◦ whereas larger CMEs exhibit
markedly different distributions. The second aspect is analyzed below in Sect. 13. The first
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Fig. 25 Three-dimensional distributions of angular width of CMEs registered in the ARTEMIS catalog. The
columns correspond to the annual number of CMEs binned with a step of 4◦ . The upper panel covers the
whole range of widths whereas the lower panel zooms on CME with widths larger than 180◦

aspect is further investigated in Fig. 26 which displays the annual evolution of the mean and
root-mean-squared values of the distributions restricted to widths smaller than 180◦ from
the four data sets. This restriction eliminates ≈ 1.5% of the total population in the case of
ARTEMIS, SEEDS, and CACTus and 4.4% in the case of CDAW. The CDAW results stick
out with the largest widths ranging from 30◦ to 60◦ and the largest dispersions followed
by ARTEMIS (22◦ ≤ W ≤ 42◦), CACTus (24◦ ≤ W ≤ 34◦), and SEEDS (18◦ ≤ W ≤ 28◦).
The four temporal evolutions track more or less closely the solar cycle with CDAW and
ARTEMIS showing the largest range between the SC 23/24 minimum and the two maxima
(respectively 30◦ and 20◦) and SEEDS and CACTus, the lowest range (10◦).

We now consider the question of the distribution of angular widths and display in Fig. 27
two histograms on a linear scale of width with a bin size of 4◦ and a logarithmic scale of
frequency in two different ranges of width, the lower graph zooming on the 0◦–30◦ interval.
Note that we do not distinguish the two solar cycles as the above results have not shown any
marked dissimilarity except for the small populations of very wide CMEs. The agreement
between the ARTEMIS and CDAW histograms in the range ≈ 40◦–270◦ is quite remarkable.
At the lower end, at widths less than ≈ 30◦, the ARTEMIS and CACTus histograms agree
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Fig. 26 Temporal variation of the annualized mean and root-mean-squared values of the apparent angular
width of the four data sets of CMEs narrower than 180◦

Fig. 27 Histograms of the apparent angular width of CMEs from the four catalogs over the whole angular
range (upper panel) and zoomed over the 0–30◦ range (lower panel). The straight lines are the best-fit linear
functions to the four distributions. The vertical dotted lines delimit the domain where the fits were performed
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Table 7 Statistical properties of
the distributions of angular width
of CMEs

ARTEMIS SEEDS CACTus CDAW

Slope −0.011 −0.017 −0.011 −0.010

quite well whereas SEEDS reports a larger number of narrow CMES and CDAW a smaller
number. At the upper end, at widths larger than ≈ 300◦, here again ARTEMIS and CDAW
report an increasing number of CMEs with increasing width not seen in the other catalogs
except for the peak in the largest bin at 360◦ in the CDAW histogram.

All histograms display a linear regime over the mid-range of widths and this is quantified
in Fig. 27 where log-lin linear functions are best fitted to the four histograms in the range
40◦–180◦ and in Table 7 which gives the slopes. Note that, with the exception of CACTus,
the linear regime extends further, to ≈ 220◦ for SEEDS and up to ≈ 300◦ for both ARTEMIS
and CDAW; for ARTEMIS, it even holds down to ≈ 20◦. Consistent with the above results,
the fits to the ARTEMIS and CDAW data sets are almost indistinguishable. The CACTus
fits parallels them whereas SEEDS sticks out with a steeper slope. The linear fits indicate
that the distributions of angular width follow an exponential law implying that the angular
widths are random and independent. Therefore, we do not support the results of Robbrecht
et al. (2009) based on their analysis of CMEs during SC 23 that the CDAW CME widths
are log-normally distributed, broadly peaked around 30◦, whereas the CACTus CME widths
follow a power-law.

8 Apparent Latitude

The angular position of a CME is usually estimated by the position angle of its axis mea-
sured counter clockwise from solar north, hence the terminology of “central position angle”
abbreviated to CPA. For practical purposes and in particular for comparing with the loca-
tion of other solar phenomena assuming radial propagation of the CMEs, it is convenient
to use instead the heliographic latitude Λ. Conversion from CPA to Λ is straightforward
for CMEs near the limb but subject to increased projection effects with increasing angles
from the plane of the sky. We follow the usual convention and assimilate CPAs to apparent
(heliographic) latitudes.

As mentioned in Sect. 2.2, after 29 October 2010 the reference axis of SoHO was fixed to
the perpendicular to the ecliptic plane causing the projected direction of the solar rotational
axis to oscillate around the vertical direction on the LASCO images. This effect can be
seen on Fig. 3 where two images labeled c and d are rotated to bring solar north up. It is
unclear but very probable that this effect was not taken into account when determining the
CPA of CMEs for the SEEDS, CACTus, CDAW, and CORIMP catalogs as their authors
are unconnected to the LASCO operations. The maximum error that occurs twice per year
amounts to 7.5◦. This effect was obviously accounted for when building our synoptic maps
so that the CPA are correctly determined in the ARTEMIS catalog.

8.1 Distribution of Apparent Latitude

Figure 28 displays the distribution of apparent latitude obtained from the four catalogs
ARTEMIS, SEEDS, CACTus, and CDAW in both absolute and normalized frequencies.
The four distributions agree quite well and are nearly symmetric about the solar equator
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Fig. 28 Histograms of the apparent latitude of CMEs from the four catalogs. The upper panel displays the
absolute frequency and the lower panel the normalized/relative frequency

with a profile of continuously decreasing number with increasing latitudes. There are how-
ever two noteworthy deviations: (i) a skewness of the CDAW curve which translates into
an excess at southern latitudes between −15 and −45◦ and (ii) an excess of CMEs at high
latitudes (> 65◦) in both hemispheres present in the CACTus data whereas the three other
curves follow a steady decline.

The annual evolution of the distributions is synthesized in two graphs showing the mean
values calculated for each calendar year and the corresponding root-mean-squared values
(Fig. 29). The mean values from the four catalogs track each other remarkably well with
only minor differences and conspicuously reveal a surprising trend when comparing the
two solar cycles. Whereas the mean values fluctuate about the solar equator during SC 23
with however two excursions (to the north in 1999 and the south in 2006), they exhibit a
rather erratic behaviour during SC 24. They progress to increasing northern latitudes starting
during the SC 23/24 minimum to the rising phase of SC 24, then experience a marked
decrease to negative latitudes (approximately from 0◦ to −5◦) in 2013, and thereafter move
again to positive latitudes (≈ +5◦). The rms values agree very well during the two solar cycle
maxima during which they raise to similar large values of typically 45◦, but disagree during
the two minima. In the case of the second one (23/24), whereas ARTEMIS and SEEDS
roughly agree on rms values of ≈ 20◦, those of CACTus reach ≈ 30◦ and those of CDAW
exceed 40◦.

The heliolatitudinal distributions of the CMEs from 1996 to 2018 shown in Fig. 30 al-
low a deeper insight into the above results. Globally, the four distributions exhibit the same
pattern of a confinement to a narrow equatorial band during the minima of solar activity,
a rapid poleward spread during the rising phases of the solar cycles which reaches its max-
imum extension during the maxima of activity followed by a progressive narrowing during
the declining phase of activity in agreement with pre-LASCO observations (Hildner 1977;
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Fig. 29 Temporal variation of the annualized mean and root-mean-squared values of the apparent latitude of
CMEs from the four catalogs

Munro et al. 1979; Howard et al. 1985; Hundhausen 1993). This pattern tracks the excur-
sion of the tilt angle of the heliospheric current sheet (HCS) calculated by the Wilcox Solar
Observatory6 (we used the “classic” potential field model as recommended). Note a marked
difference between the two solar cycles as the ARTEMIS, SEEDS, and CDAW data yield
asymmetric distributions during SC 23 (rapid poleward spread and slow narrowing) but
rather symmetric distributions during SC 24 with little differences between the rising and
declining phases. The CACTus distribution is highly distorted by the presence of a large
number of high latitude CMEs already detected in Fig. 28 and which are absent in the other
three data sets. Incidentally, some high latitude CMEs are present during the minima in
the CACTus and CDAW distributions whereas they are totally absent in the ARTEMIS and
SEEDS distributions. This explains the different behaviours of the rms values of the latitude
seen in their annual variation during the two minima, particularly the 23/24 minimum, dur-
ing which CACTus and CDAW yield significantly larger values than ARTEMIS and SEEDS.
The abrupt change of the mean value of the latitude between 2012 and 2013 is best under-
stood by closely inspecting the ARTEMIS distribution and results from a conspicuous deficit
of CMEs in the northern hemisphere which took place in 2013. This opens the questions of
north-south asymmetry and of high-latitude CME which are discussed in the next section.

8.2 North-South Asymmetry and High-Latitude CMEs

It is well established that the two solar hemispheres generally exhibit different patterns of
activity—often with a phase difference—leading to a more or less pronounced north-south

6http://wso.stanford.edu/Tilts.html.

http://wso.stanford.edu/Tilts.html
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Fig. 30 Heliolatitudinal distributions of the CMEs reported by the four catalogs, respectively from top to
bottom: ARTEMIS, SEEDS, CACTus and CDAW. The black lines correspond to the tilt angle of the helio-
spheric current sheet in the northern and southern hemispheres and is plotted separately in the lower panel
for legibility
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Fig. 31 Temporal variation of the monthly mean values of the apparent latitudes of the ARTEMIS CMEs
separately in the northern (solid red line) and southern (solid blue line) hemispheres. These two curves are
mirrored with respect to the equator (dashed lines with same color coding) to facilitate the comparison

asymmetry (e.g., Bisoi et al. 2014; Gopalswamy et al. 2003b). This results from the gen-
eral evolution of solar magnetic activity connected to the solar dynamo (Krivodubskij 2005;
Brun et al. 2015) and the phase difference appears to belong to a broad secular variation
with reversals occurring roughly every eight solar cycles (Zolotova et al. 2010). A global
count per hemisphere indicates that a similar asymmetry is observed for CMEs as well.
Considering first SC 23 and 24 altogether and on the basis of the ARTEMIS catalog, the
northern and southern CMEs amount to respectively 52.7% and 47.3% of the whole popula-
tion. But separating the two solar cycles reveals a contrasted situation: for SC 23, the above
percentages are respectively 49.4% and 50.6% (hence a slight excess of southern CMEs)
whereas for SC 24, they respectively amount to 56.2% and 43.8% (hence a marked excess
of northern CMEs). The temporal evolution of the two mean latitudes calculated in each
hemisphere (Fig. 31) confirms this trend and allows to track the excesses to specific time
intervals: [2001–2002] and [2005.5–2006] for the southern excess and a much broader in-
terval [2010–2016] for the northern excess. Note that the asymmetry is totally absent during
the two minima of solar activity. Additional information is provided by the heliolatitudinal
distributions (Fig. 30) where the excesses may be tracked to prominently high-latitude (HL)
CMEs as consistently shown by the four catalogs with an asymmetry especially pronounced
during SC 24. These HL CMEs are precisely those which lie outside the envelope defined
by the maximum excursion of the tilt angle of the HCS and the question arises as to whether
their apparent high latitudes reflect or not their true latitudes. Projection effects are possible
and in fact, according to Hundhausen (1993), structures seen at latitudes |Λ| larger than
≈ 60◦ could have true latitudes |λ| anywhere in the range 45◦ to 90◦. But we argue that the
bulk of those CMEs have indeed their origin at high altitudes and are associated to polar
streamers. Zhukov et al. (2008) convincingly showed that these polar streamers are unre-
lated to the coronal neutral line and current sheets predicted by potential field models but
result from polar coronal current sheets associated with large-scale photospheric magnetic
neutral lines around the poles of the Sun, the polar crown neutral lines located at latitudes |λ|
of 70◦ to 75◦ during the maxima of activity. They are “classical” streamers situated above
low-lying loops (observed for instance by SoHO/EIT) connecting the regions of opposite
magnetic polarity on the two sides of polar crown neutral lines. These authors hypothesized
that theses large-scale structures may be involved in the process of CME eruptions and this
is precisely what we are seeing in Fig. 31. To ascertain this connection, we compare the
temporal occurrence rates of CMEs separately in the two high latitudes regions defined by
60◦ < |λ| < 90◦ with the temporal evolution of the radiance of the K-corona integrated in
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Fig. 32 Upper panel: monthly rate of the high-latitude CMEs from ARTEMIS, SEEDS, and CDAW catalogs
to be compared with the integrated radiance of the K-corona in the polar regions (black lines). The north
and south variations are simultaneously displayed in the upper and lower halves of the figure. Lower panel:
differences (north-south) of the above quantities with the same conventions. The CDAW rate is multiplied by
a factor of 2 to better match the other curves. In the two panels, the coronal integrated radiance is arbitrarily
scaled to best fit the occurrence rates and their differences

the two latitude sectors 30◦ wide centered on the polar north and south directions, thus ex-
tending the work of Barlyaeva et al. (2015) to 2018. The top panel of Fig. 32 shows an
impressive agreement between both ARTEMIS and SEEDS occurrence rates with the varia-
tion of the integrated radiance; even the CDAW rate follows the same pattern with however
lower rates. This agreement is confirmed in higher detail by the graph of the differences be-
tween the north and south variations (lower panel of Fig. 32) thus confirming our conjecture
of direct connection between HL CMEs and polar steamers.

9 Kinematics

9.1 Apparent Speed

The determination of the apparent speed of CMEs is among the most challenging parameters
that can be extracted from coronagraphic images for at least three reasons. First, whereas
typical CMEs have relatively constant speeds at distances larger than ≈ 2 R�, it is generally
admitted that slow CMEs tend to accelerate and to the contrary, fast CMEs tend to decelerate
while crossing the C2 and C3 fields of view (Webb and Howard 2012) so differences may be
expected between catalogs that use both LASCO-C2 and C3 images (CDAW and CACTus)
and those which rely only on C2 images (ARTEMIS and SEEDS). Second, a unique value
for the speed of a CME remains a simplistic view as different parts travel at different speeds
so that a velocity field would be a much more appropriate description (Boulade et al. 1997;
Robbrecht and Berghmans 2004; Colaninno and Vourlidas 2006; Byrne 2015). Generally
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Fig. 33 Three-dimensional distribution of the global speed of CMEs registered in the ARTEMIS catalog.
The columns correspond to the annual number of CMEs in bins of 100 km s−1

speaking, the front part has the largest speed with the rear and side parts trailing behind.
Third, these catalogs implement different procedures for determining speeds. In the case of
ARTEMIS, disregarding the “propagation” velocity which is used as a first estimate, the
“global” velocity gives a higher weight to the brightest parts, that is the front and central
parts (which are the fastest) whereas the “median” velocity gives an equal weight to every
angular section of the CME. The SEEDS speed is taken from the highest peak using the
leading-edge segmentation. CACTus measures a linear speed profile as a function of position
angle over the CME angular width and lists the median value. The CDAW linear speed is
obtained by fitting a straight line to the height-time measurements at the fastest section of
CMEs, the so-called measurement position angle (MPA). It is noted that the MPA does not
always coincide with the central position angle (CPA), for instance in the case of CMEs
which propagate non-radially.

An overview of the distribution of speeds during the 23 years of LASCO observations is
presented in the three-dimensional graph shown in Fig. 33 which displays the annual count
of CMEs per bin of 100 km s−1 from the ARTEMIS catalog. Two features emerge from this
graph, the low speeds during the solar cycle minima more pronounced during the second one
(the anomalous SC 23/24 minimum) and the slight trend to lower speeds in SC 24 compared
with SC 23.

The distributions and cumulative distributions of apparent speeds of CMEs from the four
catalogs (for ARTEMIS, both “global” and “median” velocities are shown) over the two
solar cycles and separately for SC 23 and 24 are displayed in Fig. 34 and Fig. 35, respec-
tively. Two distinct groupings are clearly noticeable, the ARTEMIS “median” and SEEDS
speeds on the one hand with distributions peaking at ≈ 150 km s−1 and the ARTEMIS
“global”, CACtus, and CDAW speeds on the other hand with distributions peaking at
≈ 250–300 km s−1. For the two ARTEMIS speeds, this is consistent with their respective
weightings and we had expected the SEEDS distribution to match the “global” one (and the
CDAW one as well) whereas it matches the ARTEMIS “median” distribution, a rather sur-
prising result. Likewise, we had expected the CACTus distribution to match the ARTEMIS
“median” distribution whereas it is in agreement with the “global” one and that of CDAW.
Note that the spread of the cumulative distributions is significantly less during SC 24 than
during SC 23. As repeatedly pointed out in past studies, the CACTus distribution exhibits
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Fig. 34 Distributions of the apparent speeds of CMEs from the ARTEMIS (both “global” and “median”
velocities), SEEDS, CACTus, and CDAW catalogs. The upper panel covers the two solar cycles and the two
lower panels SC 23 and 24

Fig. 35 Cumulative distribution functions of the apparent speeds of CMEs from the ARTEMIS (both
“global” and “median” velocities), SEEDS, CACTus, and CDAW catalogs. The upper panel covers the two
solar cycles and the two lower panels SC 23 and 24
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Fig. 36 Temporal variation of the annual mean value (upper panel) and standard deviation (lower panel) of
the speed of CMEs from the four catalogs

an excess of high speeds > 1000 km s−1 and up to 2000 km s−1 which is highly suspicious
in view of their very small number in the other data sets.

Figure 36 displays the annual evolution of the mean and standard deviation values of the
speed distributions from the four catalogs (specifically the “global” velocity in the case of
ARTEMIS) and reveals a striking difference between the two cycles. During most of SC 23,
the mean values are spread over a wide range, with maxima of ≈ 250 km s−1 for SEEDS,
≈ 400 km s−1 for ARTEMIS, ≈ 550 km s−1 for CDAW, and ≈ 600 km s−1 for CACTus
whereas during SC 24, they all converge to a narrow range of ≈ 300–400 km s−1. Both
ARTEMIS and CDAW distributions agree on distinctly lower mean values during solar cycle
minima whereas there is only a hint of this behaviour in the SEEDS distribution and a total
absence in the CACTus distribution. Curiously, this latter distribution abruptly decreased
after 2009 to be more in line with the speeds of the other catalogs, a probable consequence
of ceasing recording very large speeds. Finally, note that contrary to the other three data
sets, the SEEDs mean values are larger during SC 24 than during SC 23, a very surprising
trend indeed since the former is known to be weaker than the latter. Table 1 offers a synthetic
comparison with speeds measured by other coronagraphs from which it is however difficult
to extract a meaningful trend since they have been obtained during various time intervals and
different conditions of solar activity. The Skylab value stands out as well above the others,
a rather surprising result since the observations were performed in 1973–1974 very near the
SC 20/21 minimum.

9.2 Apparent Acceleration

The determination of the apparent acceleration of CMEs is probably even more challeng-
ing than that of the speed and this parameter is reported in only three catalogs, CDAW and
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CORIMP using LASCO-C2 and C3 images and SEEDS using only C2 images. This ob-
viously should be kept in mind when comparing their results. Likewise the speed, these
catalogs implement different procedures for determining the acceleration.

– CDAW relies on quadratic fits to height-time profiles constructed when manually tracking
the CMEs through the C2 + C3 field of view.

– SEEDS accelerations are derived from tracking the highest peak using the leading-edge
segmentation.

– CORIMP isolates the CME structure and automatically tracks its front edge at different
position angles. Quadratic fits to the different height-time profiles yield accelerations and
three values are reported in the catalog, minimum, maximum, and mean; this last value is
generally used in statistical analysis including the present one (their minimum and maxi-
mum are mostly the opposite of each other and take excessively large absolute values).

Byrne (2015) compared the accelerations of six CMEs of different types (arcade eruption,
gradual, impulsive, faint, fast, and slow) listed in the three catalogs and their Table 1 reveals
considerable scatters among the values. This illustrates the considerable difficulty of the
exercise.

Early analysis of CDAW accelerations indicated that both positive and negative values
were measured ranging from approximately −80 to +40 m s−2 resulting from the interplay
of the propelling and retarding (drag) forces, with a trend for slow CMEs to accelerate
and fast CMEs to decelerate in the LASCO field of view (see for instance Gopalswamy
2004; Vršnak et al. 2004, and Yashiro et al. 2004). The first statistical study of acceleration
of 50 CMEs by Zhang and Dere (2006) is superseded by that of Wen et al. (2008) who
considered 5594 CMEs and they confirmed that slower CMEs (with speeds between 200
and 500 km s−1) tend to have a positive acceleration (≈ 1 m s−2), whereas less than 10%
CMEs have an average negative acceleration (≈ −2.2 m s−2) as they propagate from 5 to
30 R�. They further concluded that “for most individual CMEs, one cannot say if they are
accelerated or decelerated, and for only 8% of all observed CMEs can have the sign of the
acceleration be extracted”.

