Solar Phys (2010) 264: 189-237
DOI 10.1007/s11207-010-9568-6

Near-Earth Interplanetary Coronal Mass Ejections
During Solar Cycle 23 (1996 - 2009): Catalog
and Summary of Properties

I.G. Richardson - H.V. Cane

Received: 6 January 2010 / Accepted: 30 April 2010 / Published online: 26 May 2010
© Springer Science+Business Media B.V. 2010

Abstract In a previous study (Cane and Richardson, J. Geophys. Res. 108(A4), SSH6-1,
2003), we investigated the occurrence of interplanetary coronal mass ejections in the near-
Earth solar wind during 1996 — 2002, corresponding to the increasing and maximum phases
of solar cycle 23, and provided a “comprehensive” catalog of these events. In this paper,
we present a revised and updated catalog of the ~300 near-Earth ICMEs in 1996 —2009,
encompassing the complete cycle 23, and summarize their basic properties and geomag-
netic effects. In particular, solar wind composition and charge state observations are now
considered when identifying the ICMEs. In general, these additional data confirm the earlier
identifications based predominantly on other solar wind plasma and magnetic field parame-
ters. However, the boundaries of ICME-like plasma based on charge state/composition data
may deviate significantly from those based on conventional plasma/magnetic field parame-
ters. Furthermore, the much studied “magnetic clouds”, with flux-rope-like magnetic field
configurations, may form just a substructure of the total ICME interval.

Keywords Coronal mass ejections - Interplanetary coronal mass ejections - Interplanetary
magnetic field - Magnetic clouds - Solar wind plasma
1. Introduction

Interplanetary coronal mass ejections (ICMEs) are solar wind structures that are generally
believed to be the counterparts of coronal mass ejections (CMEs) at the Sun. ICMEs (older
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Figure 1 Schematic of an ICME SUN
and upstream shock indicating Electron Heat Flux 7 -

magnetic field, plasma and solar
wind suprathermal electron flows
(Zurbuchen and Richardson, Vi)

2006).

Magnetic
Cloud

Shock CME -'
Plasma Counterstreaming

Turbulent
Sheath

Earth

EEINT3

terms include “driver gas”, “piston” and “ejecta”) are of interest for a number of reasons.
For example, ICMEs can drive shocks that accelerate energetic particles (see, e.g., Cane and
Lario (2006), Klecker et al. (2006), and references therein), are the predominant drivers of
intense geomagnetic storms (see, e.g., Zhang et al., 2007; Echer et al., 2008), contain ma-
terial that has been processed by CME eruptions and provides diagnostic information on
conditions during these eruptions (see, e.g., Rakowski, Laming, and Lepri (2007)), modu-
late the intensity of the galactic cosmic rays (see, e.g., Cane, 2000 and references therein),
and can influence the propagation of solar energetic particles in the heliosphere (see, e.g.,
Richardson and Cane, 1996).

Figure 1 shows a schematic of an ICME driving a shock ahead of it. The shock and
ICME are separated by a sheath of compressed, heated, and often turbulent, ambient solar
wind plasma. Passage of the ICME may be indicated by various characteristic signatures, as
reviewed by Zwickl et al. (1983), Gosling (1990, 2000), Neugebauer and Goldstein (1997),
and Zurbuchen and Richardson (2006). Some of these signatures are relatively ubiquitous,
being observed in most ICMEs, and are therefore particularly useful for the identification
of ICMEs. An example is the presence of abnormally low solar wind proton temperatures
(Gosling, Pizzo, and Bame, 1973; Richardson and Cane, 1995). Other signatures may be ex-
tremely rare. For example, unusually low solar wind ion charge states (e.g., He™) have only
been found in a handful of ICME:s since the beginning of solar wind monitoring (Schwenn,
Rosenbauer, and Muehlhaeuser, 1980; Gosling et al., 1980; Zwickl et al., 1982; Yermolaev
et al., 1989; Burlaga et al., 1998; Skoug et al., 1999). Figure 1 indicates several represen-
tative ICME signatures, in particular a flux-rope-like helical magnetic field configuration
that is found in a subset of ICMEs known as “magnetic clouds” (Klein and Burlaga, 1982),
bidirectional/counter-streaming solar wind suprathermal electron flows (BDEs) suggestive
of looped field lines connected to the hot corona at each footpoint (Gosling et al., 1987a;
Gosling, 1990), and plasma properties that differ from those in the ambient solar wind (see,
e.g., Richardson and Cane (2004a) and references therein), indicated by the yellow shading.

Because of the interest in ICMEs for a number of fields of study, in Cane and Richardson
(2003) we made a “comprehensive” survey of ICMEs in the near-Earth solar wind during
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1996 -2002, encompassing the increasing and maximum phases of solar cycle 23. Some
214 ICMEs were identified, principally on the basis of solar wind plasma and magnetic field
signatures, with reference to additional data as available. The associated solar activity (e.g.,
a CME, flare) was also indicated where this could be identified. This catalog has contributed
to over 100 published papers covering the fields of solar, heliospheric, magnetospheric, and
ionospheric physics.