Figure 37 displays the distributions of apparent accelerations of CMEs from the three cat-
alogs. The SEEDS data set includes 42449 measurements corresponding to 81% of the listed
CMEs, the CDAW data set (excluding the “very poor events”) includes 20766 measurements
(98%), and the CORIMP data set includes 5971 measurements (54%). Whereas the SEEDS
and CDAW distributions are nearly symmetric extending from −100 to +100 m s−2 with
mean values of −5.4 m s−2 and 1.2 m s−2, respectively, that of CORIMP is strongly asym-
metric and skewed to positive values with accordingly a very small number of negative
values in the range −20 to 0 m s−2.

Figure 38 displays the annual evolution of the mean and standard deviation values of the
acceleration distributions from the three catalogs. As a result of its skewed distribution, the
CORIMP annual means far exceeds the other two, by a factor which can even exceeds 10
depending upon the years (note that the CORIMP values are divided by a factor of 10 in the
figure). The three evolutions are nearly constant except for SEEDS which shows a trend for
negative accelerations during SC 24. The slight increase of the CDAW accelerations after
2004 remains much smaller than the standard deviations and is therefore not significant. The
mean annual CDAW acceleration displayed by Compagnino et al. (2017) in their Fig. 2 has
an anomalous peak of ≈ 17 m s−2 in 2009, far exceeding the other values. We verified that
this peak results from the inclusion of the very poor events.

The question of the relationship between speed and acceleration is analyzed by compar-
ing the distributions of accelerations in four interval of speeds: 0–250, 250–450, 450–900,
and > 900 km s−1 (Fig. 39). In the case of CDAW, the trend observed in past studies and no-
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Fig. 37 Distributions of the apparent accelerations of CMEs from the SEEDS, CDAW, and CORIMP cata-
logs

Fig. 38 Temporal variation of the annual mean value (upper panel) and standard deviation (lower panel) of
the acceleration of CMEs from the three catalogs. In both cases, the CORIMP values are divided by a factor
of 10

tably by Wen et al. (2008) of decreasing acceleration with increasing speed is confirmed but
remains modest. The CORIMP accelerations exhibit the exactly opposite behaviour whereas
the SEEDS behaviour is quasi neutral. Note that in both cases, the accelerations of the fast
CMEs with speeds exceeding 900 km s−1 are distributed over a very large range but re-
stricted to positive values in the case of CORIMP. This question will be further considered
in Sect. 11 which deals with the correlations between CME parameters.

10 Kinetic Energy

The question of the kinetic energy and more generally of the energetics of CMEs has gener-
ally not been addressed in the main reviews quoted in the Introduction except that of Webb
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Fig. 39 Distributions of the apparent accelerations of CMEs from the SEEDS, CDAW, and CORIMP cat-
alogs in four intervals of speed. The respective numbers of CMEs are 29055/16232/6018/964 for SEEDS,
8902/11638/7016/1013 for CDAW, and 6476/2583/1663/248 for CORIMP

and Howard (2012) who summarized the results of Vourlidas and coworkers who have been
at the forefront of this topics. Vourlidas et al. (2000) considered 11 LASCO CMEs that ex-
hibited flux-rope morphologies and determined the evolution of their potential, kinetic, and
magnetic energies with heliocentric distance to conclude that the former two increase at the
expense of the latter as the CMEs travel outward. Vourlidas et al. (2002) presented mea-
surements of the kinetic energy for 2449 CDAW CMEs observed during the [1996–2000]
interval. They found an average value of 4.3 × 1030 erg (comparable to that of the Solwind
CMEs of 3.5 × 1030 erg) and a distribution of kinetic energy that follows a power law with
an exponent of about −1. This study was extended to the full SC 23 and to 7668 CMEs by
Vourlidas et al. (2010) who found that the distribution of kinetic energy has an average value
of 2.3 × 1029 erg and can be fitted by a log-normal function with an excess of low kinetic
energy events. Note that this article contains several errors (not affecting the above results)
as the authors failed to take into account the 180◦ rolls of the SoHO spacecraft; an erratum
was published by Vourlidas et al. (2011).
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Fig. 40 Temporal evolution of the monthly values of the total kinetic energy of CMEs reported by the
ARTEMIS, CDAW, and CORIMP catalogs in comparison with the solar radio flux at 10.7 cm (upper panel).
The lower panel displays the same values smoothed using a 3-month window

Figure 40 displays the temporal evolutions of the monthly-averaged kinetic energy of
CMEs reported by the ARTEMIS, CDAW, and CORIMP catalogs, the latter being included
to broaden the comparison as we did for the mass. They all agree quite well in tracking the
solar activity with very deep minima during the anomalously weak SC 23/24 minimum. Note
the close similarity of the ARTEMIS and CORIMP curves making it difficult to distinguish
them whereas the CDAW kinetic energy is generally larger by a factor of ≈ 2 except during
the first two years (1996 and 1997), the declining phase of SC 23, and the second half of
SC 24 when it tends to agree with the former two curves. This behaviour is likely associated
to larger speeds reported by CDAW (via its square value in the kinetic energy) precisely
during the same time intervals as seen in Fig. 36.

We now consider the question of the distribution of kinetic energy of CMEs and display
in Fig. 41 its histograms on a log-log scale over eight decades (1025 to 1033 erg) and over
the two solar cycles and separately for SC 23 and 24. The statistics of the distributions
are summarized in Table 8 which includes two sections depending whether the CORIMP
values are included; in this case, all statistics are calculated on the restricted time interval
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Fig. 41 Histograms of the logarithm of the monthly values of the kinetic energy of the ARTEMIS, CDAW,
and CORIMP CMEs over the two solar cycles (upper panel) and separately for SC 23 and 24 (lower panels).
The black lines represents Gaussian fits to the ARTEMIS distributions

Table 8 Statistical properties of
the distributions of kinetic energy
(erg) of CMEs. The upper section
concerns ARTEMIS and CDAW.
The lower section includes
CORIMP and the statistics are
calculated on the restricted time
interval imposed by CORIMP

Property SC 23 + SC 24 SC 23 SC24

Average Median Average Median Average Median

ARTEMIS 2.3E30 1.3E29 2.7E30 1.5E29 1.9E30 1.0E29

CDAW 5.7E30 3.0E29 7.1E30 4.4E29 4.2E30 2.0E29

ARTEMIS 2.5E30 1.3E29 2.8E30 1.6E29 2.0E30 1.1E29

CDAW 5.8E30 2.6E29 7.6E30 4.3E29 4.5E30 2.1E29

CORIMP 4.3E30 4.1E29 5.8E30 5.5E29 1.7E30 2.4E29

covered by CORIMP. The ARTEMIS distributions are very well fitted by Gaussian curves
in the three cases with just slight excesses at both extremities of very low and very large
kinetic energies, particularly modest during SC 24. Although not plotted for legibility, it
is obvious that the same conclusion holds true for the CDAW distributions although the
excesses are more pronounced. To the contrary, the CORIMP distributions strongly depart
from Gaussian with a pronounced skewness toward the low kinetic energies. The consistent
quasi-Gaussian behaviours of the ARTEMIS and CDAW distributions on a log-log scale
implies that the kinetic energy of CMEs follows a log-normal distribution as commonly
found in solar physics. This result clearly contradicts conclusion # 3 of Vourlidas et al.
(2010), namely that “the energy distribution becomes log-normal only for measurements at
around 10–15 R�” and that “measurements at lower heights provide an incomplete picture of
the event and will bias statistical studies”. This is probably connected to the related question
of the mass increase as CMEs propagate that we questioned in Sect. 4.2.
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Fig. 42 Scatterplots (left panels) and two-dimensional histograms (right panels) of the acceleration versus
speed distributions based on the SEEDS, CDAW, and CORIMP catalogs. Note the different scales of accel-
eration between the scatterplots and the histograms

11 Correlations Between Parameters

The question of the correlations between the physical properties of CMEs was considered by
Hundhausen et al. (1994) based on their determination from the SMM observations and they
found that widths, latitudes, and speeds of mass were only weakly correlated. In particular,
speeds varied only slightly with the latitude of the ejection as high-latitude ejections had
speeds rather similar to active latitude ejections. The topics was further investigated based
on LASCO observations, particularly the speed–width and speed–acceleration relationships.
In both cases and based on the CDAW catalog, correlations were established (Gopalswamy
2004; Vršnak et al. 2004; Yashiro et al. 2004; Gopalswamy et al. 2015c). However, Webb
and Howard (2012) pointed out several significant discrepancies with results derived from
the CACTus catalog. In order to clarify the situation, we performed a systematic study of
the correlations between the CME parameters prominently based on the ARTEMIS catalog.

11.1 Speed–Acceleration

This correlation was briefly considered in Sect. 9 and conflicting results were found when
considering the accelerations given by the SEEDS, CDAW, and CORIMP catalogs. It is
further explored in Fig. 42 where the scatterplots (left panels) display the full range of speeds
and accelerations given by the three catalogs highlighting the pronounced differences of
the distributions and of the ranges of accelerations. At the scale of these plots, the only
common feature that emerges is a common average acceleration of zero independent of
speed. To tentatively extract possible subtle information, we switched to two-dimensional
histograms to avoid the illegible clumping in the scatterplots and we restricted the ranges
of both speed and acceleration (right panels). However, they support the above conclusions
that acceleration is independent of speed and has an average value of ≈ 0 m s−2.

11.2 Speed–Width

Past studies indicated a positive correlation between speed and angular width with even
distinct behaviours for the two cycles, CMEs of a given width having larger speeds during
SC 23 than during SC 24 (Gopalswamy et al. 2015c). After de-projection of the speed of
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Fig. 43 Two-dimensional histograms of the speed versus width distributions based on the ARTEMIS catalog
and the linear regressions (black lines), respectively for the two solar cycles (upper panel) and separately for
SC 23 and 24 (lower two panels)

a large number of CDAW CMEs, Howard and Simnett (2008) confirmed the positive cor-
relation and further noted that the linear trend of the speed versus width distribution was
stronger with the corrected speeds than with the uncorrected ones. However, the scatter-
plots illustrating these studies exhibit considerable dispersion implying low Pearson’s linear
correlation coefficients. Consequently, the slopes of the linear regressions are essentially de-
termined by the very few events having the largest speeds and widths. Figure 43 displays the
two-dimensional histograms of the speed versus width distributions over the two cycles and
separately for SC 23 and 24. They do indicate a very weak correlation with speed slightly
increasing with width. Rather than using the classical least squares regression (L2-norm)
and in order to circumvent the above problem, we opted for the far more robust least abso-
lute deviations (L1-norm) since it is resistant to outliers in the data. The linear regressions
yielded the function Width = 1.12 × V − 288 for the two cycles, the same slope of 1.12 for
SC 23 and a slightly reduced slope of 1.09 for SC 24. This is in clear disagreement with
the results of Gopalswamy et al. (2015c) who found slopes of 0.09 for SC 23 (273 CDAW
events) and 0.17 for SC 24 (2014 CDAW events) with very low correlation coefficients (0.56
and 0.71, respectively).

11.3 Speed–Mass

Figure 44 displays the two-dimensional histograms of the speed versus mass distributions
which shows a quasi linear trend of increasing speed with increasing mass on a log-log
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Fig. 44 Two-dimensional histogram of the speed versus mass distribution based on the ARTEMIS catalog
with the linear regression (solid black line) which has a slope of 0.13. The dotted line represents the theoretical
Rosner-Tucker-Vaiana scaling law with a slope of 0.25 (see text for detail)

Fig. 45 Two-dimensional histogram of the speed versus latitude distribution based on the ARTEMIS catalog
with the linear regression (black line)

scale fitted by the function log(V ) = 0.52 + 0.13 × log(M) thus yielding a slope of 0.13.
As part of his study of the energetics of solar flares and associated CMEs, Aschwanden
(2017) considered 334 joint LASCO and AIA events and obtained a scatterplot that exhibits
a similar behaviour, however with a larger slope of ≈ 0.25. His Fig. 8b shows that this slope
is consistent with that predicted by the theoretical Rosner-Tucker-Vaiana (RTV) scaling law
but that a downward scaling by a multiplicative factor of 1.8 (estimated visually) would
better fit the data. The RTV function log(V ) = −0.95 + 0.25 × log(M) is over plotted on
our histogram and turns out to clearly deviate from our result. The 334 events considered by
Aschwanden (2017) were associated with flares and the slope of 0.25 may perhaps be linked
to the this special class of CMEs.

11.4 Speed–Latitude

Figure 45 displays the two-dimensional histogram of the speed versus latitude distribution
together with the linear regression V = 298 − 0.185 × Latitude. This corresponds to a very
weak trend of decreasing speed with increasing latitude quasi symmetric with respect to the
equator. Indeed, the average speed decreases from 300 km s−1 at the equator to 280 km s−1

at the poles.
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Fig. 46 Two-dimensional histogram of the mass versus latitude distribution based on the ARTEMIS catalog
with the linear regression (black line)

Fig. 47 Two-dimensional histogram of the mass versus width distribution based on the ARTEMIS catalog
with the linear regression (black line)

11.5 Mass–Latitude

Figure 46 displays the two-dimensional histograms of the mass versus latitude distribution
on a lin-log scale together with the linear regression log(M) = 14.5−1.5×10−4 ×Latitude.
Likewise the speed–latitude, the dependence of the mass on latitude is extremely weak with
average values of 3.2 × 1014 g at the equator and 3.1 × 1014 g at the poles.

11.6 Mass–Width

Figure 47 displays the two-dimensional histogram of the mass versus width distribution on
a log-log scale together with the linear regression log(M) = 12.5 + 1.38 × log(Width). As
expected, there is a very strong relationship of increasing mass with increasing width.

11.7 Width–Latitude

Figure 48 displays the two-dimensional histogram of the width versus latitude distribution
on a lin-lin scale together with two slightly different linear regressions, Width = 26.9 −
0.05 × Latitude for the northern hemisphere and Width = 25.8 + 0.03 × Latitude for the
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Fig. 48 Two-dimensional histogram of the width versus latitude distribution based on the ARTEMIS catalog
with the slightly different linear regressions for the northern and southern hemispheres (purple lines)

southern one. This leads to an average value of 26.3◦ at the equator, to 22.8◦ and 23.5◦ at
the north and south poles, respectively. This correlation is thus extremely weak and quasi
independent of the hemisphere.

12 Solar Cycle Activity

Past studies of the occurrence rate of CMEs established a clear correlation with solar activ-
ity, usually using the sunspot number index (SSN) as a standard reference. This was already
noticed in the Solwind CME data (Howard et al. 1985) and Webb and Howard (1994) found
a linear relationship between CME rate and SSN thus concluding that the former tends to
track the latter in both amplitude and phase and that “no one class of solar activity was bet-
ter correlated with CME rate than any other on the long term”. On the basis of the CDAW
catalog of LASCO CMEs, Gopalswamy et al. (2004) found that both the CME occurrence
rate and the SSN averaged over 13 Carrington rotations exhibited double peaks, but that the
CME peaks lagged sunspots by many months during SC 23. Using their CACTus catalog,
Robbrecht et al. (2009) agreed on the tracking in amplitude and on a time lag varying from
six months to one year. This lag was explained as resulting from high latitude CMEs which
arise from polar crown filaments and which experience a “rush to the pole” near the maxi-
mum of solar activity and disappear before sunspots reach low latitudes (Gopalswamy 2004;
Webb and Howard 2012). The atypical behaviour of the CDAW rate diverging from the SNN
temporal evolution starting in 2003 came as a surprise but was later understood as being
caused by the inclusion of “very poor” events as discussed in Sect. 4.1. The rate of SEEDS
and CACTus CMEs increasing faster than expected during the rising phase of SC 24 raised
question, but was tentatively related to the weakness of the polar fields (Luhmann et al. 2011;
Petrie 2013). As explained in Sect. 2.2, this was caused by the increased image cadence of
the LASCO images in 2010. Once corrected appropriately (Hess and Colaninno 2017), the
SEEDS rate was found to be in line with the variation of solar activity. Using masses of the
CDAW catalog as more robust against faint events, Wang and Colaninno (2014) found that
the mass rate was well correlated with the sunspot number throughout SC 23 and SC 24
until February 2013 and concluded that, in addition to producing fewer CMEs than SC 23,
SC 24 was also characterized by slower and less massive ejections. They did consider the
correlation of SSN with the CME occurrence rate from the SEEDS and ARTEMIS cata-
logs and derived correlation coefficients of respectively 0.94 and 0.97. Finally, Gopalswamy
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et al. (2015c) pointed out that, based on the CDAW catalog restricted to width ≥ 30◦ (i.e.,
excluding narrow events), the relationship between SSN and CME rate changed in SC 24,
the daily CME rate per SSN being larger during SC 24 than SC 23.

With the end of SC 24 at hand and the appearance of the first signs of SC 25 as weak,
short-lived sunspots in HMI images (Hoeksema 2018), we have the unique opportunity to
follow and study CMEs over two full contiguous solar cycles homogeneously detected by
the same LASCO instrument. Since by all measures SC 24 is the weakest in a century with a
particularly strong asymmetry between the north and south hemispheres (Hoeksema 2018),
we can look for the implications of these unusual circumstances on CMEs. In this section,
we first present the global statistics of CMEs over SC 23 and 24. We then focus on the
correlation between CMEs and several indices/proxies of solar activity, paying particular
attention to the question of a possible phase shift, and see whether one class of solar ac-
tivity is better correlated with CMEs than others, thus possibly casting some light on their
relationships.

12.1 CMEs in Solar Cycles 23 and 24

Tables 9, 10, 11, and 12 summarize the statistics of the CMEs listed in the ARTEMIS,
CDAW, SEEDS, and CACTus catalogs corrected as described in Sect. 4.1. The statistics
are considered globally, by hemispheres on the basis of their apparent latitude, and by solar
cycle. We further distinguish different cases of width adopting a threshold of 30◦ to separate
narrow and large CMEs, a threshold of 300◦ to isolate the halo CMEs, and a threshold
of 350 km s−1 to separate slow and fast CMEs. SC 24 may not be strictly completed but
the contribution of the forthcoming months will be very small as this cycle is heading to its
minimum. So this is not going to affect the trends when comparing SC 24 with SC 23 below.
We pay particular attention to the variations between these two cycles by giving the ratios
“SC 24/SC 23” of the various quantities.

Considering first the counts, SEEDS detected the largest number of CMEs over the two
cycles (43559 CMEs), ARTEMIS slightly less by a factor of 0.9, whereas CDAW and CAC-
Tus reports nearly the same number drastically less than the other two catalogs, for in-
stance by a factor of 2 with respect to SEEDS. The above ratios hold separately in the
two hemispheres, except for CDAW for which it is larger (2.2) in the northern and smaller
(1.87) in the southern hemispheres. This trend is further confirmed when considering the
ratios “north/south” of the counts in the two hemispheres which lie in the range [1.10–1.14]
for ARTEMIS, SEEDS, and CACTus—henceforth a 10–14% excess of northern CMEs—
whereas it amounts to only 0.97 for CDAW, henceforth a slight excess (3%) of southern
CMEs. The ratio of the numbers of narrow (≤ 350 km s−1) to large (> 350 km s−1) CMEs
strongly varies between catalogs: 2.84 for SEEDS, 2.23 for CACTus, 1.25 for ARTEMIS,
and only 0.49 for CDAW in agreement with the systematic trend of CDAW reporting larger
widths than the other three catalogs as pointed out in Sect. 7. The ratio of the numbers of
slow (≤ 350 km s−1) to fast (> 350 km s−1) CMEs also varies between catalogs: 3.31 for
SEEDS, 1.54 for ARTEMIS, 0.92 for CDAW, and 0.91 for CACTus, the very large value
for SEEDS resulting from its systematic trend of reporting lower speeds than the other three
catalogs as noted Sect. 9. Turning our attention to the variations of the counts between the
two cycles and inspecting the “SC 24/SC 23” ratios, SEEDS generally gives more extreme
values than the other three catalogs. The general trend from these three catalogs is for a
deficit of CMEs of typically 6–20% during SC 24 compared with SC 23. However, this
hides a pronounced difference between the two hemispheres with a ratio approaching or
even slightly exceeding 1 in the northern hemisphere whereas it does not exceed 0.82 in the
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Table 9 Statistics of the ARTEMIS catalog of the detected LASCO CMEs until 28 September 2018

Count SC 23 SC 24 SC 23 + SC 24 SC 24/SC 23

Total 20194 18994 39188 0.94

Total (north) 9938 10636 20574 1.07

Total (south) 10165 8286 18451 0.82

Angular width ≤ 30◦ 11340 10397 21737 0.92

Angular width ≤ 30◦ (north) 5741 5662 11403 0.99

Angular width ≤ 30◦ (south) 5555 4694 10249 0.85

Angular width > 30◦ 8854 8597 17451 0.97

Angular width > 30◦ (north) 4197 4974 9171 1.19

Angular width > 30◦ (south) 4610 3592 8202 0.78

Angular width > 300◦ (halos) 11 195 206 17.7

Speed ≤ 350 km s−1 7397 6478 13875 0.88

Speed ≤ 350 km s−1 (north) 3643 3690 7333 1.01

Speed ≤ 350 km s−1 (south) 3717 2766 6483 0.74

Speed > 350 km s−1 5443 3579 9022 0.66

Speed > 350 km s−1 (north) 2634 1968 4602 0.75

Speed > 350 km s−1 (south) 2786 1597 4383 0.57

Total mass (g) 1.5E+19 1.1E+19 2.7E+19 0.72

Total mass (g) (north) 7.6E+18 6.8E+18 1.4E+19 0.89

Total mass (g) (south) 7.7E+18 4.3E+18 1.2E+19 0.55

Mean mass (g) 1.2E+15 1.1E+15 1.2E+15 0.92

Mean mass (g) (north) 1.2E+15 1.2E+15 1.2E+15 0.99

Mean mass (g) (south) 1.2E+15 9.8E+14 1.1E+15 0.82

Median mass (g) 3.0E+14 2.6E+14 2.9E+14 0.85

Median mass (g) (north) 3.0E+14 2.6E+14 2.9E+14 0.85

Median mass (g) (south) 3.0E+14 2.5E+14 2.9E+14 0.83

southern one. A different picture emerges is the “SC 24/SC 23” ratios are compared to that
of the radio flux of 0.86 which provides a normalization to solar activity. Then ARTEMIS
and CDAW give a slight excess of CMEs during SC 24 compared with SC 23. The above
north/south dichotomy naturally remains, but the relative excess in the northern hemisphere
is amplified whereas the deficit in the southern one almost disappears based on ARTEMIS
and CDAW. But the strongest solar cycle variation is related to the speed as the proportion
of slow to fast CMEs is clearly larger during SC 24 than during SC 23, a situation especially
pronounced in the northern hemisphere. Conversely, there is a deficit of fast CMEs during
SC 24 with the same north/south asymmetry. Curiously, and as noted in Sect. 9, SEEDS
exhibits the opposite behaviour. The solar cycle effect on widths normalized to that of the
radio flux remains limited with mainly an excess of wide CMEs (> 30◦) during SC 24 how-
ever not supported by SEEDS and CACTus. The case of halo CMEs with width exceeding
300◦ is deferred to Sect. 13 below.

The total masses from ARTEMIS and CDAW are in satisfactory agreement and indicate
a marked reduction during SC 24 both in absolute and relative (with respect to the variation
of the radio flux) values. But here again, the situation in the two hemispheres is contrasted
with the reduction being particularly strong in the south and quasi nonexistent (relative to the
radio flux) in the north. Inspecting the mean and median values of the distributions of mass
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Table 10 Statistics of the CDAW catalog of the detected LASCO CMEs until 31 March 2018

Count SC 23 SC 24 SC 23 + SC 24 SC 24/SC 23

Total 11321 10131 21452 0.89

Total (north) 5194 5239 10433 1.01

Total (south) 6000 4794 10794 0.80

Angular width ≤ 30◦ 3810 3213 7023 0.84

Angular width ≤ 30◦ (north) 1800 1729 3529 0.96

Angular width ≤ 30◦ (south) 1975 1455 3430 0.74

Angular width > 30◦ 7511 6918 14429 0.92

Angular width > 30◦ (north) 7511 6918 14429 0.92

Angular width > 30◦ (south) 7511 6918 14429 0.92

Angular width > 300◦ (halos) 400 324 724 0.8

Angular width ≤ 30◦ 3810 3213 7023 0.84

Angular width > 30◦ 7511 6918 14429 0.92

Angular width > 300◦ (halos) 400 324 724 0.8

Speed <= 350 km s−1 4706 5541 10247 1.18

Speed <= 350 km s−1 (north) 2243 2939 5182 1.31

Speed <= 350 km s−1 (south) 2403 2547 4950 1.06

Speed > 350 km s−1 6615 4590 11205 0.69

Speed > 350 km s−1 (north) 2951 2300 5251 0.78

Speed > 350 km s−1 (south) 3597 2247 5844 0.62

Total mass (g) 1.6E+19 1.2E+19 2.8E+19 0.78

Total mass (g) (north) 6.2E+18 5.0E+18 1.1E+19 0.81

Total mass (g) (south) 9.5E+18 7.3E+18 1.7E+19 0.77

Mean mass (g) 2.0E+15 1.6E+15 1.8E+15 0.80

Mean mass (g) (north) 1.7E+15 1.3E+15 1.5E+15 0.75

Mean mass (g) (south) 2.2E+15 1.9E+15 2.1E+15 0.86

Median mass (g) 6.2E+14 4.2E+14 5.2E+14 0.68

Median mass (g) (north) 5.9E+14 4.1E+14 5.0E+14 0.69

Median mass (g) (south) 6.8E+14 4.4E+14 5.5E+14 0.65

during the two cycles, we see that the above north/south dichotomy is much less pronounced
than for the global masses to the point of being nearly negligible for the median values. There
appears some differences between the ratios of the mean values given by the two catalogs,
especially in the northern hemisphere. Quite remarkably, the ratios of the median values
are independent of the hemispheres with however different values for ARTEMIS (≈ 0.85
similar to the ratio of the radio flux) and for CDAW (≈ 0.67). We therefore do not confirm
by far the huge ratios claimed by Gopalswamy et al. (2015c) when comparing SC 23 and
SC 24, namely a ratio of 3 between the average masses (SC 24/SC 23 = 0.33) and a ratio of
2.2 (SC 24/SC 23 = 0.46) between the median masses.

12.2 CMEs and Indices/Proxies of Solar Activity

Solar activity is traditionally represented by the international sunspot number (SSN), but
there are many other measures, which may be useful to connect CME variability to solar
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Table 11 Statistics of the SEEDS catalog of the detected LASCO CMEs until 29 October 2018

Count SC 23 SC 24 SC 23 + SC 24 SC 24/SC 23

Total 26572 16987 43559 0.64

Total (north) 13892 8996 22888 0.65

Total (south) 12394 7778 20172 0.63

Angular width ≤ 30◦ 19412 12800 32212 0.66

Angular width ≤ 30◦ (north) 10220 6736 16956 0.66

Angular width ≤ 30◦ (south) 8981 5907 14888 0.66

Angular width > 30◦ 7160 4186 11346 0.58

Angular width > 30◦ (north) 7160 4186 11346 0.58

Angular width > 30◦ (south) 7160 4186 11346 0.58

Angular width > 300◦ (halos) 0 25 25 Inf

Speed ≤ 350 km s−1 21021 12431 33452 0.59

Speed ≤ 350 km s−1 (north) 11088 6519 17607 0.59

Speed ≤ 350 km s−1 (south) 9708 5747 15455 0.6

Speed > 350 km s−1 5551 4555 10106 0.82

Speed > 350 km s−1 (north) 2804 2476 5280 0.88

Speed > 350 km s−1 (south) 2686 2031 4717 0.8

Table 12 Statistics of the CACTus catalog of the detected LASCO CMEs until 29 October 2018

Count SC 23 SC 24 SC 23 + SC 24 SC 24/SC 23

Total 12240 9759 21999 0.80

Total (north) 6070 5346 11416 0.88

Total (south) 6050 4326 10376 0.72

Angular width ≤ 30◦ 8024 7161 15185 0.89

Angular width ≤ 30◦ (north) 4050 3915 7965 0.97

Angular width ≤ 30◦ (south) 3902 3182 7084 0.82

Angular width > 30◦ 4216 2598 6814 0.62

Angular width > 30◦ (north) 2020 1431 3451 0.71

Angular width > 30◦ (south) 2148 1144 3292 0.53

Angular width > 300◦ (halos) 115 45 160 0.4

Speed ≤ 350 km s−1 4845 5620 10465 1.16

Speed ≤ 350 km s−1 (north) 2422 3111 5533 1.28

Speed ≤ 350 km s−1 (south) 2367 2459 4826 1.0

Speed > 350 km s−1 7395 4139 11534 0.56

Speed > 350 km s−1 (north) 3648 2234 5882 0.61

Speed > 350 km s−1 (south) 3683 1867 5550 0.5

variability and cast some light on the sources of CMEs. Our comparisons have been based
so far on the radio flux at 10.7 cm for reasons stated in Sect. 4. The decimetric radio flux is
considered as a coronal index (Tapping 2006) although it is partly chromospheric. It is dom-
inated by free-free emission from plasma concentrations trapped over active regions but also
contains a contribution from gyroresonance at low harmonics of the electron gyrofrequency,
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originating in the corona over sunspots. We introduce another coronal proxy, namely the 1–
8 Å soft X-ray background measured by the GOES satellites,7 which is probably the “purest”
index of coronal activity (Tapping 2006). This radiation is prominently produced in plasmas
with electron temperatures of 106 K or more, henceforth typical of coronal temperatures, by
free-free bremsstrahlung. We complete our selection by three photospheric indices/proxies:
sunspot number (SSN), sunspot area (SSA), and total photospheric magnetic flux (TMF).
The SSN data come from the WDC-SILSO data center,8 and the SSA data from the RGO
database.9 The total photospheric magnetic flux (TMF), calculated from the Wilcox Solar
Observatory photospheric field maps, was kindly made available to us by Y.-M. Wang; detail
can be found in Wang and Sheeley (2003). All indices are considered globally and, when
available, by hemisphere to highlight any north-south asymmetry. Throughout this section,
the CME and index/proxy data were sampled into 27.3 day Carrington rotations and the
latter data were arbitrarily scaled and shifted in the vertical direction to match the CME
data during SC 23. Classically, the comparison with the indices/proxies is performed using
the CME occurrence rate and we follow this practice. But based on the arguments given by
Wang and Colaninno (2014), we concur that it is physically more meaningful to consider
the CME mass rate since this solution is more robust against faint ejections which contribute
relatively little to the mass.

As already emphasized in Sect. 4, the ARTEMIS occurrence and mass rates closely track
the long- and short-term variations of the radio flux, accurately reproducing its finest fluctu-
ations with very few exceptions (Fig. 49). The only difference between the two CME rates
concerns SC 24: whereas the CME mass rate remains close to the radio flux during the two
cycles, the occurrence rate presents a systematic excess during SC 24 with respect to the
radio flux by a multiplicative factor of ≈ 1.2. A similar result globally holds for the X-ray
background (Fig. 49) although (i) it exhibits much larger fluctuations than the radio flux,
(ii) it starts to diverge from the CME occurrence rate during the declining phase of SC 23
and (iii) its match to the CME mass rate during SC 24 is slightly inferior to that of the radio
flux.

In a broad stroke, the above tracking is observed for both SSN and SSA, the CME mass
rate tracking their evolution throughout the two cycles whereas the occurrence rate presents
a systematic excess during SC 24 (Fig. 50 and 51). Having the data available separately for
each hemisphere allows having a deeper insight into this difference. This systematic excess
comes almost exclusively from the northern hemisphere as seen in both the CME occurrence
and mass rates. To the contrary, these rates pretty much track the variations of the indices in
the southern hemisphere, the agreement being conspicuously superior for the mass rate than
for the occurrence rate. This asymmetry between the two hemispheres is clearly confirmed
by the occurrence rates given by the other three catalogs, SEEDS, CACTus, and CDAW
with minor differences (Fig. 52). Finally, both occurrence and mass rates track the TMF
variations with the restrictions noted above; note in addition, pronounced deviations present
in the southern hemisphere during SC 23 which were not present in the case of the SSN and
SSA indices (Fig. 53). Finally, we point out that the strong peaks present in both SSA and
TMF extending from October 2014 to March 2015 result from the large sunspot complex
AR 12192 (Sheeley and Wang 2015) which were extremely CME-poor (Sun et al. 2015).

Table 13 presents the Pearson correlation coefficients between the CME occurrence and
mass rates and the selected indices/proxies of solar activity. They offer a quantitative and

7http://www.swpc.noaa.gov/ftpdir/indices/old_indices/.
8http://www.sidc.be/silso/datafiles.
9http://solarscience.msfc.nasa.gov/greenwch.shtml.

http://www.swpc.noaa.gov/ftpdir/indices/old_indices/
http://www.sidc.be/silso/datafiles
http://solarscience.msfc.nasa.gov/greenwch.shtml
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Fig. 49 Temporal variations of the ARTEMIS CME rates per Carrington rotation compared with those of
the radio flux at 10.7 cm (upper two panels) and the soft X-ray background (lower two panels). Each couple
of panels displays the CME occurrence rate (top one) and the mass rate (bottom one)

synthetic view of their relationships over the two solar cycles and separately for SC 23
and 24 on the one hand and globally and separately for each hemisphere on the other hand.
They confirm the results of the analysis of the temporal variations and allow to rank the
indices/proxies which best track the CME rates according to the values of the correlation
coefficient. For the occurrence rate, the order is radio flux (0.87), SSN and TMF (0.86),
SSA (0.81), X-ray (0.79) and the coefficients are, with a couple of exceptions, systematically
larger in the south hemisphere than in the northern one. For the mass rate, the order is radio
flux (0.86), SSA (0.85), SSN and X-ray (0.83), TMF (0.81); however the above south/north
dichotomy is much less pronounced. As seen from the above global values, the correlations
are all very high. But isolating SC 24 and the northern hemisphere, we note a degradation
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Fig. 50 Temporal variations of the ARTEMIS CME rates per Carrington rotation compared with those of the
sunspot numbers, globally and separately in the two hemispheres. The upper three panels display the CME
occurrence rate and the lower three panels display the mass rate
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Fig. 51 Temporal variations of the ARTEMIS CME rates per Carrington rotation compared with those of
the sunspot areas, globally and separately in the two hemispheres. The upper three panels display the CME
occurrence rate and the lower three panels display the mass rate
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Fig. 52 Temporal variations of the SEEDS, CACTus and CDAW CME occurrence rates per Carrington
rotation compared with those of the sunspot numbers separately in the two hemispheres
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Fig. 53 Temporal variations of the ARTEMIS CME rates per Carrington rotation compared with those of
the total magnetic flux, globally and separately in the two hemispheres. The upper three panels display the
CME occurrence rate and the lower three panels display the mass rate
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Table 13 Pearson correlation
coefficients between the CME
occurrence and mass rates and
the selected indices/proxies of
solar activity

CMEs occurrence rate CMEs mass rate

Global North South Global North South

Radio flux All 0.87 0.86

SC 23 0.93 0.87

SC 24 0.95 0.89

X-ray All 0.79 0.83

SC 23 0.84 0.84

SC 24 0.90 0.88

SSN All 0.86 0.74 0.85 0.83 0.71 0.77

SC 23 0.92 0.86 0.88 0.84 0.77 0.77

SC 24 0.93 0.72 0.87 0.88 0.68 0.78

SSA All 0.81 0.66 0.78 0.85 0.71 0.77

SC 23 0.88 0.82 0.82 0.88 0.77 0.80

SC 24 0.85 0.55 0.76 0.81 0.73 0.70

TMF All 0.86 0.73 0.80 0.81 0.69 0.72

SC 23 0.90 0.86 0.83 0.82 0.74 0.77

SC 24 0.92 0.71 0.79 0.80 0.68 0.63

of the correlation with coefficients dropping to approximately 0.7 and even to 0.55 in one
case, a behaviour consistent with the temporal variations.

Figure 54 displays the scatterplots of the occurrence and mass rates against the selected
indices and proxies. They all indicate clear linear relationships with however different but
consistent slopes for the two solar cycles implying that the CME rates were relatively larger
during SC 24 than during SC 23 when compared to any indices/proxies of solar activity.
This effect is particularly pronounced for the occurrence rate and less so for the mass rate;
it was barely visible in the temporal variations but is revealed by the scatterplots. In other
words, the CME activity was stronger during SC 24 than during SC 23 when compared
to solar activity as measured by all considered indices or proxies. For instance, using the
radio flux as a reference, the occurrence rate was larger by 40% and the mass rate by 9.2%.
The dispersion of the data points around the linear regressions reflects the closeness of the
tracking and here again, this criterion confirms that the CMEs best track the radio flux.

The results for the phase lag of the CME occurrence rate with respect to the in-
dices/proxies are presented in Fig. 55. With the exception of the TMF, the maximum corre-
lation corresponds to a phase lag of strictly zero in units of Carrington rotation (27.3 days).
The maximum is less pronounced in the case of the TMF and extends in fact over 2 CRs but
this does not really affect our conclusion that the ARTEMIS CME occurrence rate rigorously
tracks solar activity.

13 Specific CMEs

13.1 Halo CMEs

From observations with the Solwind coronagraph in 1979, Howard et al. (1982) reported a
completely new form of coronal transients as a “halo of excess brightness completely sur-
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Fig. 54 Scatterplots of the ARTEMIS occurrence (left column) and mass (right column) rates per Carrington
rotation against five indices and proxies of solar activity: radio flux, soft X-ray background, SSN, SSA, and
TMF. The solid lines are the linear regressions to the data points separately for SC 23 (in black) and for SC 24
(in blue)

rounding the occulting disk and propagating radially outward in all directions from the Sun”.
This observation had far reaching consequences: (i) it established the three-dimensional
structure of CMEs which was a matter of debate at that time, (ii) it recognized its direction
toward the Earth thus providing the link with geomagnetic disturbances and (iii) it recog-
nized its association with interplanetary shock wave. In the pre-LASCO era, these events
were very rare but the superior performances of the LASCO coronagraphs has greatly facil-
itated their detection and they became a topic of research on their own (e.g., Sheeley et al.
1999; Webb 2000; Temmer et al. 2008; Yurchyshyn 2008; Zhao 2008; Gopalswamy et al.
2015b; Shanmugaraju et al. 2015). Indeed, halo CMEs are important for several reasons as
emphasized by Webb and Howard (2012), notably their source region can be documented in
greater detail than other CMEs and the Earth-directed ones can be connected to geomagnetic
disturbances.

Gopalswamy et al. (2003a) distinguished three types of halo CMEs. “Full halos” com-
pletely surround the occulter and originate close to the center of the Sun seen by the coro-
nagraph (frontside halo) or on the opposite side (backside halo); only the former may be
geoeffective. “Partial halos” partially surround the occulter and originate at some distance
from the center of the Sun but are wide enough to appear over a sector of variable extent.
“Asymmetric halos” are an intermediate type being first observed as partial halos and be-
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Fig. 55 Phase lag of the ARTEMIS CME occurrence rate with respect to the indices/proxies: radio flux, soft
X-ray background, SSN, SSA, and TMF. The results are shown for the occurrence (solid lines) and mass
(dashed lines) rates, and separately for the northern (red lines) and the southern (blue lines) hemispheres. The
lag is expressed in units of Carrington rotation

coming full halos as they propagate and expand in the field of view of the coronagraph. This
is evidently a matter of geometry controlled by the location of the source of the CME and
its width and there is a continuum from limb CMEs to full halo CMEs implying that halo
CMEs should have physical properties similar to those of the classical limb CMEs. However
these geometric conditions bias the detection and characterization of halo CMEs in several
ways. First, the line-of-sight integral of the Thomson scattering by electrons is comparably
weaker for a CME observed as a halo than observed as a limb event thus reducing their con-
trast with respect to the background corona; consequently, halo CMEs are under detected.
Second, projections effects are maximized for halo CMEs thus biasing the determination of
their physical properties such as speed and mass unless these effects are estimated by in-
dependent observations (for instance, combining LASCO and SECCHI images). In spite of
these restrictions, the CDAW data on halo CMEs revealed that they are faster than average
CMEs by a factor of at least two (Yashiro et al. 2004; Gopalswamy et al. 2007, 2010). Later
on, Gopalswamy et al. (2015b) compared the numbers of halo CMEs during correspond-
ing time intervals of 73 months in SC 23 (May 1996–June 2002) and in SC 24 (December
2008–December 2014) and found that they are more abundant in SC 24 than in SC 23.

For the purpose of our statistical analysis, a threshold on the width of halo CMEs is
required that takes into account the above geometric considerations. Careful inspection of
the distributions of width (Fig. 27) indicates that there is a clear turnover at ≈ 300◦ with
an upward trend beyond best seen in the ARTEMIS and CACTus curves. Note the suspect
mere absence of CDAW CMEs in the interval 300◦–355◦ and a pronounced peak in the last
bin at 360◦—both contrasting with the behaviour of the other data sets—suggesting that the
CDAW operators may have classified partial halos as full halos when their widths reached
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Fig. 56 Monthly occurrence rates (smoothed over 3 months) of halo CMEs with width > 300◦ reported by
the four catalogs

Table 14 Count, mean, and
median speeds (km s−1) of halo
CMEs with widths > 300◦
reported by the four catalogs
during SC 23 and SC 24 and
globally during the two cycles

Count SC 23 SC 24 SC 23 + SC 24

ARTEMIS 11 195 206

SEEDS 0 27 27

CACTus 116 46 162

CDAW 400 324 724

Mean Speed SC 23 SC 24 SC 23 + SC 24

ARTEMIS 745 588 606

SEEDS – 526 526

CACTus 1234 902 1139

CDAW 1039 910 981

Median speed SC 23 SC 24 SC 23 + SC 24

ARTEMIS 755 498 559

SEEDS – 204 204

CACTus 1171 801 1114

CDAW 907 820 981

≈ 300◦. Gopalswamy et al. (2015b) did indicate that their halo designation is based on the
appearance in C3 because some CMEs appear as partial halos in the C2 field of view and
become full halos only in that of C3, but that should not affect all of them and that does not
explain the deficit of CMEs in the interval 300◦–355◦. In addition, CACTus relies on C3
observations as well. Weighting the different arguments, we adopted a threshold of 300◦ to
declare a halo CME for our statistical analysis.