In a subsequent study (Richardson and Cane, 2004a), we incorporated solar wind compo-
sition and charge state observations made by the Solar Wind Ion Composition Spectrometer
(SWICS) instrument (Gloeckler et al., 1998) on the Advance Composition Explorer (ACE)
spacecraft into the identification of ICMEs. In particular we discussed the compositional
and charge state anomalies found inside the Cane and Richardson (2003) ICMEs and how
such anomalies might assist in the routine identification of ICMEs. Solar wind composi-
tion and charge states reflect conditions prevailing near the Sun during the acceleration of
the solar wind and the formation of ICMEs (see, e.g., Bochsler, 2000; Rakowski, Laming,
and Lepri, 2007). In particular, ion charge states “freeze-in” near the Sun because ioniza-
tion and recombination time-scales become larger than the solar wind ion expansion time
as the coronal electron density decreases with increasing distance from the Sun. The ratios
of different ionization states then provide information on coronal electron temperatures at
the freezing-in altitude (see, e.g., Hundhausen, Gilbert, and Bame, 1968; Owocki, Holzer,
and Hundhausen, 1983). For further discussion of SWICS observations within ICMEs; see
Lepri et al. (2001), Reinard et al. (2001), Zurbuchen et al. (2003), Richardson et al. (2003a),
Reisenfeld et al. (2003, 2007), Lepri and Zurbuchen (2004), Reinard (2005, 2008).

Motivated by the interest shown in the Cane and Richardson (2003) ICME catalog, in
this paper we update the catalog to encompass the full solar cycle 23. In doing so, we have
reviewed the earlier identifications of Cane and Richardson (2003) in the light of the SWICS
composition and charge state data. We have also considered observations of suprathermal
solar wind electron pitch-angle distributions from the SWEPAM instrument on ACE that
were not available to us when compiling the Cane and Richardson (2003) catalog. Overall,
the vast majority of events in this catalog are also in the revised catalog, as will be discussed
further below. Changes are typically in the more marginal events which can be reassessed
using the additional data sets. We have also corrected a few typographical errors in the
Cane and Richardson (2003) catalog, and have updated the geomagnetic Dy values from
provisional to final, when available. We plan to continue to update the catalog into cycle
24, and the updated catalog may be obtained from the authors. The catalog is also currently
available via the ACE Science Center (http://www.srl.caltech.edu/ACE/ASCY/).

Section 2 discusses the instrumentation used to make our ICME identifications and illus-
trates several examples. Section 3 describes the catalog of ICMEs in 1996 —2009, while Sec-
tion 4 summarizes some of the basic properties of these ICMEs including their solar source
location, occurrence rate, the fraction of magnetic clouds, transit and in-situ speeds, mag-
netic field intensity, plasma density and proton temperature, ICME and sheath sizes, ICME
expansion rate, geomagnetic effects, and plasma composition and charge states. Section 5
discusses the relationship between the magnetic cloud, plasma/field and composition/charge
state boundaries. Section 6 compares the catalog with other ICME lists, and Section 7 sum-
marizes the main conclusions of this study.

2. Instrumentation and ICME Identification

We use several data sets to identify potential ICMEs with the philosophy that ideally as many
different signatures as possible should be examined when identifying ICMEs. As discussed
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in greater detail by Cane and Richardson (2003), we examine near-Earth solar wind plasma
and magnetic field data from the IMP 8, WIND, and ACE spacecraft and the OMNI near-
Earth database at resolutions of ~1 minute to 1 hour. These data are obtained from the Space
Physics Data Facility at the Goddard Space Flight Center (http://spdf.gsfc.nasa.gov/) and the
ACE Science Center (http://www.srl.caltech.edu/ACE/ASCY/).

In addition we use solar wind ion composition and charge state observations (1- or 2-hour
averages) made by the SWICS instrument (Gloeckler et al., 1998) on the ACE spacecraft,
launched in August 1997, that were not taken into consideration when compiling the Cane
and Richardson (2003) catalog. We discussed the identification of ICMEs using this data set
in Richardson and Cane (2004a) and demonstrated that ICMEs tend to be associated with
anomalies such as enhanced charge states of oxygen and iron, and increased Mg/O ratios,
compared with values in the ambient solar wind (see also Lepri et al., 2001; Reisenfeld et
al., 2003; Reinard, 2005, 2008). Since that study, the SWICS data set has been completely
revised to include additional ion/charge state measurements, while certain ion ratios (e.g.,
Mg/O) have been redefined to include a wider range of ion charge states. As a consequence,
a few of the conclusions of Richardson and Cane (2004a) using the earlier SWICS database
need to be revised (Richardson and Cane, 2010).