Figure 56 displays their monthly occurrence rates reported by the four catalogs and Ta-
ble 14 summarizes their total numbers per solar cycle and globally for the two cycles. A first
striking outcome is the exceedingly large number of halos found by CDAW compared with
the other three catalogs; this is likely a consequence of CDAW reporting widths systemati-
cally larger than those of the other catalogs, see Fig. 26. Both facts probably stem from the
capability of the human eye to detect faint extensions that are missed by automatic detection
algorithms. A second striking outcome is the larger number of CDAW halos during SC 23
than during SC 24 (a trend also present in the CACTus halos) in contradiction with the re-
port of Gopalswamy et al. (2015b) which was probably biased by their partial census in the
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Fig. 57 Monthly occurrence rates of ARTEMIS CMEs with width > 180◦ (upper panel) and with width
> 300◦ (lower panel)

two solar cycles. In contrast, SEEDS reports very few halos and even none during SC 23
and thus agrees with ARTEMIS in finding a larger number during SC 24 than during SC 23.
Figure 57 which displays the monthly occurrence rate of ARTEMIS CMEs in two intervals
of width, > 180◦ and > 300◦, demonstrates that the trend of larger halos during SC 24 is in
fact not limited to halos but affects a very broad range of CMEs.

Figure 58 displays the distributions of speeds of halo-CMEs from the four data sets and
Table 14 summarizes the mean and median values. Unlike the other three catalogs, CDAW
report speeds in excess of 2000 km s−1 and its distributions are further strongly skewed to-
ward low speeds. CACTus and CDAW mean and median values are systematically larger
than those of ARTEMIS and SEEDS with CACTus reporting the largest values during
SC 23; this latter behaviour is consistent with that observed for the whole population of
CMEs, see Sect. 9 and Fig. 35. The three data sets ARTEMIS, CACTus, and CDAW which
detected halo CMEs during SC 23 and 24 concur in having both mean and median speeds
in SC 24 significantly smaller than in SC 23. These distributions and the mean and median
values of the projected speeds are markedly larger than those of normal CMEs as illus-
trated in Fig. 34 and 35. For example, the mean values for the halo CMEs lie in the range
500–1100 km s−1 to be compared with 200–400 km s−1 for the global population. Grant-
ing that they are underestimated by the projection effect, the real speeds should be even
larger which raises the question whether halo CMEs are so special, a question addressed in
Sect. 15.

13.2 Stealth CMEs

“Stealth CMEs” refers to CMEs having no distinct solar surface association and have been
considered as a special type warranting specific investigations to characterize their proper-
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Fig. 58 Distributions of the apparent speeds of halo CMEs from the ARTEMIS, SEEDS, CACTus, and
CDAW catalogs. The upper panel covers the two solar cycles and the two lower panels SC 23 and 24

ties. This terminology is rather new and was introduced by Ma et al. (2010), but the dis-
covery of “orphan” CMEs dates back to the Skylab and SMM era when Wagner (1984b)
found that a considerable number of CMEs had no associated flare, eruptive prominence,
X-ray or radio burst. These “spontaneous” CMEs as Wagner (1984b) called them amounted
to almost one half of the Skylab CMEs and almost one third of the SMM CMEs. The in-
terest developed with the advent of the STEREO mission, making use of the stereoscopic
viewpoints complemented by SoHO and SDO observations to locate CMEs and search for
associated events on the Sun. Indeed, several statistical and case-by-case studies showed that
a fraction of CMEs do not have any signature on the disk (e.g., Plunkett et al. 2002; Howard
and Simnett 2008; Robbrecht et al. 2009; Ma et al. 2010; Vourlidas et al. 2011; Wang et al.
2011; Kilpua et al. 2014; Schanche et al. 2016; Nitta and Mulligan 2017). But even be-
fore the STEREO era, ≈ 10% of major geomagnetic storms were known to come from
CMEs without clear surface activities (Zhang et al. 2007). They were sometime referred to
as “problem storms” and Robbrecht et al. (2009) used by analogy the term “problem CMEs”
before the terminology “stealth CMEs” took over usually referring to those CMEs having
no obvious on-disk signature. In spite of being often slow and diffuse, although wide, they
can cause heliospheric disturbances (e.g., Robbrecht et al. 2009; Kilpua et al. 2014) and a
number of them are geoeffective (Nitta and Mulligan 2017). In a recent study, Alzate and
Morgan (2017) considered a set of 40 stealth CMEs identified by D’Huys et al. (2014) and
applied new image processing techniques that led to an association for all of them with some
form of low coronal signatures such as small flares, jets, or filament eruptions. They thus
concluded that stealth CMEs arise from observational and processing limitations. However,
these features were over the limb so that their techniques did not help in isolating the source
region on the disk. Robbrecht et al. (2009) suggested that stealth CMEs have their source
high in the corona, thus explaining the lack of on-disk signature whereas Nitta and Mulligan
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(2017) found a tendency for the source regions to be located near coronal holes or open field
regions. This topics of stealth CMEs is extensively covered in the review article of Webb
and Howard (2012) and was later put in perspective by Howard and Harrison (2013). In the
view of the latter authors, stealth CMEs belong to a large spectrum of coronal responses
meaning that their physics is not fundamentally different from CMEs associated with major
surface events. We found appropriate to briefly address this aspect of CME study before
investigating the question of the sources of CMEs in the next section.

14 Associations and Implications for the Origin of CMEs

The question of the physical relationship between CMEs and other manifestations of tran-
sient solar activity received an immediate attention after the discovery of CMEs in an effort
to understand their origin and initiation. In the pre-LASCO era, considerable work was al-
ready performed and CMEs were observed to occur in conjunction with flares and eruptive
prominences or filament disappearances (e.g., Gosling et al. 1974; Munro et al. 1979; Webb
and Hundhausen 1987; Harrison 1991; Kahler 1992), and with helmet streamer disruptions
or blowouts (e.g., Howard et al. 1985; Illing and Hundhausen 1986; Wolfson et al. 1987;
Hundhausen 1993). The LASCO era witnesses an explosion of works that are presented
in the following sub-sections organized according to the different associations. They boil
down to identify the sources of CMEs and establish whether different sources translate into
the existence of different classes of CMEs. Two main procedures were implemented, either
a case-by-case analysis (i.e., establishing a direct link) consequently limited number to a
small number of events or a statistical approach on a very large number of events associated
on the basis of their temporal and spatial proximity. In the framework of this present study,
we naturally adopted the second approach and relied on the ARTEMIS CME catalog since it
has never been used for this kind of investigation. As a matter of comparison, we performed
a parallel analysis using the SEEDS catalog in the case of CME–prominence association.

14.1 CMEs and Flares

The physical connection between solar flares and coronal mass ejections has long been a
topic of debate in solar physics and remains the subject of on-going research. Some kind
of relationship seems plausible since flares and CMEs are the most energetic processes in
the solar corona that are considered as two aspects of large-scale conversion of free coronal
magnetic energy into radiative and particle beam (flare) and kinetic (CME) energy. It is gen-
erally accepted that the connection is only partial and that there is no one-to-one relationship
between CMEs and flares, one being not the cause for the other (Webb and Howard 2012).
Numerous articles have been published on the Flare-CME association and most of them are
discussed in the review by Webb and Howard (2012). More recent works include Aarnio
et al. (2011), Youssef (2012), Nitta et al. (2014), Nindos et al. (2015), Salas-Matamoros and
Klein (2015), Mittal et al. (2016), Aschwanden (2017), Compagnino et al. (2017), Murray
et al. (2018), and Syed Ibrahim et al. (2018). Note that these past studies rely solely on the
CDAW catalog of CMEs with a few exceptions where the CACTus catalog was used, and
that the longest time coverage did not extend beyond December 2014. Trends have been
observed such as flares with X-ray ejecta being always associated with CMEs (Nitta and
Akiyama 1999) and the fastest, most energetic CMEs being associated with the brightest
flares (Yashiro et al. 2005). Even the latter association is not without counter-example as
large active regions that produced major flares of X-class and M-class types were found to
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Fig. 59 Monthly occurrence rates of C-class flares (blue line), M-class flares (green line), X-class flares (red
line), CMEs (solid black line), and CMEs with mass (dashed black line)

lack associated CMEs, notably AR 5395 in March 1989 (Feynman and Hundhausen 1994)
and AR 12192 in October 2014 (Sun et al. 2015).

Very much like many past investigations, we are particularly interested in the following
aspects: (i) the fraction of the population of CMEs associated with flares, (ii) the physical
properties of CMEs related to different classes of flares, and (iii) their relationship with the
properties of flares. Our procedure follows that widely implemented in the past: it makes use
of the observations by the GOES satellites which offer a long, homogeneous data set of soft
X-ray flares, and applies both temporal and spatial criteria for establishing the flare–CME
putative association. With very few exceptions, the past searches have been limited to the
highest energy classes, X, M and all or part of C since it is very difficult to associate A and
B flares to CMEs (Yashiro et al. 2006). Figure 59 displays the monthly occurrence rates
of the X-, M-, and C-class flares together with that of ARTEMIS CMEs for comparison.
During SC 23, the rate of C flares is comparable to that of CMEs with listed mass (slightly
less during SC 24) giving the impression that all CMEs could be associated with a flare.
According to Gopalswamy et al. (2010), this stems from the definition of flares if they are
considered “as the enhanced electromagnetic emission from the structures left behind after
CME eruptions”. Past studies have generally excluded the low energy C subclasses and
retained flare size ≥ C3 level (Yashiro et al. 2008) or ≥ C4 level (Aschwanden et al. 2016).
However, another consideration limits the number of useable flares, the determination of
their location on the solar disk since this information is required to implement the spatial
criterion. Figure 60 shows the impact of this selection and further reveals two large gaps in
the useable data, a two-year gap from June 2007 to June 2009 (due to malfunctioning of the
detector) and a one-year gap in 2011 during which the locations of the flares are unavailable.
Our search for associations therefore exclude these three years. The first gap fell during the
SC 23 minimum during which the number of flares was likely very low so its impact is
negligible. This is less so for the second gap which occurred during the ascending phase
of SC 24 during which the number of flares was already quite large. Table 15 summarizes
separately for the two solar cycles the results of the above selections and constraints. Note
that the difference between levels ≥ C3 and ≥ C4 amounts to 1000 flares during SC 23 and
415 flares during SC 24. The following results are prominently given for flares with levels
≥ C3 on the basis that the C3 level is the middle value of C1 and M1 on a logarithmic scale
as noted by Yashiro et al. (2005); however, we occasionally include those for the whole
C-class and for level ≥ C4 to facilitate the comparison with published results.
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Fig. 60 Monthly occurrence rates of X+M+C flares (black line) and with the restriction of known position
angle (red line)

Table 15 Number of flares of
different classes and of CMEs
over the time intervals common
to both data sets

Cycle 23 Cycle 24

All flares With PA All flares With PA

All classes 22745 12085 11506 4629

Class C 13106 7247 6343 3278

Class C ≥ 3 4788 3005 1849 1171

Class C ≥ 4 3113 2011 1168 756

Class M 1431 1051 590 399

Class X 126 107 37 27

C + M + X 14663 8405 6970 3704

C ≥ 3 + M + X 6345 4163 2476 1597

C ≥ 4 + M + X 4670 3169 1795 1182

All CMEs With mass All CMEs With mass

CMEs 19835 12610 15685 8244

The temporal criterion is applied first and it requires that both flare and CME occur within
a given time interval �t = tf lare − tCME . The GOES catalog lists three different times for the
flares: start, peak, and end. Aarnio et al. (2011) (see their Fig. 4 based on the CDAW catalog)
and Compagnino et al. (2017) (see their Fig. 9 based on the CDAW and CACtus catalogs)
concluded that the choice of one of these times has little impact on the association and that a
time window of [10–80] min effectively isolates the peak in number of pairs while limiting
the contribution of the background events. We performed similar tests and confirm the above
conclusions. We finally adopted the flare peak time emphasizing that this choice has little
impact on our final results and the above time window thus retaining CMEs which occur 10
to 80 min after the flare peak time. Strictly speaking, the CME launch time is unknown from
the LASCO-C2 data unless one extrapolates downward the height-time curves. In practice,
the observed “start time” corresponds to the time the CME first appears in the C2 images
and more precisely at a height of 3 R� in the case of ARTEMIS. To put the upper limit of
the time window in perspective, 80 min corresponds to the travel time from the solar surface
to 3 R� for a limb CME having a constant projected speed of 290 km s−1.
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The application of the spatial criterion assumes nearly radial propagation from the flare
site. The heliographic coordinates of the flare given by the GOES catalog10 are converted to
spherical coordinates and the radial direction from the center of the Sun to the flare location
is projected on the sky defining the position angle PA of that flare. The specification of an
angular window is complicated by the fact that flares are often spatially offset to one side
of the CME being localized at the footpoint, rather than the center of the CME (Simnett
and Harrison 1984, 1985). In their thorough analysis of this question, Yashiro et al. (2008)
found that, whereas X-class flares tend to lie at the center of the associated CME, C-class
flares widely spread to the outside of the CME span. Here again, we rely on the statistical
analysis of Aarnio et al. (2011) which shows that the angular separation of flares and CME
central position angles exhibits a clear peak at 0 ± 45 deg (see their Fig. 3) and retain that
angular window. An additional spatial criterion bearing on the longitude was introduced by
Yashiro et al. (2006). Flares located close to the central meridian are naturally connected
to halo or partial halo CMEs whose visibility is reduced in comparison with limb CMEs
because of the lower contrast against the background corona. Henceforth, when considering
the properties (mass, kinetic energy) of these CMEs, a bias toward high values may be
present. Yashiro et al. (2006) set different longitude constraints depending upon the flare
class but in a subsequent article (Yashiro et al. 2008), they simplified it to a single constraint
excluding the longitude range of ±45 deg irrespective of the flare class. We incorporated
this additional constraint in our analysis to check whether it has any impact on our results.

The search for the associations was independently performed for each class of flares and
separately for the two solar cycles and it generally produced a single solution. In the very
few cases where two solutions were found (never more), we selected the pair whose time
difference was closest to 45 min, that is the closest to the mid-point of the time window.

The statistical results of the association process are presented in Table 16. A noteworthy
result is that 5.7% of all ARTEMIS CMEs were associated with C + M + X class flares
during SC 23 in the general case of no constraint on the flare longitude, this percentage
dropping to 2.9% during SC 24. The former value may be compared to the 11% found by
Aarnio et al. (2011) during the time interval [1996–2006], i.e. very close to SC 23. But two
corrections must be introduced accounting for (i) the difference in CME occurrence rates
between CDAW (used by Aarnio et al. 2011) and ARTEMIS, that is a factor of ≈ 1.5 and
(ii) the inclusion of the B-class flares by Aarnio et al. (2011) which represent 30% of the total
number of flares that they considered. They did not specify the percentage of association per
flare class but we can adopt the above 30% to get a rough estimate. Combining the two
scaling factors, the original 11% of Aarnio et al. (2011) reduces to 5.6%, well in line with
our own result of 5.7%. To put these numbers in perspective, the analysis of the Skylab
CME data by Munro et al. (1979) yielded 40% and that of the SMM CME data by Webb
and Hundhausen (1987) and St. Cyr and Webb (1991) yielded 26% and 34%, respectively.
Note that the above analysis relied on less than a hundred CMEs. From the point of view of
the flares with known PA, the percentages of their associations with CMEs are: 12% (SC 23)
and 14% (SC 24) for the C-class, 20% (SC 23) and 18% (SC 24) for the M-class, and 31%
(SC 23) and 33% (SC 24) for the X-class flares. Interestingly, the results are quasi similar
for the two cycles whereas SC 24 was weaker than SC 23. As expected, the percentages
increase with the flux of the flares as found for instance by Yashiro et al. (2005) in their
analysis which covered the [1996–2004] time interval (that is essentially SC 23), but we
strongly disagree with their reported values: 20% for the C-class, 49% for the M-class, and
91% for the X-class flares.

10https://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-features/solar-flares/x-rays/goes/xrs/.

https://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-features/solar-flares/x-rays/goes/xrs/
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Table 16 Summary of the number of flares associated with CMEs for different classes of flares and for solar
cycles 23 and 24. The left column labeled “all longitude flares” corresponds to the full range of longitude
whereas the right column labeled “limb flares” corresponds to the case where flares with longitude in the
±45 deg interval are excluded

Cycle 23, all longitude flares Cycle 23, limb flares

# of flares % of CMEs # of flares % of CMEs

All With mass All With mass

Class C 875 4.4 2.9 446 2.2 1.5

Class C3–9 417 2.1 1.4 226 1.1 0.78

Class C4–9 278 1.4 0.95 148 0.75 0.51

Class M 214 1.1 0.82 118 0.59 0.47

Class X 33 0.17 0.14 18 0.09 0.09

C + M + X 1122 5.7 3.9 582 2.9 2.1

C3–9 + M + X 664 3.4 2.4 362 1.8 1.3

C4–9 + M + X 525 2.6 1.9 284 1.4 1.1

Cycle 24, all flares Cycle 24, limb flares

# of flares % of CMEs # of flares % of CMEs

All With mass All With mass

Class C 460 2.9 1.6 210 1.34 0.71

Class C3–9 168 1.1 0.59 87 0.55 0.29

Class C4–9 108 0.69 0.40 54 0.34 0.18

Class M 72 0.46 0.33 41 0.26 0.18

Class X 9 0.06 0.04 6 0.038 0.02

C + M + X 541 3.4 2.0 582 2.9 2.1

C3–9 + M + X 249 1.6 0.96 362 1.8 1.3

C4–9 + M + X 189 1.2 0.77 284 1.4 1.1

The heliolatitudinal distributions from 1996 to 2017 of the CME-flare associated pairs
are displayed in Fig. 61 and offer a visual perception of the angular separations. The but-
terfly pattern is clearly seen in the distribution of the C-class flares and slightly less so in
that of the C3–9 flares (i.e., those with levels ≥ C3) whereas it is far less pronounced for
the CMEs. The association process, particularly the spatial criterion, tends to include the
very numerous equatorial CMEs to the point of possibly questioning the validity of their
association. This possible bias is much weaker to nearly absent for the M- and X-class flares
whose associations with CMEs appear on a safer ground.