Note that we do not use the solar wind He/proton ratio as a prime identifier of ICMEs
even though it has been well established for many years that some ICME:s are associated with
high values of He/p (see, e.g., Hirshberg, Bame, and Robbins, 1972; Borrini et al., 1982).
The first reason is that the He/p ratio varies with the level of solar activity. In particular,
He/p in slow solar wind increases with solar activity levels (Aellig, Lazarus, and Steinberg,
2001; Richardson et al., 2003b; Richardson and Cane, 2004a; Kasper et al., 2007). Second,
there is a large overlap between values of He/p in the ambient solar wind and ICMEs for
similar solar wind speeds (Richardson et al., 2003b; Richardson and Cane, 2004a). Third,
large values of He/p are only found in a minority of ICMEs. For example He/p > 0.06 is
found in ~30% of the observations in ICMEs discussed by Richardson and Cane (2004a).
Thus, it is not possible to state a simple criterion for He/p that differentiates ICMEs from
ambient solar wind and identifies a majority of ICMEs.

Another data set not considered by Cane and Richardson (2003) that we have now exam-
ined is the ACE/SWEPAM solar wind electron pitch-angle database (http://www.srl.caltech.
edu/ACE/ASC/DATA/level3/swepam/). As discussed for example by Gosling et al. (1987a)
and Gosling (1990), ICMEs may be accompanied by bidirectional suprathermal electron
flows, the interpretation being that magnetic field lines in the ICME are looped and rooted
in the hot corona at each end. In contrast, unidirectional flows away from the Sun are ex-
pected to be observed on open field lines (see Figure 1). In some cases, bidirectional flows
are intermittent or absent in ICMEs, suggesting that some or all of the looped field lines
may have reconnected with open field lines, possibly via interchange reconnection (see,
e.g., Shodhan et al., 2000). We have scanned the 12-hour summary plots of these data for
the complete period of the study both to assess whether there are bidirectional flows in our
putative ICMEs and to identify other intervals of bidirectional flows that might be indicative
of additional ICME:s, to be confirmed by examination of other ICME signatures.

We also refer to energetic particle data from the IMP 8, ACE and SOHO spacecraft.
Such data can help to link shocks and ICMEs with specific solar events/CMEs through the
intensity-time profiles (see, e.g., Cane, Reames, and von Rosenvinge, 1988; Cane and Lario,
2006) and can also indicate the arrival of ICMEs through the abrupt decrease in intensity
that may occur at this time over a wide range of particle energies (keV to GeV (galactic cos-
mic rays); see, e.g., Sanderson et al., 1990; Cane, 2000). To indicate the galactic cosmic ray
(GCR) intensity at Earth, we exploit the high counting rate (hundreds of counts per second)
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of the anti-coincidence guard of the Goddard Medium Energy (GME) instrument on IMP 8
(McGuire, von Rosenvinge, and McDonald, 1986) that we have used for this purpose in
several studies (see, e.g., Cane et al. (1994), Richardson, Cane, and Wibberenz (1999), Wib-
berenz, Richardson, and Cane (2002), Richardson (2004), and references therein). IMP 8
provided observations from 1973 until contact with the spacecraft was lost in October 2006.
The GME can also be used to identify the bidirectional field-aligned energetic (*MeV)
ion flows that are often (but not uniquely) associated with the passage of ICMEs (see, e.g.,
Richardson and Reames, 1993; Richardson, 1994, and references therein). To observe such
flows, particle intensities are measured in 8 azimuthal sectors as the spacecraft spins about
an axis that is perpendicular to the ecliptic. Because IMP 8 was upstream of the Earth’s bow
shock for only ~60% of each ~13 day geocentric orbit, and data coverage was variable
during the period of this study and particularly limited after the official end of the IMP 8
mission in 2001, particle anisotropy data are only available for a subset of the ICMEs in this
study. At the time of writing, we do not have such data beyond the end of 2005.

Figure 2 illustrates energetic particle and solar wind magnetic field and plasma data from
IMP 8 or ACE for 26 April —3 May 2001 when various signatures provide evidence for the
presence of an ICME following an interplanetary shock on 28 April (green vertical line).
The purple vertical lines show our estimates of the ICME boundaries based on plasma and
field data. Abnormally low solar wind proton temperatures are indicated by black shading in
the 7}, panel (f) which denotes when T, < 0.5T,, where Ty, is the “expected” temperature
for normally-expanding solar wind with the same speed. Ty, is inferred from the Vi, vs.
T, correlation found in the solar wind outside ICMEs (see Richardson and Cane (1995) for
further details) and is over-plotted in red. The ICME leading edge is located at the time
when T, falls below T, while the trailing edge is drawn at the time when 7}, recovers and
the magnetic field direction becomes more variable (panels (d) and (e)) since a reduced level
of magnetic field direction variations is one signature of some ICMEs.