Figure 62 presents the global view of the physical properties of the CMEs associated with
flares depending upon their class. The distributions of mass, speed, and width are system-
atically compared to those of the overall population of CMEs; note that for the width, this
means all CMEs and not the restricted set of CMEs with mass and speeds (a black line is
however used in both cases). The two columns correspond to whether or not the restriction
on flare longitude is imposed. It is readily seen that this condition has a totally marginal
influence on the distributions. Table 17 displays the median values of the three distributions
mass, speed, and width in the case of no restriction on flare longitude. The values are given
for the whole interval [1996–2018] and separately for each solar cycle. The reference values
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Fig. 61 Heliolatitudinal distributions of the CME-flare associated pairs depending upon the flare class

are for the global set of CMEs in the case of width and for the subset of CMEs with known
mass in the case of mass and speed. Our results confirm all past conclusions (Gosling et al.
1976; MacQueen and Fisher 1983; Kahler et al. 1989; Moon et al. 2002; Burkepile et al.
2004; Yashiro et al. 2005; Compagnino et al. 2017) that CMEs associated to the high flux
X- and M-class flares have significantly larger mass, speed and width than the overall pop-
ulation of CMEs. The effect is less pronounced for CMEs associated with the lower energy
C-class flares and in fact tends to decrease with decreasing flare flux as seen by comparing
the results for the whole C-class and for the restricted subclass C3–9. There is no significant
systematic trend affecting the distributions of mass, width, and speed between the two solar
cycles. Differences are present but they go in both directions being either larger or smaller
depending upon the flare class. The case of speed is somehow peculiar: during SC 24, its
values are larger for those CMEs associated with X + M flares whereas the opposite situ-
ation prevails for those CMEs associated with the C3–9 flares, and whereas the difference
is marginal for those CMEs associated with the whole C-class flares. This behaviour most
likely illustrates the fact that there is no one-to-one relationship between CMEs and flares
as underlined in the introduction of this section.
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Fig. 62 Distribution of the physical properties of CMEs associated with different classes of flares: from top
to bottom, width, global speed, mass, and kinetic energy. The left column corresponds to the case where
there is no condition on the longitude of flares and the right column to the case where the longitude interval
±45 deg is excluded

Following Aarnio et al. (2011) and Compagnino et al. (2017) who established a relation-
ship between flare flux and CME mass (based on the CDAW catalog), we display in Fig. 63
the scatterplot of the flux of the associated flares integrated from their start to end in the
0.1–0.8 nm range and expressed in J m−2 (as listed on the GOES website) versus CME mass
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Fig. 63 Scatterplot of the CME mass as a function of energy flux of flares of different classes. The solid
lines show the corresponding linear regressions

Table 17 Summary of the
median values of the distributions
of width, speed, mass, and kinetic
energy for CMEs associated with
flares. The reference values are
for the global set of CMEs in the
case of width and for the subset
of CMEs with known mass in the
case of mass and speed

Width (◦)

SC 23 + 24 SC 23 SC 24

Reference 25.2 24.8 26.0

Class X + M 78 80 70

Class C3–9 33 31 36

Class C 31 30 34

Speed (km/s)

SC 23 + 24 SC 23 SC 24

Reference 298 313 279

Class X + M 522 533 467

Class C3–9 375 371 410

Class C 343 345 334

Mass (g)

SC 23 + 24 SC 23 SC 24

Reference 2.9 × 1014 3.0 × 1014 2.6 × 1014

Class X + M 3.0 × 1015 3.0 × 1015 3.1 × 1015

Class C3–9 4.8 × 1014 4.3 × 1014 5.7 × 1014

Class C 3.7 × 1014 3.9 × 1014 3.3 × 1014

KE (erg)

SC 23 + 24 SC 23 SC 24

Reference 1.3 × 1022 1.5 × 1022 1.0 × 1022

Class X + M 3.8 × 1023 5.0 × 1023 2.2 × 1023

Class C3–9 3.8 × 1022 3.4 × 1022 5.6 × 1022

Class C 2.4 × 1022 2.7 × 1022 2.0 × 1022
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Fig. 64 Binned scatterplot of the CME mass as a function of energy flux of the X + M + C flares. The
horizontal error bars give the size of the bins, the vertical error bars represent the error on the mean values
of the CME mass (i.e., the standard deviation of the population of the bin divided by the square root of the
population size), and the gray bands show the standard deviations

from the ARTEMIS catalog. Note that contrary to Compagnino et al. (2017) and us, Aarnio
et al. (2011) used the power expressed in W m−2. The C-class flares are separated in two sub-
classes, C1–2 and C3–9, but both exhibit very large dispersions of values with a very weak
trend of increasing CME mass with increasing flare flux. This trend is more pronounced
for the M- and X-class flares thanks in part to the large range of flux. We explored whether
there is a difference between the two solar cycles but found a very weak effect, the linear
regression to the data points being slightly steeper for SC 24 than for SC 23. For better leg-
ibility, we regrouped the results for the X, M, and C flares and divide the data range in bins
of approximately equal size, with the last one adjusted to missing or excess CME numbers.
In practice, the data set of 1063 CMEs associated with X + M + C flares was divided in 9
bins of 106 CMEs plus one bin of 109 CMEs. For each box, we calculated the mean values
of the logarithm of the flare flux and of the CME mass as well as the mass error on the mean
(i.e., σ/

√
N ). The results are shown in Fig. 64 where the flux error bars corresponds to the

flare flux spanned by each bin. The linear fit to the date yields the following relationship
between the logarithm of the flare flux and the CME mass:

log(CME mass) = (15.76 ± 0.07) + (0.416 ± 0.027) × log(flare flux) (5)

that can be directly compared with that of Eq. (1) of Compagnino et al. (2017):

log(CME mass) = (15.33 ± 0.10) + (0.23 ± 0.04) × log(flare flux) (6)

Note the significant difference, a factor of 1.8, between the two slopes. Aarnio et al.
(2011) derived a similar relationship but using the power of the flares so that a direct com-
parison is precluded.

The same exercise is repeated with the kinetic energy of the CMEs since it makes more
sense to relate energy to flux than to mass and the results are shown in Fig. 65 and Fig. 66.
The linear fit to the date yields the following relationship between the logarithm of the flare
flux and the CME kinetic energy:

log(CME EK) = (31.07 ± 0.11) + (0.621 ± 0.042) × log(flare flux) (7)

14.2 CMEs and Prominences

Likewise the case of flares, the association of CMEs with prominences, particularly eruptive
prominences (EPs), has received considerable attention and in fact has been less disputed
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Fig. 65 Scatterplot of the CME kinetic energy as a function of energy flux of flares of different classes. The
solid lines show the corresponding linear regressions

Fig. 66 Binned scatterplot of the CME kinetic energy as a function of energy flux of the X + M + C flares.
See Fig. 64 for explanations

since the archetypical three-part of many CME structures with embedded cool prominence
material offers a quasi direct proof of the connection. It was first quantitatively assessed
by Munro et al. (1979) who investigated the correlation between Skylab CMEs and chro-
mospheric Hα activity and found that 78% were associated with eruptive prominences or
filament disappearances. This was later confirmed by Webb and Hundhausen (1987) using
the SMM CMEs although at a slightly lower level (66%). Subsequent studies that exploited
the first years of LASCO observations (albeit with small sample sizes) led to diverging re-
sults on the level of correlation: whereas Gilbert et al. (2000) and Hori and Culhane (2002)
confirmed the above large levels, Wang and Goode (1998) and Yang and Wang (2002) re-
ported much poorer associations (36% in the latter case). A more complete analysis was
performed by Gopalswamy et al. (2003c) who considered 186 CME–prominence events
from August 1996 to 2001 relying on the synthesis imaging in microwaves performed with
the Nobeyama Radio-heliograph (NoRH) for detecting and characterizing prominence erup-
tions. In addition to finding that 73% of their EPs were associated with CMEs, they found
that they tend to start roughly at the same time and that there was no solar cycle depen-
dence on the temporal relationship. When comparing statistics from different authors, be
aware that they refer to either the fraction of associated CMEs or that of associated promi-
nences. The ups-and-downs of these early works are well illustrated by Subramanian and
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Dere (2001) who found that 59% of CMEs with signatures on the solar disk were associated
with prominence eruptions, whereas Subramanian and Vourlidas (2007) found that only 38%
of CMEs with well-defined flux-rope-type structure had a clear association with an eruptive
prominence/filament and 44% had none. Some extensions of the study by Gopalswamy et al.
(2003c) in the form of a comparison of the heliolatitudinal distributions of CMEs and EPs
are found in Gopalswamy et al. (2010) from 1996 to 2007 (see their Fig. 9) and in Webb and
Howard (2012) until 2010 (see their Fig. 11). The book entitled “Solar Prominences” pub-
lished in 2015 includes two chapters that consider several aspects of the CME–prominence
association: Gopalswamy (2015) discussed the dynamical properties of EPs in relation to
CMEs and Webb (2015) focused on the observational aspects of EPs that are clearly asso-
ciated with CMEs. While being informative, they mostly synthesize past results and do not
present analysis of new data. McCauley et al. (2015) compared observations by the Atmo-
spheric Imaging Assembly (AIA) onboard SDO of 904 prominence and filament eruptions
with CMEs listed in the CACTus catalog and found that 72% of the eruptions were associ-
ated and 28% were not. These percentages held as well for the different types of eruptions
they considered: active region, intermediate, quiescent, and polar crown. The average speed
of CMEs associated with the eruptions was 430 km s−1, nearly the same as for all CMEs
detected by CACTus over the SDO mission lifetime.

Similar to the case of flares, a one-to-one correspondence between CMEs and promi-
nences is excluded since only a fraction of the CME population may realistically be associ-
ated with EPs. Likewise, not all prominence can produce a CME and it has been conclusively
shown by Munro et al. (1979) and confirmed by Gopalswamy et al. (2003c) that only those
eruptions reaching a minimum height of 1.2 R� are capable of launching a CME (see also
Filippov and Zagnetko 2008). As already mentioned above in the survey of past works,
there are different types of observation to record prominences, notably Hα and microwave
for ground-based observatories and extreme ultraviolet for space-based observatories. In the
former case, it is generally considered that eruptive events are under-reported because of
visibility and weather restrictions.

Our investigation extends the above past studies to two solar cycles and addresses the
same aspects as those of the CME-flare associations. We rely on prominence data from
observations at the Nobeyama, Kislovodsk and Meudon observatories and by SDO/AIA.
We restricted the lists to eruptive prominences by imposing a minimum height of 1.2 R�
and a positive velocity when it is listed. Figure 67 displays the monthly occurrence rates of
all prominences listed in the four data sets and the yearly occurrence rates of the eruptive
prominences resulting from the application of the above restrictions (we switched to yearly
values as some monthly values were too low). Our procedure follows that implemented in
the case of flares applying both temporal and spatial criteria for establishing the prominence–
CME putative association with appropriate tuning of the respective windows. These criteria
were selected after considering the distributions of time lag and angular separation between
a given prominence and the successive CMEs.

14.2.1 Prominences from the Nobeyama Radioheliograph Database

The Nobeyama Radioheliograph (NoRH) database11 is based on the detection at 17 GHz of
limb prominences thus insuring minimal projection effects. As a ground-based observatory,
NoRH operates no more than 8 hr per day with further restrictions during the winters because

11http://solar.nro.nao.ac.jp/norh/.

http://solar.nro.nao.ac.jp/norh/
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Fig. 67 Monthly occurrence rates of all prominences (upper panel) and yearly occurrence rates of eruptive
prominences (lower panel) listed in the NoRH, AIA, HFC, and Kislovodsk catalogs

of snow falls. We use the so-called “complete” list12 elaborated to study prominence activity
(Shimojo et al. 2006; Shimojo 2013) and updated to 31 August 2013 (Shimojo, personal
communication). The upper panel of Fig. 68 displays the heliolatitudinal distributions of the
811 NoRH prominences and of the 28218 ARTEMIS CMEs which occurred during the time
interval common to both populations, covering the full SC 23 and the first half of SC 24.
The restriction to eruptive prominences limited the above number to 157 events.

The “complete” list gives three times of detection (start, max, and end) and we use the
middle one (max) since the differences between the start and end times are usually very
small, typically less than one hour. The distributions of time difference and angular sep-
aration between prominences and ARTEMIS CMES are displayed in Fig. 69. The former
clearly reveals a marked peak in the 0–5 hours time interval and the latter indicates that
the range of angular separations can be safely limited to ±25◦. This yielded 94 associations,
nine of them having two solutions; in that case, we retained the couple with the lowest angu-
lar separation. In summary, 60% (94 out of 157) of all eruptive prominences were associated
with a CME, whereas 0.33% (94 out of 28218) of all CMEs were associated with a promi-
nence. If we consider the ARTEMIS CMEs with a measured mass, the latter percentage
raises to 0.49% (89 out of 18010). The lower panel of Fig. 68 displays the heliolatitudinal
distributions of the prominence–CME associated pairs which looks far superior to the case
of the flare–CME pairs, a consequence of the much reduced restriction on the angular sepa-
ration in the former case. In spite of the relatively low number of associations, the butterfly
pattern of the distribution is clearly perceptible.

Figure 70 presents the global view of the physical properties of the CMEs associated with
EPs and Fig. 71 presents those of the associated prominences. Their distributions are sys-

12http://solar.nro.nao.ac.jp/norh/html/prom_html_db/.

http://solar.nro.nao.ac.jp/norh/html/prom_html_db/
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Fig. 68 Heliolatitudinal distributions of the CMEs from the ARTEMIS catalog and prominences from the
NoRH database. The upper panel displays the whole sets of CMEs and prominences and the lower panel only
displays the associated pairs

Table 18 Statistical properties
of the distributions of the
physical parameters of the
associated ARTEMIS CMEs and
NoRH prominences

All Eruptive Associated

Number of prominences 28218 157 94

Properties of
associated
prominences

Eruptive population Associated population

Average Median Average Median

Speed (km/s) 107 80 117 98

Magnitude 1258 1019 1382 1163

Properties of
associated
CMEs

Entire population Associated population

Average Median Average Median

Speed (km/s) 360 298 394 339

Width (◦) 41 25 73 78

Mass (g) 1.2E+15 2.9E+14 3.8E+15 2.6E+15

Kinetic energy (erg) 2.3E+30 1.3E+29 5.9E+30 1.4E+30

tematically compared to those of the overall population of CMEs (for the width, this means
all CMEs and not the restricted set of CMEs with mass and speed), to the overall population
of 811 prominences, and to the set of 157 EPs. Table 18 summarizes the mean and median
values of these distributions. A systematic trend appears in the distributions of associated
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Fig. 69 Upper panel: distribution of time difference between the CMEs from the ARTEMIS catalog and
associated prominences from the NoRH database using a [−10;10] hours time interval and a [−45◦;45◦]
latitude interval. Lower panel: distribution of angular separation between the CMEs and associated promi-
nences using a [0;5] hours time interval and a [−25◦;25◦] latitude interval

CMEs: they have larger mass, larger kinetic energy and slightly larger speed than the over-
all population. In addition, the distribution of the width of those CMEs is rather flat thus
excluding an excess of narrow CMEs contrary to the global population. The distributions of
magnitude and speed of EPs and associated EPs are quite similar, a probable consequence of
the fact that the latter represent approximately two thirds of the EPs. The comparison is fur-
ther extended to the overall population of 811 prominences and reveals that the magnitudes
of the associated EPs are systematically larger than those of the overall population whereas
this is not the case for the speeds. We finally investigated the inter-relationship between as-
sociated prominences and CMEs and found little evidence of any trend. Figure 72 illustrates
the case of the relationship between EP and CME speeds showing a very weak dependence
so that the speed of the associated CMEs can be considered independent of the speed of the
associated EPs. Similarly results were obtained for the mass and kinetic energy of CMEs
which are independent of the magnitude of the EPs.

We performed a similar study using this time the 38120 CMEs listed in the SEEDS cat-
alog during the time interval common to the NoRH prominences. It led to 100 associations
implying that 64% of the EPs were associated with a SEEDS CME to be compared with 94
associations, that is 60%, in the case of ARTEMIS CMEs. This is quite remarkable in view
of the very different numbers of CMEs involved in the process, 38120 for SEEDS and 28218
for ARTEMIS, which could have resulted in a significantly larger number of associations.
But as a consequence, the percentage of associated SEEDS CMEs reaches a low 0.26%. The
properties of associated SEEDS CMEs (limited to speed and angular width) and associated
EPs are similar to those found in the study based on ARTEMIS CMEs, in particular slightly
larger speed than the overall population of CMEs.
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Fig. 70 Distributions of the physical parameters of CMEs associated with a NoRH prominence (red his-
tograms) compared with those of the global population of CMEs (black histograms). From top to bottom,
angular width, speed, mass, and kinetic energy
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Fig. 71 Distributions of the magnitude (upper panel) and of the speed (lower panel) of three different sets of
NoRH prominences: the whole data set (black), the restricted set of eruptive prominences (blue), and the set
of prominences associated to a CME (red)

Fig. 72 Scatterplot of the speeds of the associated ARTEMIS CMEs (global speed) and NoRH prominences.
The dotted line corresponds to the linear regression to the data points

14.2.2 Prominences from the SDO/AIA Database

The catalog of 1038 filament eruptions13 is based on extreme ultraviolet observations by
SDO/AIA (McCauley et al. 2015). Although limited to slightly more than four years cover-
ing the maximum of SC 24 (April 2010 to September 2014), it has the advantage of being
free of biases inherent to ground-based observations. We considered the restricted subset of
598 events that excludes confined and non-radial events to maximize the likelihood of asso-

13http://aia.cfa.harvard.edu/filament/.

http://aia.cfa.harvard.edu/filament/
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Fig. 73 Heliolatitudinal distributions of the CMEs from the ARTEMIS catalog and filament eruptions from
the SDO/AIA database. The upper panel displays the whole sets of CMEs and filament eruptions and the
lower panel displays only the associated pairs

ciation with a CME and retained the four main types identified by McCauley et al. (2015),
Quiescent or Quiet Sun (QS), Polar Crown (PC), Active Region (AR), and Intermediate (IP).
The upper panel of Fig. 73 displays the heliolatitudinal distributions of the 598 AIA events
and of the 11648 ARTEMIS CMEs which occurred during the time interval common to both
populations.

The catalog gives the start and the end detection times of the eruptions and we adopted
the mid-point. The distributions of time difference and angular separation between filament
eruptions and CMES are displayed in Fig. 74; their profiles led us to select the same criteria
as for the NoRH EPs, namely a time interval of 0–5 hours and a range of angular separation
of ±25◦. This yielded 298 associations implying that 50% (298 out of 598) of the filament
eruptions were associated with a CME, whereas 2.6% (298 out of 11648) of all CMEs
were associated with an eruption. If we consider those CMEs with a measured mass, the
latter percentage raises to 3.5% (243 out of 7010). The lower panel of Fig. 73 displays the
heliolatitudinal distributions of the eruption-CME associated pairs showing that the quality
of the associations is similar to that of the case of the NoRH prominences.

Figure 75 and Table 19 present the global view of the physical properties of the CMEs as-
sociated with filament eruptions. Their distributions and statistical values are systematically
compared to those of the overall population of CMEs (for the width, this means all CMEs
and not the restricted set of CMEs with mass and speeds). The four distributions are remark-
ably consistent with those obtained for the CMEs associated with NoRH prominences and
the conclusions then reached are now further reinforced since the set of associated filament
eruptions (298) is significantly larger than the set of associated NoRH prominences (94). In
summary, the associated CMEs have larger mass, larger kinetic energy and slightly larger
speed than the overall population and their distribution of width is rather flat.
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Fig. 74 Upper panel: distribution of time difference between the CMEs from the ARTEMIS catalog and
associated filament eruptions from the SDO/AIA database using a [−10;10] hours time interval and a
[−45◦;45◦] latitude interval. Lower panel: distribution of angular separation between the CMEs and as-
sociated filament eruptions using a [0;5] hours time interval and a [−25◦;25◦] latitude interval

McCauley et al. (2015) searched for CACTus CMEs matching their events and found
that 72% of their eruptions were associated with a CME, to be compared with our value
of 50%. However, they do not give any detail on their method of association and it is not
clear to which set of eruptions this percentage is referred to. If we accumulate the number of
associated events of the four types listed in their Table 2, we end up with 488 associations
implying a reference number of eruptions of 488/0.72 = 678, a number that does not appear
in their table. A comparison of the speeds of the associated CACTus CMEs as listed in
the AIA catalog with the global and median speeds of the associated ARTEMIS CMEs is
presented in Fig. 76 showing that CACTus gives slightly larger speeds than ARTEMIS with,
in addition, a curious peak at 400 km s−1. Finally, unlike prominences, there is no physical
property attached to the filament eruptions thus preventing further analysis.

14.2.3 Prominences from the Kislovodsk Observatory Database

The Kislovodsk Observatory database14 is based on their detection in Hα (Guseva et al.
2007). The catalog covers the full time interval of LASCO observations listing 33246 promi-
nences from 1996 to 2017, but applying the height limit of 1.2 R� yielded only 42 events.
However, the NoRH and Kislovodsk databases use different definitions of the height of the
prominences, the former considers their center of mass whereas the latter, the highest part
of the prominences. This led us to decrease the above limit and we adopted 1.15 R� instead,
thus increasing the number of events to 187. Applying the same procedure as in the above

14http://en.solarstation.ru/sun-service/chromosphere/.

http://en.solarstation.ru/sun-service/chromosphere/
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Fig. 75 Distributions of the physical parameters of CMEs associated with a SDO/AIA filament eruption
(red) compared with those of the global population of CMEs (black). From top to bottom, angular width,
speed, mass, and kinetic energy

two cases produced only 28 associations which is much too small to draw any statistically
meaningful results.

14.2.4 Prominences from the Meudon Observatory Database

The Heliophysics Feature Catalogue (HFC)15 lists the prominences detected by the CAII
K3 Spectroheliograph of the Meudon Observatory. It covers 10.5 years from January 2003
to July 2012 corresponding to the declining phase of SC 23, the following minimum, and
the rising phase of SC 24 for a total of 27184 prominences to be compared with 10871
ARTEMIS CMEs detected during the same time interval. Applying the height limit of
1.2 R� restricted the data set to only 45 events and our standard procedure yielded 14 as-
sociations. There is no definition of the height in the HFC catalog so that we do not know

15http://voparis-helio.obspm.fr/hfc-gui/index.php.

http://voparis-helio.obspm.fr/hfc-gui/index.php
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Fig. 76 Comparison of the distributions of speeds of CMEs associated with a SDO/AIA filament eruption:
ARTEMIS global (red) and median (dotted red histogram) and CACTus (green)

Table 19 Statistical properties
of the distributions of the
physical parameters of
ARTEMIS CMEs associated with
a SDO/AIA filament eruption

All Unconfined, and radial Associated

Number of filaments 977 598 298

Property of CMEs Entire population Associated population

Average Median Average Median

Speed (km/s) 360 298 361 306

Width (◦) 41 25 70 62

Mass (g) 1.2E+15 2.9E+14 2.2E+15 1.2E+15

Kinetic energy (erg) 2.3E+30 1.3E+29 2.6E+30 6.3E+29

whether it would be justified to relax the above limit. Whatever the case and very much like
the Kislovodsk data set, the number of associations is much too small to draw any statisti-
cally meaningful results.

14.3 CMEs and Active Regions

Unlike the other two previous associations, that of CMEs with active regions (ARs) has re-
ceived little attention although a connection via the flares points to such an association. In a
preliminary investigation of 32 CMEs, Subramanian and Dere (2001) found that 84% were
associated with ARs. Yashiro et al. (2005) suggested that almost all CMEs associated with
sizable flares (stronger than class C3.0) occur in ARs. Wang and Zhang (2008) presented
statistical results on the properties of the solar source regions that produced the 57 fastest
(> 1500 km/s) front-side CMEs from June 1996 to January 2007 that revealed a general
trend between the scale of an AR and the likelihood of its producing a fast CME. To be
more specific, the larger the geometric size, the larger the magnetic flux, the stronger the
magnetic field, and the more complex the magnetic configuration, the greater the possibil-
ity of producing a fast CME. But the most comprehensive study so far was performed by
Michalek and Yashiro (2013) who considered almost 700 CMEs observed near the peak of
SC 23 (from 2001 to 2004). Their conclusions confirm and extend those of Wang and Zhang
(2008): CMEs are more likely to be associated with mature active regions with complex
magnetic fields and the fastest CMEs are associated with active regions that exhibit extreme
magnetic complexity and the largest sizes. In contrast, the widest, but slow, CMEs originate
from the simplest magnetically source regions. The recent major effort to connect CMEs to
their solar active region sources by Murray et al. (2018) looks promising but is presently



   39 Page 94 of 129 P.L. Lamy et al.

Fig. 77 Lower panel: monthly occurrence rate of active regions having a NOAA number from the three data
sets SOHO/EIT, SOHO/MDI, and SDO/AIA and of ARTEMIS CMEs for comparison. Upper panel: monthly
occurrence rate of SOHO/MDI observations of active regions having a NOAA number

limited to about 2000 CMEs observed by the STEREO spacecraft. Their initial analysis and
scatterplots of AR properties versus CME speed are however not yet very conclusive (their
Fig. 7).

In order to search for CME-AR associations, we considered the Heliophysics Feature
Catalogue (HFC)16 which compiles the partially overlapping observations from SOHO/EIT,
SOHO/MDI, and SDO/AIA implementing either the SPoCA software (Verbeeck et al. 2014)
or the SMART software (Higgins et al. 2011) for automatic detection of the active regions.
We restricted the HFC output to those ARs recorded with an NOAA number to be consistent
with past studies. The lower panel of Fig. 77 displays the monthly number of ARs derived
from the three sets of observations together with the monthly occurrence rate of ARTEMIS
CMEs for comparison and reveals a very poor agreement between these three sets. The
SOHO/EIT and SDO/AIA curves exhibits large fluctuations which do not track the pattern
of solar activity; note in particular the sharp and suspect drop in the SOHO/EIT curve at
the maximum of SC 23. By far, the SOHO/MDI curve stands out by its quality and its peak
value of approximately 35 ARs per month at the maximum of SC 23 consistent with the
NOAA results as given in Fig. 4 of Wang and Zhang (2008). Unfortunately, the SOHO/MDI
data processed with SMART extend only from May 1996 to February 2011, thus missing a
large part of SC 24.

A given AR is repeatedly observed by MDI at a typical cadence of 1.5 hour (except in
case of missing images) and at different locations as the Sun rotates. This cadence can be
viewed as sampling the AR and compared with the maximum occurrence rate of CMEs of

16http://voparis-helio.obspm.fr/hfc-gui/index.php.

http://voparis-helio.obspm.fr/hfc-gui/index.php
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Fig. 78 Upper panel: distribution of time difference between CMEs and associated AR observations over a
[−1;1] hour time interval. Lower panel: distribution of angular separation between CMEs and associated AR
observations over a [−15◦;15◦] latitude interval

approximately 10 per day during the maximum of SC 23. The upper panel of Fig. 77 dis-
plays the monthly number of observations obtained by SOHO/MDI to be compared with
the monthly number of ARs (lower panel) yielding 190872 observations of 2728 ARs. Dur-
ing the same time interval, ARTEMIS lists 21613 CMEs. The search for time and spatial
coincidences between CMEs and ARs was performed with the AR observations as we do
not know when an AR may launch a CME. The time sampling of the SOHO/MDI obser-
vations and the distribution of angular separation between AR observations and CMEs led
us to select a time interval of ±1 hour and a range of angular separation of ±15◦ (Fig. 78)
to be compared with the criterion of the same quadrant of the solar disk used by Michalek
and Yashiro (2013). This led to 6635 associations which involve 1806 ARs. Consequently,
66% of the ARs were associated with a CME and 31% of the CMES were associated with
an AR; this latter percentage remains the same if we consider those CMEs with a measured
mass. The lower panel of Fig. 79 displays the heliolatitudinal distributions of the AR–CME
associated pairs which looks far superior to the previously considered cases of association,
a probable consequence of the much reduced domains of time and angular separations.

Figure 80 and Table 20 present a global view of the physical properties of the CMEs
associated with active regions. Their distributions and statistical values are systematically
compared to those of the overall population of CMEs (for the width, this means all CMEs
and not the restricted set of CMEs with mass and speeds). The differences are remarkably
small with a minor trend for slightly larger mass, speed, and kinetic energy and the subtle
absence of narrow widths in the case of associated CMEs.

The HFC catalog lists several physical parameters of the active regions among which
we selected the area, the maximum intensity, and the length of the neutral line which were
found relevant to possibly highlight peculiarities of ARs associated with CMEs. The third
parameter is uncorrelated with the area so that it may be considered as an unbiased proxy
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Fig. 79 Heliolatitudinal distributions of the CMEs from the ARTEMIS catalog and the SOHO/MDI active
regions with a NOAA number. The upper panel displays the whole sets of CMEs and ARs and the lower
panel displays the associated pairs

to the complexity of the ARs. Figure 81 displays the distributions of these three parameters
distinguishing the set of ARs associated with CMEs and the whole set of ARs. Except for
a slightly larger areas of the associated ARs, the distributions are remarkably similar but it
should be kept in mind that the fraction of associated ARs is very large (66%).

We finally investigated possible correlations between the physical properties of the asso-
ciated CMEs and ARs. Scatterplot representations were found impractical for this purpose
and we turned to two-dimensional histograms using linear or logarithmic scales as appro-
priate to the considered parameters. Figure 82 illustrates the case of the speed, mass, and
kinetic energy of associated CMEs versus the area of the associated ARs. None of the three
histograms indicates any correlation of the three CME parameters with the AR area. Simi-
lar negative results were obtained when considering the two-dimensional histograms of the
three CME parameters with both the maximum intensity and the length of the neutral line
of the ARs which are therefore not presented.

14.4 CMEs and Streamers

The relationship between CMEs and streamers was actively studied in the Skylab/Solwind/
SMM era and much less so later on in the SOHO era when the associations of CMEs with
flares and prominences received far more attention. On the basis of a comparison of the
occurrence rate of CMEs with the time scale of the long-term evolution of the global white-
light coronal density distribution over more than 13 years encompassing SC 21, Sime (1989)
found a close relationship and concluded that “the key to the physics of CMEs is in the large-
scale coronal magnetic field, and not necessarily in the response of the corona to impulsive
events in the lower solar atmosphere”. Hundhausen (1993) presented a thorough statistical
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Fig. 80 Distributions of the physical parameters of CMEs associated with an active region (red) compared
with those of the global population of CMEs (black). From top to bottom, angular width, speed, mass, and
kinetic energy

analysis of 1200 mass ejections observed with SMM in 1980 and 1984–1989 and compared
their heliolatitudinal distribution with those of small-scale magnetic structures—sunspots,
active regions, and flares—characterized by the butterfly pattern and with those of large-
scale magnetic structures—prominences and bright coronal features—that are more broadly
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Table 20 Statistical properties
of the distributions of the
physical parameters of the
associated CMEs and active
regions

All Associated

Number of active regions 2728 1806

Number of coronal mass ejections 21613 6635

Properties of
associated
active regions

Entire population Associated population

Average Median Average Median

Area (km/s) 78 49 86 55

Max intensity 1613 1463 1719 1594

Neutral line
length (Mm)

40 17 49 21

Properties of
associated CMEs

Entire population Associated population

Average Median Average Median

Speed (km/s) 370 305 392 325

Width (◦) 38 24 41 28

Mass (g) 1.2E+15 3.0E+14 1.4E+15 3.2E+14

Kinetic energy (erg) 2.5E+30 1.4E+29 3.6E+30 1.8E+29

distributed in latitude. By far, the pattern of CME latitudes best matched those of the large-
scale magnetic structures, notably that of coronal features. Hundhausen (1993) noted that
prominences occurred over a wider range of latitudes than did CMEs especially during the
SC 21/22 minimum but argued that this could be accounted for by the angular width of the
CMEs. He then convincingly concluded in favor of a close connection between CMEs and
large-scale, closed magnetic structures in the corona. In fact, many observational evidences
supporting this view had accumulated over the previous decade based on detailed examina-
tions of individual CMEs thus providing the first evidences that their formation was a part
of a longer-term evolution of closed magnetic structures within a coronal helmet streamer
(Fisher et al. 1981; Low et al. 1982; Illing and Hundhausen 1986; Low and Hundhausen
1987; Wolfson et al. 1987).

In the SOHO era, the emphasis switched to the associations of CMEs with flares, active
regions, and prominences as witnessed by the large number of articles quoted in the above
sections thus largely ignoring the past conclusions from the Skylab/Solwind/SMM studies.
Judging from a recent investigation of a possible floor in the CME rate by Webb et al. (2017)
and their conclusion supporting the paradigm first demonstrated by Hundhausen (1993) that
CMEs arise from large-scale closed-field coronal regions, specifically pre-existing stream-
ers, the pendulum appears to swing back to a more balanced view of the sources of CMEs.

In addition, studies in the SOHO era focused on the interactions between CMEs and
streamers, in particular on the disruption, deviation, and restructuring of the streamer belt
following an ejection, see Floyd et al. (2013) and references therein. As shown by Liu et al.
(2009) based on the 31 December 2007 CME and further extended to January 2008 by Floyd
et al. (2013), the interaction may be quite complex, far beyond the simple view of streamer
blowout, further involving both a streamer and a pseudostreamer. This opens the question
of different classes of CMEs associated with helmet streamers (defined as separating coro-
nal holes of opposite polarity) and those associated with pseudostreamers (streamers that
separate coronal holes of the same polarity) addressed by Wang (2015). From their study
conducted over the 2007–2011 time interval, they concluded that pseudostreamers give rise
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Fig. 81 Distributions of the area (upper panel), of the maximum intensity (dimensionless, middle panel), and
of the length of the neutral line (lower panel) of the active regions associated with a CME (red histograms)
compared with those of the whole set of active regions

to a distinctly different class of CMEs characterized by a fanlike morphology, relatively
narrow widths (≈ 20 to 30◦), and constant low velocities (≈ 250 to 700 km s−1).

To start with the investigation of the CME–streamer association, we display in Fig. 83
the monthly variation of the global radiance of the K-corona integrated from 2.7 to 4.5 R�
as constructed from the LASCO-C2 observations together with the occurrence and mass
rates of the ARTEMIS CMEs. The CME occurrence rate closely track the coronal radiance
during SC 23, but less so during SC 24 when several peaks in the CME rate are not present in
the radiance data, notably at the end of 2011 and in late 2013/early 2014. The coincidence
between the peaks in late 2014/early 2015 is fortuitous: the radiance peak resulted from
an unusual large increase of the solar magnetic field following the emergence of the large
sunspot complex AR 12192 (Lamy et al. 2017) that did not produce any CME as already
noted. These remarks hold as well for the CME mass rate although it exhibits far larger
fluctuations than the radiance, especially during SC 23.
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Fig. 82 Two-dimensional histograms of the speed (upper panel), mass (middle panel), and kinetic energy
(lower panel) of the associated CMEs as a function of the area of associated active regions

Our procedure to characterize the association follows that of Floyd et al. (2013) devel-
oped to study the interaction between CMEs and streamers. It relies on synoptic maps at
3 R� where CMEs are detected as described in Sect. 2.4. Streamers are defined as ridges on
the same synoptic maps and represent lines of maximum radiance assimilated to boundaries
between regions of opposite magnetic polarities. These ridges are detected by applying a
watershed filter (Dougherty 1992) which defines different regions at each local minimum,
and extends these regions by including the adjacent pixels whose values are under a pro-
gressively higher threshold. This defines boundaries that progressively extend until those of
two regions come into contact, in which case the regions stop extending transversely to these
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Fig. 83 Comparison of the monthly occurrence (upper panel) and monthly mass (lower panel) rates of
ARTEMIS CMEs with the total integrated radiance of the K-corona

boundaries. Once every pixel in the image belongs to a given region, the boundaries describe
all the ridges in the image. In practice, we applied the filter to sub-images associated with
each CME: each sub-image extends longitudinally on both sides of the CME of interest by
approximately two days and has the same latitudinal extent as the CME. In addition, the two
sides were separately processed so as to decouple the two determinations of the ridge before
and after the CME. Once applied, the filter returns the coordinates of the ridges which are
then over-plotted on the synoptic maps as white lines for a visual check. Halo CMEs cannot
be safely associated with streamer configurations because of their very large latitudinal ex-
tent and we excluded those whose width exceeds 180◦. The procedure counts the streamers
having latitudes comprised in the latitudinal extent (or angular width) of a given CME re-
spectively before (Nb) and after (Na) its occurrence. The outcome is denoted C(Nb,Na) and
C(0,0) obviously corresponds to the case of no association. Finally, the CME–streamer in-
teraction is classified in six categories, two relevant to photometric variations (“brightening”
and “dimming”) and three relevant to geometric variations (“emergence”, “disappearance”,
and “deviation”). The last category “no-change” contains all cases where none of the above
variations is observed. Starting from 38321 CMEs, the procedure successfully returned re-
sults for 31763 CMEs, the difference generally corresponding to cases where an unrealistic
large number of associated streamers were found. Following Floyd et al. (2013), we sys-
tematically performed a parallel analysis of the restricted subset of the 10% brightest CMEs
(denoted “top-ten” CMEs thereafter) using the intensity parameter of the ARTEMIS cata-
log. The results in terms of counts C(Nb,Na) up to the case Nb = Na = 3 are presented in
Table 21 for the global statistics and in Fig. 84 for the temporal variations of the five main
counts up to C(2,2).

The number of CME–streamer associations is obviously given by 1-C(0,0). Regarding
the global set of CMEs, 51.6% of them are associated with streamers whereas this percent-
age sharply increases to 94.5% for the “top-ten” subset. When there is an association, the
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Fig. 84 Temporal variation of the number of CMEs belonging to cases C(0,0), C(0,1), C(1,0), C(1,1),
and C(2,2) for the global set of CMEs (upper panel) smoothed over 9 months and for the “top-ten” subset
(lower panel) smoothed over 15 months

Table 21 Distribution of the
number of CMEs of the global set
(upper table) and of the “top-ten”
subset (lower table) belonging to
cases C(Nb,Na) where Nb and
Na are the numbers of streamers
respectively before and after the
occurrence of a CME. The results
are displayed in percentages and
in number of CMEs in
parenthesis

Nb

Na 0 1 2 3

0 48.4% (15372) 9.9% (3137) 0.9% (281) 0.2% (52)

1 9.3% (2968) 16.3% (5172) 3.2% (1005) 0.5% (168)

2 0.8% (254) 3.4% (1079) 3.1% (1005) 0.9% (318)

3 0.1% (44) 0.4% (141) 0.8% (277) 0.5% (216)

Total = 31763

Nb

Na 0 1 2 3

0 5.5% (176) 6.9% (222) 1.3%(42) 0.6% (19)

1 3.6% (115) 22.9% (731) 8.9%(285) 1.9% (62)

2 0.9% (28) 8.6% (274) 11.0%(353) 4.3% (137)

3 0.2% (7) 1.8% (58) 3.6%(116) 2.8% (88)

Total = 3199

case Nb = Na = 1 (one streamer before and one after the CME) is always the most fre-
quent as the count C(1,1) significantly exceeds the other counts. The cases involving three
streamers either before or after the CME appear quite marginal with counts below 0.9% for
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the global set and below 4.3% for the “top-ten”. The difference in these two percentages
likely stems from the fact that the brightest CMEs are likely to be very wide and there-
fore connected to several streamers. These results are fully consistent with those obtained
by Floyd et al. (2013) with very minor differences in the percentages. The temporal varia-
tion of the main counts (Fig. 84) shows that they unsurprisingly track the solar activity but
most importantly, that their respective weights are nearly constant; in other words, the rela-
tive number of streamers connected to a CME is independent of solar activity. There is one
marked exception to this trend as the frequency of the C(0,0) case for the “top-ten” CMEs
appears lower during SC 24 than SC 23 by a factor of ≈ 2 indicating a closer association
rate during SC 24.

We now turn our attention to the physical properties of CMEs associated with streamers
and start with their heliolatitudinal distributions (Fig. 85). Four panels correspond to the
four cases of the global population of CMEs, the set of CMEs associated with steamers, the
complementary set of non-associated CMEs and the “top-ten” subset. Their color coding
was tuned so as to yield the same rendering thus facilitating the visual comparison; there-
fore, they do not strictly reflect absolute numbers. Strikingly, the four distributions follow
the same pattern reproducing similar structures with only minute differences. This is partic-
ularly the case of the associated and non-associated CMEs for which a careful examination
is required to pinpoint differences. The case of the “top-ten” subset is less conspicuous but
still many structures in its distribution may be easily connected to those present in the other
distributions. The comparison is further extended to the heliolatitudinal distribution of the
electron density which prominently reflect the bright streamers. Two maps are included in
Fig. 85, one produced by two-dimensional (2D) inversion of the coronal radiance follow-
ing the method developed by Quémerais and Lamy (2002) and the other by time-dependent
solar rotational tomography (3D inversion) following the method developed by Vibert et al.
(2016). Here again, the close similarity of these two distributions with those of the CMEs
is striking, particularly with the map produced by the superior 3D inversion. The shortcom-
ings inherent to the 2D inversion result in artifacts most pronounced in the polar regions (for
instance the bright feature in the southern hemisphere at the end of 2014) absent in both the
distribution based on 3D inversion and in the four CME distributions. In addition to support-
ing the very close connection between CMEs and streamers, the impressive match between
the CME heliolatitudinal distributions and the unbiased distribution of the electron density
resulting from 3D inversion demonstrates that the projection effects do not significantly af-
fect the spatial distribution of CMEs, that CMEs do reach high latitudes, and that these HL
CMEs are associated with polar streamers as already argued in Sect. 8.2.

The physical properties of CMEs associated with streamers is further investigated by
considering the distributions of their latitude, speed, angular width, and intensity, distin-
guishing the different cases of associations as identified by the counts C(Nb,Na). We in-
cluded the case C(0,0) of no association as a reference (Fig. 86). The average and median
values of the distributions are presented in Table 22. The distributions of latitudes confirm
the quasi symmetry with respect to the equatorial plane, well pronounced in the case of the
global set of CMEs but less so for the “top-ten” as the counts are affected by small num-
ber statistics. The distributions of speeds follow similar homothetic patterns and are thus
independent of the number of associated streamers. Quite unexpectedly, the distribution of
speeds for the “top-ten” CMEs terminates at approximately 1000 km s−1, thus excluding
fast CMEs, whereas it extends over the full range of speeds for the global set. The other two
parameters, angular width and intensity, exhibit distributions that depend upon the number
of associated streamers and we therefore included the C(0,1), C(1,0), C(1,2), and C(2,1)

cases. There is a very pronounced trend of the intensity of CMEs increasing with the number
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Fig. 85 Heliolatitudinal distributions of the electron density (upper two panels with the upper one produced
by 2D inversion and the lower one, by 3D inversion) and of the CMEs (lower four panels in the following
order from top to bottom: global set of CMEs, non-associated CMEs, CMEs associated with streamers, and
“top-ten” CMEs associated with streamers)
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Table 22 Average and median
values of the speed, width, and
intensity distributions of
ARTEMIS CMEs associated with
steamers

Average Median

Speed (km/s)

C(0,0) 343 282

C(i, j) C(0,0) 369 305

C(0,1) 339 278

C(1,0) 325 272

C(1,1) 352 289

C(2,2) 400 332

Width (◦)

C(0,0) 17 12

C(i, j) C(0,0) 56 43

C(0,1) 32 27

C(1,0) 33 28

C(1,1) 50 47

C(2,2) 99 94

Intensity

C(0,0) 233 102

C(i, j) C(0,0) 1113 343

C(0,1) 459 206

C(1,0) 698 231

C(1,1) 1041 414

C(2,2) 2182 1266

of associated streamers. Two features of the distribution of widths of the global set are worth
emphasizing: (i) quite naturally, the cases involving the largest number of streamers concern
the widest CMEs as they are more likely to be connected to several streamers, and (ii) the
non-associated CMEs are prominently the narrowest ones with widths < 30◦. This second
point warrants further comment as it may underline a bias in the statistics given in Table 21.
On the one hand, there exists an unavoidable relationship between the width of a CME and
the number of streamers to which it may be associated in agreement with the first remark
above. On the other hand, our method of detecting streamers as ridges in the synoptic maps
has inherent limitations and certainly tends to favor the brightest ones. Consequently, the
large percentage of non-associated CMEs of the global set (48.4%) must be interpreted with
caution as it may result from the above biases. In fact, they may well be associated with
the streamer belt as supported by their heliolatitudinal distribution well correlated with the
distribution of the electron density. The above effect is less pronounced for the “top-ten”
CMEs as their intensity range is by definition limited to a narrow domain, approximately
from 2000 to 20000.