Panels (i) to (0) show solar wind composition and charge state observations, in particular
SWICS measurements of O7/0°, mean Fe charge ({(Qg.)), and Fe/O together with three
color panels ((1) to (n)) indicating the fraction of the observed oxygen, silicon and iron ions
that have particular charge states for each 2-hour averaging period. The He/proton ratio
from ACE/SWEPAM is shown in panel (o). Note that O7/O°, (Qg.), Fe/O and He/p are
all elevated inside the ICME. (The expected value for O7/O°, based on variations of this
ratio with solar wind speed in normal (non-ICME) solar wind (see Richardson and Cane
(2004a) for further details), is overlaid in red in panel (i).) The charge state distributions
also show increases in the most prominent charge states of oxygen, silicon and iron that
commence close to the time of the ICME leading edge inferred from the plasma/field data.
On the other hand, the ion charge states return to ambient solar wind values well after the
inferred ICME trailing edge, at the time of the solid vertical blue line for iron and at the
dashed blue line, 232 hours after the suggested ICME trailing edge, for oxygen and silicon.
The He/p ratio also finally declines at this time. Thus, while the composition/charge state
data tend to confirm the ICME leading edge inferred from plasma/field data (there is a He/p
data gap at this time, however), they suggest that ICME-like plasma with high charge states
indicative of strong heating near the Sun (coronal temperatures 2 — 3 x 10° K) that was also
enriched in Fe and He extended well beyond the inferred ICME trailing edge, in a region
with only slightly lower than expected proton temperatures. Overall, the nearly 4 day interval
extending from the leading edge of the ICME to the end of the charge state/compositional
anomalies corresponds to a radial distance of &1 AU when taking the solar wind speed into
account.

Turning to energetic particle observations, the time of the solar particle event onset (panel
(b)) is consistent with the shock and ICME being associated with the 1006 km s~! halo CME
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Figure 2 Example of an ICME, in April—May, 2001, accompanied by various signatures in: IMP 8 GME
energetic particle data ((a) 0.5—-4 MeV proton angular distributions, (b) 0.88 —22 MeV proton intensities and
(h) anti-coincidence guard count rate); ACE solar wind magnetic field data ((c) intensity, (d) polar angle, (e)
azimuthal angle, in GSE coordinates); ACE solar wind plasma data ((c) density, (f) proton temperature with
the expected temperature shown in red, (g) speed, and (o) He/proton ratio); and ACE solar wind composi-
tion/charge state data ((i) o’ / 0% and expected value (red), (j) mean Fe charge state, (k) Fe/O ratio, fractional
charge states for (1) O, (m) Si and (n) Fe). Vertical lines indicate: (green) passage of an interplanetary shock,
(purple) ICME boundaries inferred from plasma and field data, (solid blue) the trailing edge of the region
of enhanced Fe charge states, and (dashed blue) the trailing edge of the region of enhanced O and Si charge
states. Note that the reported magnetic cloud (Huttunen et al., 2005) shaded gray is only a substructure of the
region of ICME-like plasma.
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at 1230 UT on 26 April observed by the LASCO coronagraphs on the SOHO spacecraft
and related to a 2B/M7.8 flare at N17°W31°. This implies a 1 AU transit speed for the
shock of 1040 km s~! which is reasonably consistent with the CME expansion speed (which
will suffer from plane of the sky projection effects) and solar wind speeds of <730 kms™!
following the shock. The typical cosmic ray depression commencing at the shock is evident
in the counting rate of the anti-coincidence guard of GME in panel (h). There is often a
“second step” at ICME entry (see, e.g., Cane ef al., 1994; Cane, 2000), but such a feature is
not evident in this event. Panel (a) shows 0.5 -4 MeV proton anisotropies in the solar wind
frame measured by this instrument. The particle intensities in the 8 azimuthal sectors are
first smoothed by fitting to a third-order Fourier series in azimuth. The resulting intensity is
then normalized to the maximum value in each 15-minute interval and plotted vs. viewing
direction (in GSE coordinates) such that particles arriving from the direction of the Sun (or
an approaching shock) along the Parker spiral field (~315°) have higher intensities towards
the top of the panel while sunward-flowing particles (*135°) lie below center. Black dashes
are aligned with or opposite to the local magnetic field direction. In addition to the typical
flow reversal, from anti-solar to sunward, close to shock passage in the particle enhancement
peaking at shock passage, bidirectional field-aligned particle flows can clearly be identified
within the ICME, extending to the end of the available observations shortly before passage
of the ICME trailing edge.

Solar wind electron data from ACE/SWEPAM are not included in Figure 2. However,
examination of the on-line pitch-angle distributions suggests that bidirectional flows were
observed from around midday on 28 April, consistent with the leading edge of the ICME,
and may have extended until late on 1 May, consistent with the ICME trailing edge, though
with a stronger flow in the anti-solar direction.