We finally considered the properties of the streamers associated with CMEs by displaying
the temporal variation of the various categories of changes they experience when they inter-
act with a CME: “no-change”, “emergence”, “disappearance”, “brightening”, “dimming”,
and “deviation”. The photometric changes and the deviation require that we define thresh-
olds and we used the values selected by Floyd et al. (2013): 1.1 to declare a “brightening”,
0.9 to declare a “dimming”, and a threshold of ±1.6◦ for a deviation. The monthly ratios
displayed in Fig. 87 are calculated using the respective numbers of CMEs which are asso-
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Fig. 86 Distributions of the physical properties of CMEs associated with streamers for the global set of
CMEs (upper four panels) and for the “top-ten” subset (lower four panels). The latitude, speed, angular width,
and intensity distributions are separately displayed for the C(0,0), C(1,1), and C(2,2) cases. The C(0,1),
C(1,0), C(1,2), and C(2,1) cases are additionally displayed for the angular width and intensity distributions

ciated with at least one streamer as references. For the global set of CMEs, emergence and
disappearance are the dominant processes affecting the streamers at the level of ≈ 30%, al-
most independent of the solar cycle except during the SC 23/24 minimum where the fraction
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Fig. 87 Temporal variation of the various categories of changes experienced by streamers when interacting
with a CME for the global set of CMEs (upper panel) and for the “top-ten” subset (lower panel): “no change”,
“emergence”, “disappearance”, “brightening”, “dimming”, and “deviation”

of emergence decreased whereas that of disappearances increased. The processes of bright-
ening, dimming, and no-change are about equal at a constant level of ≈ 15% except for the
number of no-change which experienced a marked increase during the declining phase of
SC 24. The case of deviation has a somewhat intermediate behaviour but with fluctuations
ranging from 20% to 40%, the largest values being reached during the declining phase of
SC 24. The “top-ten” subset exhibits a somewhat different behaviour: the processes of emer-
gence, disappearance, brightening, and dimming all fluctuate in the range 20 ± 5%, that of
deviation remains approximately constant at the level of ≈ 10% except for a few ups and
downs, and the no-change case remains at a few percents.

15 Discussion and Summary

Being the first maintained on-line catalog, the CDAW catalog has been of widespread use
and the source of numerous publications. Unfortunately, the incorporation of the “very poor”
events has spread considerable confusion and has led to erroneous or biased results from au-
thors unaware of this situation. For those aware of it, the alternatives were to exclude possi-
bly “poor” and certainly “very poor” events or exclude CMEs narrower than some threshold
(usually 20◦ or 30◦) or a combination of both criteria (e.g., Harrison et al. 2018). Our own
test of these different alternatives led us to conclude that excluding “very poor” events is the
most pertinent solution as already demonstrated by Wang and Colaninno (2014). In view of
this confused situation which stems from the intrinsic difficulty of identifying and charac-
terizing CMEs in coronagraphic images, it is surprising and highly puzzling that very few
studies made complementary use of the other catalogs which have been available for years
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to ascertain their results. Whereas the CACTus catalog was sometime used, the SEEDS one
has largely been ignored. The evolution to automated cataloguing is irreversible with the
advent of massive production of solar/coronal data and is already effective for the automatic
detection of many solar features such as active regions. In fact, it is quite revealing that after
the CDAW catalog, the manual detection approach was no longer pursued and that all sub-
sequent efforts focused on automatic detection. Apart from the blind reliance on the CDAW
catalog, many past publications suffered from being too premature, thus being biased by too
few events or too short a time interval leading in the worst cases to incorrect conclusions.

It has been stated that whereas automatic methods are more objective, the results are
inconsistent with each other and with the manual catalog (Richardson et al. 2015; Webb
et al. 2017). Full consistency is obviously illusory for at least three reasons.

– CMEs are ill-defined objects on coronagraphic images encompassing an enormous range
of brightness and taking very different shapes further evolving with time as they travel
outward.

– In view of this inherent difficulty, the automated catalogs implement different strategies
which exploit different aspects of the morphology of CMEs.

– All automated methods require determining some threshold for which there is no easy
objective solution and which further depends upon the method being implemented thus
precluding direct comparisons. However, there is a positive aspect as once a threshold is
fixed, consistent detection is insured unlike the case of visual detection involving different
operators.

The estimation of speeds (and also accelerations) offers a perfect example of these inherent
difficulties as different parts of a CME travel at different speeds. By simplifying the prob-
lem to the detection of CMEs in the form of vertical streaks on synoptic maps, ARTEMIS
is more likely to by-pass many of these difficulties and yield consistent results. In any case,
the availability of different catalogs must be viewed as an asset allowing us to perform com-
parisons and ascertain the results; once again, it is regretful that many past studies have
not taken advantage of this asset and have relied on a single catalog. Our analysis reveals
that, whereas there does remain inconsistency between catalogs, there are also many points
of convergence and we are particularly impressed by the case of SEEDS (once corrected
for the image cadence) and ARTEMIS granting that the detections and characterizations of
CMEs are achieved by completely different methods. This is partly the case of CACTus al-
though several discrepancies were noted but its authors have warned that their catalog is not
really suited to statistical analysis. Even in the case of the manual CDAW catalog and after
removing the “very poor” events, several results are consistent with the automated catalogs,
notably those concerning the mass rates of CMEs. Let us now discuss and summarize the
main results of our investigation.

15.1 Occurrence, Mass, and Intensity

After accounting for the change in image cadence, there is a clear distinction between the
four catalogs best illustrated by the peak values of the occurrence rate reached during SC 23.
Whereas SEEDS and ARTEMIS monthly rates culminated at ≈ 400 and ≈ 350 CMEs, re-
spectively (≈ 13 and ≈ 11.5 CMEs per day, hence a modest difference of 14%), CACTus
reached ≈ 200 and CDAW (excluding “very poor” events) ≈ 150 CMEs per month (≈ 6.5
and ≈ 5 per day, respectively). The four catalogs agree on lower peak values during SC 24,
but with different reduction ratios; however, comparing the integrated numbers of CMEs
during a cycle is more significant (see below) because of the large fluctuations during SC 24.
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Turning to the minimum rates, we concentrate on the extended cycle 23/24 minimum to look
for a CME rate floor following the work of Webb et al. (2017). Using the same 1 year time in-
terval from 2008.5 to 2009.5, we obtained mean rates of 0.57 CME per day for ARTEMIS to
be compared with 0.69 for SEEDS, 0.65 for CACTus, and 0.74 for CDAW. The mean values
during the previous minimum [1996.5–1997.3] can only be estimated from the ARTEMIS
and CDAW catalogs and amount to 0.85 and 0.67 CMEs per day, respectively thus in the
same range as that given by Webb et al. (2017). The Pearson correlation coefficients given
in Table 4 reflect the consistency of the temporal variations of the occurrence rates and are
particularly large when comparing ARTEMIS and SEEDS (0.9) and ARTEMIS and CDAW
(0.91).

The mass rates of ARTEMIS and CDAW are very consistent agreeing on monthly peak
rates of ≈ 4×1017 g for SC 23 and ≈ 3×1017 g for SC 24. Although it reports lower monthly
mass rates (by a factor of 3.3), CORIMP does correlate extremely well with ARTEMIS, the
correlation coefficient reaching 0.93 (0.82 with CDAW) confirming the general trend of the
temporal evolution of the mass rate. According to ARTEMIS, the annualized average mass
of CMEs reached the same peak value of ≈ 1.5 × 1015 g during the maximum of SC 23
and SC 24 and went down to ≈ 2.5 × 1014 g during the SC 23/24 minimum. The CDAW
average mass followed the same trend with however larger values by roughly a factor of 2
and much larger fluctuations. The ARTEMIS and CDAW distributions of mass agree at large
masses (≥ 1015 g), but diverge below. That of CORIMP is shifted toward low masses and
reports a larger frequency of masses < 1013 g than both ARTEMIS and CDAW. Altogether,
the mass range of CMEs extend from 1010 to 1017 g, much larger than the range of 1015–16 g
considered for instance by Zhang and Low (2005). None of the three distributions follow
a log-normal law or a clear power-law at large masses, a quite surprising result since these
behaviours are quite common to many astrophysical quantities.

The intensity reported in the ARTEMIS catalog exhibits distributions with slightly dif-
ferent statistics during the two solar cycles with intensities recorded during SC 24 lower
than during SC 23, consistent with the evolution of the occurrence and mass rates. Intensity
and mass are highly correlated allowing an estimation of the “missing” CME mass (i.e., the
mass of CMEs without measured mass) which amounts to ≈ 14% of the measured mass.

15.2 Waiting Time

The waiting time distribution of CMEs and its variation with the cycle are best explained in
terms of CMEs occurring as a time-dependent Poisson process. The time varying occurrence
rate of CMEs produces power-law tails despite the intrinsic exponential distribution that is
characteristic of stationary Poisson processes. This has no unique interpretation, but the
power-law index is indicative of the behaviour of the event rate. The ARTEMIS and SEEDS
datasets agree in producing long power-law tails over a range of waiting times extending
from 3 to 100 hr with very close power-law index γ ≈ −2.2 for ARTEMIS and γ ≈ −2.3
for SEEDS when calculated over the 23 years of observation. However, the power-law index
exhibits significant variations with the solar cycle thus reflecting the temporal variability of
the process of CME formation. The CME WTD gets close to a Poisson process during the
maxima of activity but departs from this process during the minima, implying high levels
of randomness in the former case and a trend of intermittence or clusterization in the latter
case.

15.3 Periodicities

The analysis of periodicities in CMEs, proxies of solar activity, flares and prominences re-
veals an extremely complex situation. On the one hand, these different processes, in addition



   39 Page 110 of 129 P.L. Lamy et al.

to following the ≈ 11-year Solar Cycle, exhibit diverse statistically significant oscillations
with properties common to all solar, coronal, and heliospheric processes: variable periodic-
ity, intermittence, asymmetric development in the northern and southern solar hemispheres,
and largest amplitudes during the maximum phase of solar cycles, being more pronounced
during SC 23 than the weaker SC 24. On the other hand, there is very limited commonality
among the studied processes, especially for periods of less than one year. The few exceptions
are the periods of 3.1–3.2 months found in the occurrence rate of the global set of CMEs and
in the sunspot area (and marginally, the 3.4-month period seen in the total magnetic field)
and those of 5.9–6.1 months found in the CMEN subgroup and in SSAnorth. We therefore
disprove the dozen or so periodicities exceeding two months claimed in past studies which
were based on much shorter time intervals (e.g., Lou et al. 2003; Lara et al. 2008; Choud-
hary et al. 2014), in particular the 154-day (5 months) “Rieger” periodicity detected in flares
which has prevailed during past solar cycles (Rieger et al. 1984). We further confirm the
lack of commonality of periodicities between CMEs and flares, a result already highlighted
by Choudhary et al. (2014). Relaxing the strict localization of periods inherent to spectral
analysis, the wavelet spectra yield broad regions where the contours delimiting regions of
statistically significant signal for the different CME subgroups, SSN, SSA, and TMF over-
lap, yielding common mid-range periods with further a striking dichotomy between the two
hemispheres: periods of 1–1.5 years in the northern hemisphere and a period of ≈ 2 years in
the southern one. We consider this result as robust, strongly suggesting common underlying
processes probably linked to underlying periodicities in the emerging magnetic flux which
are themselves thought to be related to the dynamics of the deep layers of the Sun (Rieger
et al. 1984; McIntosh et al. 2015) and intrinsic to the solar dynamo mechanism. Prominent
periods are then generated by stochastic processes caused by the periodic emergence of
magnetic flux as the solar cycle progresses as proposed by Wang and Sheeley (2003), who
anticipated that there is no reason for a pattern of stable and reproducible periods on the
long term as indeed observed.

15.4 Physical Properties

Considering the annualized average values of angular widths smaller than 180◦ (> 95%
of the population), there are significant differences between the different catalogs: CDAW
reports the largest widths ranging from 30◦ to 60◦ and the largest dispersions followed by
ARTEMIS (22◦ ≤ W ≤ 42◦), CACTus (24◦ ≤ W ≤ 34◦), and SEEDS (18◦ ≤ W ≤ 28◦); with
the exception of CACTus, there are no significant difference in these ranges between SC 23
and SC 24. The temporal evolutions of these annualized average values of angular widths
track the solar cycle although this trend is much less pronounced in the case of SEEDS and
CACTus. The four distributions of angular width are well-fitted by log-lin linear functions
over a broad ranges of width, up to [20◦–300◦] in the case of ARTEMIS, indicating that
they follow an exponential law. We did notice that large CMEs, typically larger than 180◦
were more numerous during SC 24 than during SC 23, but this concerns a marginally small
number of CMEs and is overwhelmed by the behaviour of the general population.

The distributions of apparent latitudes from the four catalogs agree quite well and are
nearly symmetric about the solar equator with a profile of continuously decreasing number
with increasing latitudes except for CACTus which exhibits a questionable excess of CMEs
at high latitudes (> 65◦) in both hemispheres (CDAW also has an excess at southern latitudes
between −15 and −45◦). A closer inspection on a yearly basis reveals a contrasted situation
between SC 23 and SC 24 confirmed by the four catalogs: whereas the mean values fluctuate
about the solar equator during SC 23, they exhibit a rather erratic behaviour during SC 24
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with however a predominance of CMEs at northern latitudes. This is a direct consequence
of a slight excess (7%) of northern CMEs and a substantial deficit (18%) of southern CMEs
during SC 24 compared with SC 23 as measured by ARTEMIS.

The heliolatitudinal distributions of CMEs over 23 years raise the question of high lat-
itude (HL) CMEs located well outside the region bounded by the tilt angle of the helio-
spheric current sheet during the maxima of activity We argue that the bulk of those CMEs
have indeed their origin at high altitudes and are associated with polar streamers resulting
from polar coronal current sheets formed above the polar crown neutral lines located at lat-
itudes |λ| of 70◦ to 75◦ during the maxima of activity. This is supported by the impressive
correlation between the integrated radiance of the K-corona in the polar regions and the
ARTEMIS and SEEDS occurrence rates of CMEs at high latitudes including their asym-
metric north/south behaviours. This offers a much more natural explanation consistent with
the general CME–streamer association than that proposed by Gopalswamy et al. (2003b)
relating the HL CMEs to polarity reversals in the individual hemispheres.

15.5 Kinematic Properties

The temporal variations of the speed of CMEs reported by the four catalog reveal a striking
difference between SC 23 where the spread of the mean values ranges from ≈ 250 km s−1

(SEEDS) to ≈ 550 km s−1 (CACTus) and SC 24 where it shrinks to ≈ 300–400 km s−1.
The large spread in SC 23 is however imposed by CDAW and CACTus and reduces to
≈ 250–410 km s−1 when considering only SEEDS and ARTEMIS. CACTus stopped report-
ing excessively large, probably incorrect, speeds starting in 2010 and bringing its tempo-
ral evolution more in line with the other three catalogs. This leaves only CDAW reporting
speeds > 410 km s−1 during most of SC 23. ARTEMIS and CDAW agree on variations
that track solar activity—with an amplitude much more pronounced for the latter one—
implying lower speeds during SC 24 than during SC 23. Surprisingly, the variation reported
by SEEDS goes in the other direction with a mean value during SC 24 (310 km s−1) slightly
exceeding the value during SC 23 (270 km s−1). The ARTEMIS mean and median values
over the last two solar cycles (360 and 300 km s−1, respectively) are well in line with those
obtained with other coronagraphs (Table 1) except for the Skylab very large mean value of
470 km s−1 which remains difficult to understand since the Skylab data were obtained near
the SC 20/21 minimum.

Acceleration represents one of the two extreme cases (the other being halo CMEs) of
discrepancy between the three concerned catalogs. First, the CORIMP annual mean values
are approximately ten times larger than those reported by CDAW and SEEDS, and they
exhibit a slight trend with solar activity via a modest decrease during the SC 23/24 minimum.
The CDAW and SEEDS distributions of acceleration are both approximately symmetric
with respect to the zero value until 2010, then diverge to positive values for CDAW and
large negative values for SEEDS. This situation reflects the extra difficulty of measuring
accelerations compared with velocities which themselves face numerous problems. Reliable
accelerations may possibly be obtained only on a case-by-case analysis of the brightest
CMEs.

A more positive view is offered by the kinetic energy of CMEs whose temporal evolu-
tions given by the ARTEMIS, CDAW, and CORIMP catalogs are in reasonable agreement
between them (within a factor of ≈ 2) and in tracking the solar activity in spite of very large
fluctuations of the monthly values. Using the values smoothed with a 3-month window to
remove the high frequency fluctuations, the kinetic energy extends over approximately four
decades; it culminated at ≈ 1033 erg at the maximum of SC 23 but at a slightly reduced
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value of ≈ 5 × 1032 erg at the maximum of SC 24. During the SC 22/23 minimum, it was
down to ≈ 4 × 1030 erg and further down to ≈ 3 × 1029 erg during the SC 23/24 anomalous
minimum. The distributions of kinetic energy extends over eight decades (1025 to 1033 erg)
and those of ARTEMIS and CDAW follow a quasi-Gaussian law on a log-log scale imply-
ing a log-normal distribution as commonly found in solar physics. This is not the case of the
CORIMP distribution which strongly departs from Gaussian with a pronounced skewness
toward high kinetic energies.

15.6 Correlation Between Parameters

Generally speaking, we found rather weak correlations between the various CME parame-
ters on the basis of the ARTEMIS data, consistent with the SMM results (Hundhausen et al.
1994) but in disagreement with the CDAW results (Gopalswamy 2004; Vršnak et al. 2004;
Yashiro et al. 2004; Gopalswamy et al. 2015c). In summary, we found a lack of correlation
between speed and acceleration, a weak correlation between speed and width, and a quasi
linear trend of increasing speed with increasing mass on a log-log scale whose slope is in-
consistent with the Rosner-Tucker-Vaiana (RTV) scaling law as proposed by Aschwanden
(2017). Regarding the latitude, we found extremely weak correlations with both speed and
mass. Mass and width are highly correlated with mass increasing with width as expected.
Finally, width is very weakly correlated with latitude, the linear regressions being quasi sim-
ilar in the two hemispheres and indicating slight reductions of a few degrees from equator
to poles.

15.7 Solar Cycle Variations

In a broad stroke, the occurrence and mass rates of CMEs closely tracked the solar
activity cycle during SC 23 and 24 and we found linear relationships with the se-
lected indices/proxies of activity. The Pearson correlation coefficients with the selected in-
dices/proxies of solar activity are generally very large (> 0.8), with the radio flux ranking
first (0.87) and the X-ray background ranking last (0.79), SSN, SSA, and TMF lying in be-
tween on the basis of the ARTEMIS data set which further unambiguously demonstrates the
total absence of a phase lag. This disproves the early findings of Gopalswamy et al. (2004)
based on the CDAW catalog and of Robbrecht et al. (2009) based on the CACTus catalog
that the CME rate lagged sunspots by many months up to one year during SC 23. The expla-
nation of this lag as being related to high latitude CMEs arising from polar crown filaments
which have a “rush to the poles” near maximum and erupt with a frequency that slightly lags
sunspot numbers at low latitudes (Webb and Howard 2012) may be questioned on the basis
of the heliolatitudinal distribution of CMEs (Fig. 30) and of our analysis of high-latitude
CMEs in Sect. 8.2. Whereas this effect may possibly exist, it would concern only a very
small number of CMEs and would consequently be hardly visible in the observations.

A closer examination on the CME rates however revealed several peculiarities.

– The linear relationships with the selected indices/proxies were different for the two cy-
cles implying that the CME rates were relatively larger during SC 24 than during SC 23
when compared with these indices/proxies. This effect was particularly pronounced for
the occurrence rate and less so for the mass rate. However, the average mass of CMEs,
while following the pattern of solar activity, remained approximately the same during the
maximum phase of SC 23 and SC 24.
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Fig. 88 Ratios of the CME counts and masses “SC 24/SC 23” between solar cycles 24 and 23 for the
ARTEMIS, SEEDS, CACTus, and CDAW catalogs, globally, by hemisphere, and in different ranges of speed
and width. The dotted black line at a value of 1 is intended to guide the eyes. The solid black line at a value
of 0.86 corresponds to the ratio of the radio flux

– When considering separately the two hemispheres, SC 24 stood out by the diverging
evolution of the CME rates in the northern hemisphere with respect to those of the SSN,
SSA, and TMF indices/proxies, most pronounced from mid-2013 to end of 2015. This
peculiarity resulting in a relative excess of CMEs was totally absent during SC 23.

Additional detailed peculiarities based on the speed and width of CMEs were discussed
in Sect. 12 and are conveniently summarized in the visual presentation of the ratios
“SC 24/SC 23” in Fig. 88. Note that the reference value of 0.86 (solid black line) corre-
sponds to the ratio of the radio fluxes separately calculated over the two cycles.

North-South asymmetry of solar activity and the associated phase asynchrony, in partic-
ular those of the sunspots, have been known for a long time and recent studies include for
example Zolotova and Ponyavin (2006), Carbonell et al. (2007), Donner and Thiel (2007),
Li et al. (2009a), McIntosh et al. (2013), Deng et al. (2017). It is beyond the scope of this ar-
ticle to discuss the underlying processes invoked to explain them, but it is considered that the
mechanisms which create and transport the magnetic flux from the interior of the Sun to its
surface are slowly evolving with time, further loosing coupling across the equator such that
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those asymmetries can persist for several years. As a consequence, the two hemispheres may
be viewed as decoupled and requiring independent treatments. Last but not least, according
to Tapping and Morgan (2017), the Sun may be in the process of a significant behavioural
change culminating in SC 24, but whose early signs may be traced to SC 21. As far as CMEs
are concerned, whereas we did not detect any sign of divergence of their temporal evolution
between the two hemispheres during SC 23, SC 24 witnessed a major deviation prominently
affecting the northern hemisphere. A tentative explanation invokes the marked weakness of
the total magnetic field in the northern hemisphere during most of SC 24 (see Fig. 53) mak-
ing it easier for the CMEs to erupt and propagate, particularly the small (faint) ones. This
explanation would therefore be consistent with the deviation being much more pronounced
for the occurrence rate than for the mass rate.

15.8 Halo and Stealth CMEs

Halo CMEs represent a second example (the other being acceleration) of strong divergence
between the four catalogs. Adopting a threshold of 300◦ to declare a halo CME for statistical
analysis as justified in Sect. 13, their numbers during SC 23, SC 24, and altogether during
the two cycles differed widely with CDAW reporting a very large number (403) and SEEDS
reporting none in SC 23 to give an extreme example (ARTEMIS has 11 and CACTus has
116). Overall, the CDAW count of halos far exceeded the other three, an effect that we
attributed to CDAW reporting widths systematically larger than those of the other catalogs.
Comparing the production of halo CMEs during SC 23 and SC 24, CDAW and CACTus
had counts in SC 23 outnumbering those in SC 24 whereas ARTEMIS and SEEDS report
the opposite. In fact, the ARTEMIS data indicate that this latter situation was not limited
to halos but that wide CMEs were more numerous during SC 24 than during SC 23. For
instance, considering CMEs with width > 180◦, their numbers were in a ratio of ≈ 3. This
may be a consequence of the marked weakness of the total magnetic field during SC 24
(see Fig. 53) allowing a wider expansion of the CMEs. It must be realized that this effect
remains largely marginal as it is seen on a very small fraction of the overall population of
CMEs (≈ 1.5% for ARTEMIS, SEEDS, and CACTus and 4.4% for CDAW) and is hardly
perceptible on the rest of the population (Fig. 26). Turning to the speed of halo CMEs, the
situation is even more confusing with CDAW and CACTus reporting speeds much larger
than ARTEMIS and SEEDS. However, there is an agreement on two points: (i) all speeds of
halos were substantially larger than the average speed of non-halo CMEs, and (ii) speeds of
halos were significantly lower during SC 24 than during SC 23. The first point was debated
by Chen (2011) along two lines. Following the work of Andrews (2002) and simulations by
Zhang et al. (2010), it has been shown that many narrow and slow CMEs appear fainter when
they are observed as halo CMEs to the point of being missed in coronagraphic observations;
those which remain observable have speeds larger than average as observed. The second line
considers that an observed halo CME is in reality a CME-driven shock wave (Manchester
et al. 2008) or a combination of this shock wave with CME material (Lara et al. 2006). This
could indeed explain the very large speeds of a small fraction of halo CMEs since the fast-
mode wave in the corona is of the order of 1000 km s−1, but is irrelevant to the large fraction
of slower halo CMEs. It is worth keeping in mind that the distribution of CDAW speed peaks
at ≈ 500 km s−1 and that the mean and median speeds of the ARTEMIS distribution are 600
and 560 km s−1, respectively.

Stealth CMEs could not be directly addressed in the framework of our statistical analysis
and we briefly reviewed their status in Sect. 13.2 for the sake of completeness. On the one
hand and whereas our analysis of associations summarized in the next subsection indicates



Coronal Mass Ejections over Solar Cycles 23 and 24 Page 115 of 129    39 

that a significant number of CMEs are unrelated to flares, eruptive prominences, filament
eruptions, active regions, and streamers, it must be realized that the catalogs of these events
are far from being complete and that the procedures of association are certainly not perfect.
On the other hand and since stealth CMEs tend to be slow and diffuse, they may escape de-
tection in coronagraph images even though they may be at the origin of major geomagnetic
storms. In that respect, it was noted in Sect. 13 that Earth-directed halo CMEs are indeed un-
der detected because of geometric biases. Even if there is some truth in the claim by Howard
and Harrison (2013) that their physics is not fundamentally different from CMEs associated
with major surface events, it may be premature to consider that the question of the origin of
stealth CMEs is settled as we are still lacking the appropriate observations.

15.9 Associations

The results on associations reported in this article were obtained with the ARTEMIS catalog
but several tests showed that they are confirmed by the SEEDS data thus emphasizing the
general agreement between the two catalogs.

We found that 5.7% of all ARTEMIS CMEs were associated with C + M + X class flares
during SC 23 in the general case of no constraint on the flare longitude, this percentage
dropping to 2.9% during SC 24. The former percentage agrees with that found by Aarnio
et al. (2011) during SC 23 after proper corrections to account for different conditions. The
percentages of flares with known position angle associated with CMEs depend upon the
flare class but are independent of the solar cycle; they typically amount to 13% for the C-
class, 19% for the M-class, and 32% for the X-class flares. We confirmed past conclusions
that CMEs associated with the X- and M-class flares have significantly larger mass, speed,
kinetic energy, and width than the overall population of CMEs. This trend tends to decrease
with decreasing flare flux and is independent of the solar cycle. Finally, we established
linear relationships between the logarithm of both CME mass and kinetic energy with the
logarithm of the flare flux.

Using the NoRH database of microwave prominences, we found that 0.33% of all CMEs
were associated with an eruptive prominence (EP) and that 60% of all EPs were associated
with a CME. The associated CMEs have larger mass and kinetic energy, both independent
of the magnitude of the associated EPs. They have slightly larger speed than the overall
population weakly correlated with that of the associated EPs. The distribution of their width
is rather flat, i.e., without an excess of narrow CMEs contrary to the global population. The
distributions of magnitude and speed of EPs and associated EPs are quite similar, but this
prominently results from the fact the latter represent approximately two thirds of the EPs.
However, when compared with the overall population of prominences, the magnitudes of the
associated EPs are systematically larger than those of the overall population whereas this is
not the case for the speeds. Using the SDO/AIA database of filament eruptions excluding
confined and non-radial events, we found that 2.6% of all CMEs (3.5% of CMEs with a
measured mass) were associated with an eruption whereas 50% of the filament eruptions
were associated with a CME. The properties of the CMEs associated with filament eruptions
differ from the global population of CMEs in a way similar to those of the CMEs associated
with NoRH prominences, namely larger mass, kinetic energy, and width. These very low
percentages of CMEs associated with prominences may pertinently be questioned on the
basis of the unavoidable incompleteness of ground-based observations of prominences as
already pointed out in Sect. 14. Interestingly, the case of filaments eruptions observed in
space at high spatial resolution leads to a significantly larger number (by a factor of 8) of
associated CMEs. A correction factor for the EPs is difficult to estimate, but we very much



   39 Page 116 of 129 P.L. Lamy et al.

doubt that they could raise the percentages to the very large values reported in the early
studies quoted in Sect. 14. These values obviously resulted from the much lower rates of
occurrence found during the first years of CME observations.

Using the SOHO/MDI observations of active regions (ARs) as listed in the Heliophysics
Feature Catalogue to study the AR–CME association, we found that 31% of CMES (whether
or not they have a measured mass) were associated with an AR and 66% of the ARs were
associated with a CME. It should be understood that these percentages are based on time
and spatial coincidences between CMEs and ARs without any proof that the ARs actually
launched a CME. Therefore, in this framework, they may be considered as upper limits.
The physical properties of the associated CMEs are nearly similar to those of the global
population with a minor trend for slightly larger mass, speed, and kinetic energy and the
subtle absence of narrow widths in the case of the associated CMEs. The distributions of the
physical properties (area, maximum intensity, and length of the neutral line) of the associated
ARs are remarkably similar to those of the whole set of ARs, except for a slightly larger area
but it should be kept in mind that the fraction of associated ARs is very large (66%). Finally,
all physical properties of associated CMEs (speed, mass, kinetic energy) are uncorrelated
with the above physical properties of the associated ARs.

The association of CMEs with streamers defined as ridges on synoptic maps and repre-
senting lines of maximum radiance assimilated to boundaries between regions of opposite
magnetic polarities was analyzed in the broader context of the CME–streamer interaction
and 52% of all CMEs were found to be associated with streamers. In the case of the bright-
est “top-ten” CMEs, this percentage sharply increases to 95%. The heliolatitudinal distri-
butions of the associated CMEs, the non-associated CMEs and the overall population of
CMEs are quite similar and further in excellent agreement with the unbiased distribution of
the electron density resulting from time-dependent solar rotational tomography (3D inver-
sion). This gives further ground to the reality of the association of high latitude CMEs with
polar streamers as argued in Sect. 8.2. Whereas the distributions of latitude and speed of
the associated CMEs are independent of the number of associated streamers, their intensity
and width both increase with the increasing number of associated streamers. However in the
case of width, there is an inherent bias as the widest CMEs are more likely to be connected
to several streamers. Finally, the dominant processes affecting the associated streamers are
emergence and disappearance independent of solar activity, followed by brightening, dim-
ming, and no-change.

All above percentages of association are affected by observational and methodology lim-
itations and biases. Flares, prominences, and active regions are probably underestimated and
our method of detecting streamers most probably missed many associations. In addition, the
associations are not independent as for instance, streamers are often found above active re-
gions and many streamer blowouts involve a pre-existing prominence which erupts to form
the classic “three-part” CME. However, it is highly unlikely that correcting for these limi-
tations (if it was possible) would drastically impact our results and would upset the relative
importance and the ranking of the various associations. The lack of commonality of period-
icities between CMEs, flares, and prominences provides an indirect evidence that the ma-
jority of CMEs are unconnected to these latter recorded eruptive events. The overwhelming
domination of the CME–streamer association is further confirmed by (i) the heliolatitudinal
distributions (Fig. 85) and by (ii) the conspicuous absence of an equatorial drift at low lat-
itudes (producing the butterfly diagram) and of a poleward drift at high latitudes (the “rush
to the pole effect”) limited by the location of the polar crown filaments; this was already
noted by Li et al. (2009b) on the basis of the first ten years of observation of LASCO CMEs.
These evidences are usually interpreted as proving that CMEs are associated with disrup-
tions of large-scale, close-field magnetic structures rather than to small-scale structures such
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as sunspots and their active regions. It is not excluded that these latter structures launch a
CME but this would remain of minor importance in the overall production of CMEs.

15.10 Is There Two Classes of CMEs?

Many past studies concluded on the possible existence of two classes of CMEs based on
different origins, large versus small-scale activity (Dryer 1996), or different properties.

– A first distinction was based on dynamical arguments, separating slow CMEs, character-
ized by relatively low speeds and noticeable accelerations, from fast CMEs, characterized
by higher speeds and insignificant accelerations. This observational classification was first
proposed by MacQueen and Fisher (1983) on the basis of Skylab data and confirmed by
Sheeley et al. (1999) relying on the first years of LASCO data. Using height-time maps,
Sheeley et al. (1999) distinguished “gradual” and “impulsive” CMEs which they associ-
ated with prominences for the first type and to flares and Moreton waves for the second
type. This classification was generalized by Andrews and Howard (2001) who added addi-
tional, distinct attributes (width, brightness) to the two classes. The question was pursued
by Moon et al. (2002) considering two subsets of CMEs, one associated with flares and
the other with eruptive filaments. They found some subtle differences between speeds and
accelerations that lent support to the concept of two classes. From a statistical analysis of
flare-associated and non-flare CMEs, Vršnak et al. (2005) found considerable overlap
of accelerations and speeds between the two CME groups thus forming a continuum of
events rather than supporting the two-class concept.

– A second distinction was considered between CMEs associated with helmet streamers
(defined as separating coronal holes of opposite polarity) and those associated with pseu-
dostreamers (streamers that separate coronal holes of the same polarity). On the basis of
a study conducted over the [2007–2011] time interval, Wang (2015) concluded in favor
of two classes, the CMEs associated with pseudostreamers having distinctively a fan-like
morphology, narrow widths, and constant low speeds.

Our analysis shows that the first distinction is not justified based on three evidences. First,
the correlation speed-acceleration at the heart of this distinction is absent when considering
the whole set of CMEs, although it may appear when considering a restricted set of (bright)
CMEs. Second, CMEs associated with flares and prominences are altogether characterized
by larger mass, speed, and kinetic energy. Third, the distributions of the physical parame-
ters that we constructed do not show any hint of bimodality. This is particularly the case of
mass, intensity, speed, acceleration, and furthermore, kinetic energy closely follows a sin-
gle log-normal law. The only exception is width as three distributions (ARTEMIS, SEEDS,
and CACTus) exhibit an excess of narrow CMEs (typically < 30◦) with respect to the ex-
ponential laws followed by the larger CMEs (naturally excluding the very large halo CMES
resulting from their Earth-directed propagation). Chen (2011) proposed to isolate the narrow
CMEs, at least those with widths approximately less than 10◦, as a specific group arguing
that they show an elongated jet-like shape, whereas the larger “normal” CMEs present a
closed (or convex-outward) loop; he did however recognize that many CMEs fall in a fuzzy
region of no well-defined shape. The subsequent classification proposed by Vourlidas et al.
(2017) where their jet CMEs are narrow and lack a circular front (Sect. 2.2) is incidentally
consistent with Chen’s distinction. Several of these white-light narrow structures moving
outward from polar coronal holes in the LASCO-C2 field of view were shown by Wang et al.
(1998) to be connected to extreme-ultraviolet (EUV) jets originating near flaring EUV bright
points seen on EIT images. They presumed that these jets were triggered by reconnection
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between magnetic bipoles and neighboring unipolar flux. Recent studies indicate that so-
lar coronal jets frequently result from small-scale filaments eruptions (Sterling et al. 2015),
the disruption mechanism being similar to that of the largest filaments and in agreement
with the breakout model of solar eruptions (Wyper et al. 2018). Since filaments are ubiq-
uitously found above polarity inversion lines throughout the low solar corona, the smaller
ones or mini-filaments are a potential source of the numerous narrow jet CMEs present in
the ARTEMIS, SEEDS, and CACTus catalogs. The recent discovery of a large number of
small-scale magnetic flux ropes in the Ulysses data throughout its whole mission (Chen et al.
2018) leads us to presume that such “mini flux ropes” could be observed as well as narrow
CMEs in coronagraphic images, probably with somewhat larger widths of [10–30◦]. Inter-
estingly, Shen et al. (2012) described a coronal blowout jet event which leads to the eruption
of both jetting material (narrow ejection produced by external reconnection) and a flux-rope
(bubble-like produced by internal reconnection) CME, both observed faintly by the SEC-
CHI coronagraphs. In summary, whereas we have several evidences that would explain the
existence of a large number of narrow CMEs with probable progenitors and mechanisms of
eruption basically similar to those of the larger, “normal” CMEs (thus a questionable termi-
nology), we do recognize that the origin of narrow CMEs may still be unsettled, since, for
instance, there have been no systematic comparisons of low coronal and coronagraph im-
ages for mini-filament eruptions. Whatever the case, we are strongly inclined to think that
size does not appear a relevant parameter to distinguish different classes of CMEs.

The second distinction is based on the analysis of ≈ 100 CMEs that could be associated
with pseudostreamers identified by applying a potential-field source-surface extrapolation
(PFSS) to magnetograph measurements during the 2007–2011 time interval (Wang 2015).
This interval extending over the SC 23/24 minimum and the rising phase of SC 24 insured
a low occurrence rate of CMEs and consequently, their analysis in isolation. These ≈ 100
CMEs represent only ≈ 2.5% of a total of 4000 CMEs listed by the ARTEMIS catalog dur-
ing the above time interval. The occurrence of pseudostreamers themselves require specific
configurations of the photospheric magnetic field that possibly prevail during only parts of
a solar cycle. These two facts converge to restricting the number of CMEs associated with
pseudostreamers to a very small fraction of the general population. Consequently, their dif-
ferent physical properties as found by Wang (2015) are overwhelmed by those of the general
population thus precluding any signature in the statistical distributions.

16 Conclusion

The identification and measurement of CMEs remain difficult due to their complexity and
the variety of shapes further complicated by their temporal evolution and the effects of view-
ing geometry. The development of objective automatic methods represents a real progress
and it revealed shortcomings of the inherently subjective visual detection. The complexity of
the problem led to the implementation of different techniques with different criteria relying
on different characteristic of the CMEs, therefore it is not surprising that they sometime pro-
duce inconsistent results. This is prominently seen in the determination of acceleration and
in the detection of halo CMEs. Nevertheless, the availability of several automated catalogs
must be viewed as an asset and their confrontation, taking into account their specificity and
limitations, offers the best approach to ascertain the properties of CMEs and this is the ap-
proach we adopted in this article. Let us synthesize the important features that emerge from
our analysis. The CME occurrence and mass rates globally track the indices/proxies of solar
activity with no time lag, prominently the radio flux F10.7, but the linear relationships were
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different during the two cycles, implying that the CME rates were relatively larger during
SC 24 than during SC 23. Even more important is a marked divergence of the CME rates in
the northern hemisphere during SC 24 as these rates were substantially larger than predicted
by the temporal variation of the sunspot number. This is tentatively linked to the weakness
of the solar magnetic field during SC 24 in general and particularly in this hemisphere. The
annualized average mass of CMEs also tracks solar activity but reached the same peak value
of ≈ 1.5 × 1015 g during the maximum of SC 23 and SC 24.

Some but not all distributions of physical parameters follow known laws. For instance,
the distribution of kinetic energy follows a log-normal law and that of angular width fol-
lows an exponential law implying that they are random and independent. The distribution of
waiting time (WTD) has a long power-law tail extending from 3 to 100 hr with a power-law
index which varies with the solar cycle, thus reflecting the temporal variability of the process
of CME formation being close to a random Poisson process during the maxima of activity
but exhibiting a trend of intermittence or clusterization during the minima. We found very
limited evidence for periodicities in the occurrence and mass rates of CMEs, a striking fea-
ture being the dichotomy between the two hemispheres, 1–1.5 years in the northern one and
a period of ≈ 2 years in the southern one.

Rather weak correlations were found between the various CME parameters consistent
with the SMM results (Hundhausen et al. 1994) and particularly a lack of correlation be-
tween speed and acceleration. The only counter-example is mass and width which are highly
correlated with mass increasing with width as expected.

The association of CMEs with flares and erupting prominences concern only a few per-
cents of the overall population of CMEs; the associated CMEs have distinctly larger mass,
speed, kinetic energy and angular width. A more pronounced association is found with ac-
tive regions but the overwhelming one is with streamers further confirmed by the amazing
similarity between the heliolatitudinal distribution of CMEs and that of the electron density
reconstructed from time-dependent tomographic inversion.

We found no hint of bimodality in the distributions of physical parameters that would
support the existence of two classes, particularly that based on speed and acceleration as
they appear uncorrelated. On the contrary, the distributions favor a continuum of properties.
Likewise, we questioned the validity of considering the narrow CMEs as a separate class
although we found an excess of CMEs with widths less than ≈ 30◦ with respect to the
exponential laws followed by the larger CMEs. These narrow CMEs may be associated
with the ubiquitous mini-filaments eruptions (possibly the jet CMEs) and with mini flux
ropes originating from small magnetic bipoles, the disruption mechanisms being similar to
those launching larger CMEs. This would support the concept that CMEs at large arise from
closed-field coronal regions at both large and small scales.
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