The gray shaded interval in Figure 2 indicates the magnetic cloud identified by Huttunen
et al. (2005) and also included on the WIND magnetic cloud list compiled by R.P. Lepping
(http://lepmfi.gsfc.nasa.gov/mfi/mag_cloud_S1.html). Note that the magnetic cloud is only a
small substructure of the region in which other ICME signatures are observed. Thus, the
observations are not consistent with Figure 1 where ICME-like plasma is confined to the
flux-rope-like structure. Furthermore, there is little to distinguish the magnetic cloud interval
in parameters shown in Figure 2 other than the magnetic field.

A further interesting feature is the quiet, near-radial magnetic field following the mag-
netic cloud. Similar intervals of quiet radial fields in the trailing edges of some ICMEs were
discussed by Neugebauer, Goldstein, and Goldstein (1997) who suggested that they were
flows from transient coronal holes opened during the eruption of coronal mass ejections.
Another possibility is that the Earth remained inside the “leg” of the ICME during this pe-
riod. Below we will summarize the relationship between magnetic cloud intervals and other
ICME signatures which may help to indicate the origin of the mismatch between the mag-
netic cloud and ICME boundaries in such events.

Figure 3 shows similar observations for a contrasting ICME in which the ICME bound-
aries (purple vertical lines) inferred from plasma and magnetic field data are essentially
co-located with enhancements in oxygen and iron charge states (corresponding coronal tem-
peratures ~2 x 10° K), the WIND magnetic cloud region (gray shading) and bidirectional
solar wind electron flows observed by ACE/SWEPAM (not shown here). Hence the observa-
tions are more consistent with the configuration in Figure 1. The ICME/magnetic cloud here
is followed by a corotating high-speed solar wind stream. Note also that there is no increase
in Fe/O (panel (k)) inside this ICME. There are no IMP 8 energetic particle anisotropy data
for much of the interval shown.
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Figure 3 Example of an ICME, in October 2000 (in the format of Figure 2), where the plasma, field and com-
position/charge state signatures, and reported magnetic cloud (gray shading) are approximately co-located.
There are no IMP 8 GME ion distributions (panel (a)) for most of this interval.

Figure 4 shows another representative event, in this case an ICME that lacks a magnetic
cloud structure. Rather, the field direction (panels (d) and (e)) is fluctuating, with several dis-
continuities. As noted by Cane and Richardson (2003) and other studies (see, e.g., Gosling
(1990), Richardson and Cane (2004b), and references therein), a majority of ICMEs ob-
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vertical line indicates the end of the interval of enhanced Fe charge states.

served at Earth do not include a magnetic cloud, as will be discussed further below. This
ICME followed a weak shock (green vertical line) on 10 March 1999. The ICME interval
(bounded by purple vertical lines) is based predominantly on the most prominent region
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of low proton temperatures (panel (f)). Enhanced oxygen charge states (coronal tempera-
tures ~2 x 10° K) occupy essentially the same region (panels (i) and (1)) while enhanced Fe
charge states (panels (j) and (n)) are only observed until 212 hours before the ICME trailing
edge (blue vertical line). Energetic ion intensities (panel (b)) are lower than in Figure 3 and
particle flows (panel (a)) are less distinct. However, the particles evidently became more
“beamed” along the magnetic field inside the ICME, and though flow anti-parallel to the
magnetic field direction is predominant, there are indications of intermittent bidirectional
flows (as was also the case for suprathermal electrons; Zurbuchen and Richardson, 2006).
Note also that except for the magnetic field, the observations in Figure 4 are quite similar to
those in Figure 3.

3. ICMEs in 1996 -2009

Using observations such as described in the previous section, we have identified some 322
probable ICME:s that passed Earth during 1996 —2009, listed in Tables 1, 2, 3, 4, 5, 6, 7,
8,9, 10, 11, and 12. Column 1 in each table gives the start time of the ICME-related “dis-
turbance”. For a fast ICME, this is given by the arrival of the ICME-driven shock. In this
case, the time given is typically that of the geomagnetic storm sudden commencement (SC)
that frequently accompanies a shock reaching the Earth’s magnetosphere since this pro-
vides a spacecraft-independent arrival time that is also appropriate for comparison with phe-
nomena at the Earth. If an SC is not reported, we give the time of shock passage at ACE
(indicated by (A)). If there are no data at ACE, or a shock is not reported at that space-
craft, the shock time at WIND (W) is listed if a shock is reported. We have referred to the
ACE shock list (http://www.ssg.sr.unh.edu/mag/ace/ACElists/obs_list.html#shocks) and the
shock database compiled by Justin Kasper (Harvard-Smithsonian Center for Astrophysics;
http://www.cfa.harvard.edu/shocks/). If no shock is reported for a slower ICME, a wave-like
feature or developing shock may be evident in the plasma and field data. The time of such a
feature is given in the table to the nearest hour.

If no upstream disturbance is evident, for example in the case of an ICME that has a
similar speed to the ambient solar wind, then the disturbance time listed corresponds to the
start time of the ICME, also shown in Column 2. Column 3 shows the ICME end time. The
ICME start and end times are inferred, as in Cane and Richardson (2003), primarily from
plasma and magnetic field data (examples are bounded by the purple lines in Figures 2—4)
and given to the nearest hour. Columns 4 and 5 show the estimated offsets (fcomp — ficME, 1N
hours) of the start and end times of the compositional/charge state signatures in the vicinity
of the ICME relative to the “ICME” start and end times in Columns 2 and 3 respectively.
Here, “ns” indicates that there is no compositional/charge state signature while “nc” in-
dicates that there is no change or there is no clear compositional/charge state change. An
absence of data is indicated by “...”. Close agreement between the ICME and composi-
tion/charge state boundaries (to within an hour or so, limited by the resolution of the SWICS
data) is indicated by a “zero hour” offset. As noted above, different compositional/charge
state changes may not coincide exactly though frequently there is a consensus. We typically
use the O7 /00 ratio as a reference.

Columns 6 and 7 give the offsets (in hours) of the magnetic cloud leading and trailing
boundaries relative to the ICME boundaries (f,,c — ficmg), based primarily on the WIND
magnetic cloud list. Additional events identified by Huttunen et al. (2005) in 1996 -2003
are also included. Occasionally, two magnetic clouds are identified in the interval of interest,
indicated by “(2)”. The offsets are then estimated from the leading edge of the first magnetic
cloud and the trailing edge of the second.
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216 1.G. Richardson, H.V. Cane

Column 8 indicates whether or not bidirectional suprathermal electrons were observed
within the ICME (Y/N = yes/no), based on our assessment of the SWEPAM electron pitch-
angle plots from the ACE Science Center. For events before the launch of ACE, and events
where SWEPAM observations are dominated by solar energetic particles, we examined
260 eV electron pitch-angle plots from the WIND 3DP instrument (http://sprg.ssl.berkeley.
edu/wind3dp/). In a few cases, indicated by “SEP”, we could not assess the presence of
BDEs in either data set because of the presence of solar energetic particles. Overall, 67% of
the ICMEs (205/308) where we can assess the data show evidence of BDEs.

Column 9 indicates the presence of bidirectional energetic ion flows (BIFs) observed by
the IMP 8 GME (for the ICME commencing on 31 October 2003, the BIFs are reported
by Malandraki et al. (2005)). Here, “...” indicates that either there are no data for a given
ICME, the available data cover a limited region of the ICME such that it is not possible to
assess whether any bidirectional flows were present, particle counts are insufficient to be
able to assess the particle flows, or IMP 8 was inside the bow shock. “Y” or “N” indicate
that there is, or is no, evidence (in the available data, which may not extend throughout the
ICME interval) of bidirectional flows. Overall, energetic ion flows can be examined for 114
ICMEs, of which 66 (58%) show evidence of BIFs.

The remaining columns are largely similar to those in Cane and Richardson (2003). Col-
umn 10 indicates the overall “quality” of the ICME boundary time estimates, where ‘1’ is
the most reliable. In some cases this has changed from Cane and Richardson (2003). For ex-
ample, consideration of the SWICS data may help to clarify the ICME boundaries. A “W”
indicates a marginal event with weak ICME signatures. Column 11 (not included in Cane
and Richardson (2003)) shows the increase in solar wind speed at the upstream disturbance
(to the nearest 10 km s~!) estimated from 1-hour averaged data. An ‘S’ indicates that a
shock reported in the ACE or Kasper shock lists contributed to this speed increase (which
may be larger than the actual speed increase at the shock if for example, the solar wind
speed increased further following the shock). Of the 322 ICMEs, 163 (51%) have identified
upstream shocks. Note that in a few cases (e.g., 4 May 1998), there is a large increase in
solar wind speed but no shock is reported. Typically, the speed transition is too gradual to
be associated with a true shock.

Columns 12 to 14 give the average ICME speed based on the plasma/field ICME in-
tervals, the maximum post-shock solar wind speed (i.e., between the shock/disturbance
and plasma/field ICME trailing edge), and the average magnetic field strength within the
plasma/field ICME, to the nearest 1 nT.

A 2’ in Column 15 indicates that the ICME includes a magnetic cloud reported on the
WIND magnetic cloud list or by Huttunen ez al. (2005) (“2H”). In a few cases, an indicated
magnetic cloud is not reported on these lists, but the magnetic field characteristics of the
ICME are, in our assessment, consistent with those for a magnetic cloud (e.g., enhanced
intensity >10 nT, smooth rotation through a large angle, low proton temperatures, Klein
and Burlaga, 1982). A ‘1’ indicates that there is evidence of a rotation in the magnetic field
direction, but overall, the magnetic field characteristics do not meet those of a magnetic
cloud. Events with no magnetic cloud-like magnetic field features are indicated by ‘0’.

The minimum geomagnetic Dy, value is given in Column 16. Here, ‘P’ indicates that
the value is provisional, and ‘Q’ that the value is obtained from the ‘“Real-time (Quick-
look)” Dy index provided by the World Data Center for Geomagnetism, Kyoto University
(http://swdcwww.kugi.kyoto-u.ac.jp/). Otherwise, final values are given. The period consid-
ered for each event extends from the disturbance to the trailing edge of the ICME signatures
or slightly beyond if a storm driven by the trailing regions of an ICME reaches peak intensity
just after ICME passage. Here “...” indicates that strong geomagnetic activity is already in
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progress and there is no further intensification associated with the ICME. See Zhang et al.
(2007), Echer et al. (2008), Zhang, Poomvises, and Richardson (2008), Zhang, Richardson,
and Webb (2008), and Richardson and Zhang (2008) for further discussion of the relation-
ship between ICMEs and intense (Dg < —100 nT) storms during most of cycle 23.

The shock transit speed to 1 AU is given in Column 17 if we can identify the probably-
associated solar event, indicated in Column 18. The event time generally corresponds to
first observation of the related CME by the LASCO coronagraphs on the SOHO space-
craft, where ‘H’ denotes that this is reported as a halo CME in the online CME catalogue
(http://cdaw.gsfc.nasa.gov/CME_list/). A gap in LASCO observations that encompasses the
likely time of the associated solar event is indicated by “dg”. SOHO EIT movies and other
data (e.g., Ho flares) are used to help infer the solar source regions of the CMEs. Times in
brackets are for the associated solar flares if there are no LASCO observations. A range of
dates indicates that there are several CMEs in a reasonable time window at the Sun and it
is difficult to identify the specific CME responsible for the ICME. In some cases, there are
multiple CMEs, but the time of the most likely association is given. Solar sources for the
subset of events associated with intense geomagnetic storms are discussed by Zhang et al.
(2007), while Cane, Erickson, and Prestage (2002), Cane et al. (2006) and Cane, Richardson,
and von Rosenvinge (2010) have summarized the sources of large solar energetic particle
events in 1997 —2006, some of which are related to ICMEs at Earth. A few recent associa-
tions, indicated by ‘S’, are based on observations of Earthward-directed CMEs made by the
SECCHI coronagraphs on the STEREO spacecraft (http://secchi.nrl.navy.mil/).

One caveat is that we may not have been able to delineate every individual ICME that is
present. Two circumstances can present particular difficulties. The first is at times of high
solar activity, when multiple ICMEs and shocks pass by the Earth and the interplanetary
observations are especially complicated. Even after consideration of the various data sets, it
may not be possible to identify every individual structure. Thus, some ICME regions listed
may include multiple ICMEs. The second is when an extended ICME region has a compli-
cated structure, such as the “complex ejecta” discussed by Burlaga et al. (2001) and Burlaga,
Plunkett, and St. Cyr (2002). Again, it may not be clear how many ICMEs may contribute.
As Burlaga, Plunkett, and St. Cyr (2002) note, although multiple CMEs at the Sun may
contribute in producing these extended ICMEs, it may be difficult to identify features in the
ICME that correspond to individual component CMEs. In some cases, LASCO halo CME
observations can help to indicate how many ICMEs might be expected to be observed sub-
sequently at Earth. However, since it is clear from comparing observations of halo CMEs
and near-Earth ICMEs that some reported halo CMEs do not encounter the Earth, other
ICMEs have no halo CME counterpart, some halo CMEs in the LASCO catalog originate
from activity far from central meridian and are unlikely to be Earthward-directed, and oth-
ers occur on the far side of the Sun, we are cautious in using halo CME reports as a guide
to interpreting the numbers of ICMEs subsequently present at Earth. Further examination
of the coronagraph images is required to assess how many of these CMEs are likely to be
Earthward-directed. In summary, we are generally cautious about interpreting the origin of
substructures that might be present within the ICME:s listed in the catalog.

The footnotes to Tables 1 to 12 indicate the major changes from the Cane and Richardson
(2003) catalog, including events removed or added and significant (several-hour) changes
in the disturbance or ICME times. Minor changes in these times or other parameters are
not noted. Comparing the Cane and Richardson (2003) catalog for 1996 —-2002 and the
current revised catalog, the largest annual difference in the number of events is 5, in 1999
(cf- 33 events in this year in Table 3). Hence overall, revision of the catalog taking into
account additional data sets has had little impact on the number of identified ICMEs (see
also Figure 5 of Richardson and Cane (2005b)).
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Figure 5 Solar source 35 T T T
longitudes for ICMEs in this
study (positive = west of central 30 L Mean=3.2 ]

meridian), based predominantly
on Ho: observations.

No. of ICMEs

Source (H-alpha) Longitude (deg.)

4. Properties of ICMEs during Cycle 23
4.1. Solar Source Longitudes

As is evident in Tables 1 to 12 and as previously noted by Cane, Richardson, and St. Cyr
(2000) and Cane and Richardson (2003), the associated solar events cannot be identified for
nearly a half (46%) of the ICMEs at Earth, based on observations of halo or partial halo
CMEs by LASCO, or Ho. and X-ray flare reports. Figure 5 shows the solar source longi-
tude distribution with respect to central meridian for those ICMEs for which the source can
be identified. As found in previous studies (see, e.g., Richardson and Cane, 1993; Cane,
Richardson, and St. Cyr, 2000; Cane and Richardson, 2003), the sources of near-Earth
ICMEs are predominantly close to central meridian. Around 95% lie within 50° of cen-
tral meridian and 64% within 20°. There is a slight excess of western sources, with 43%
lying on the eastern hemisphere, and 57% on the western; the mean location is W3.2 +2.0°.
There are also six sources beyond W50° compared with only one beyond E50°. This asym-
metry is consistent with the systematic eastward deflection of ICMEs expected when they
interact with the Parker spiral interplanetary magnetic field (see, e.g., Gosling et al., 1987b),
but might also, for example, be due to other factors, such as a possible tendency for CMEs
to be released to the east of the associated Ho flares (Wang et al., 2002). Overall, the results
suggest that ICMEs may extend in longitude up to ~50° from the solar source.

4.2. ICME Rate

Panel (a) of Figure 6 summarizes the ICME rate/solar (Carrington) rotation, for individual
rotations and averaged over three running rotations, during 1996 —2009. The monthly mean
sunspot number (SSN) is plotted in panel (b). As previously noted by Cane and Richardson
(2003), the yearly ICME rate increased by over an order of magnitude from solar minimum
to solar maximum, from 4 year~! in 1996 to a peak of 51 year~! in 2000. However, the ICME
rate/Carrington rotation in Figure 6 may be characterized as increasing to &2 — 3 /rotation in
1996 — 1997, then remaining at a similar level during much of the period from 1998 to late
2005, approximately corresponding to SSN > 40. In addition, there are occasional intervals
of enhanced ICME rates associated with periods of exceptionally high solar activity (such
as July 2000, early-2001). Figure 6 also suggests that the ICME rate increased again in
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Figure 6 Panel (a) shows the 8
ICME rate (/solar rotation) and 6 [
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Figure 7 Wavelet analysis of ICME Rate

the ICME rate power (color
scale, red is highest) as a function
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1996 —-2007. Regions with

300

250

significance levels of 70%, 90% 2
and 95% are indicated by ﬁ 200
increasingly thicker overlaid -
contours. -g 150
o)
o
100

TR
50 VA o (/%
1996 1998 2000 2002 2004 2006

mid-2008 after around a year and a half with few identified ICMEs during the unusually
extended solar minimum at the end of cycle 23. Although SSN remained close to zero, the
solar 10.7 cm radio flux illustrated in panel (c) (the range is intentionally limited to low
flux levels) shows a small upturn in 2009 suggesting that this increased ICME activity is a
harbinger of solar cycle 24.

Figure 7 shows an update of the results of Richardson and Cane (2005a) using wavelet
analysis (Torrence and Compo, 1998) to examine “quasi-periodic” features in the ICME rate
and their variation with time during 1996 —2007 (there are insufficient events to extend the
analysis to later years). The power level, shown for periods of 50 —300 days, is indicated by
the color scale (red is highest, white lowest) which is arbitrary and linear. Edge effects may
be present in the “cone of influence” indicated by the hatched areas. Regions with signifi-
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cance levels of 70%, 90% and 95% are indicated by increasingly thicker overlaid contours
(see Richardson and Cane (2005a) for further details of the application of wavelet analysis
to these data). The greatest power in the ICME rate occurred in an “island” of enhanced
power centered at ~160 days and extending from ~140 to 180 days, during ~1999 to 2002,
as previously noted by Richardson and Cane (2005a). The new feature in Figure 7 is the
region of enhanced power at 110 — 150 days in late 2003 — 2006, suggesting the presence
of quasi-periodicities in the ICME rate during the declining phase of the cycle. Rieger et
al. (1984) first identified quasi-periodicities of ~150 days in gamma-ray and X-ray flares
in solar cycle 21, and similar quasi-periodicities (with periods of ~130- 185 days, Lean,
1990) have now been recognized in a number of solar and interplanetary phenomena during
several solar cycles (see, e.g., Richardson and Cane (2005a) for further details). The fea-
tures in Figure 7 appear to be consistent with this type of quasi-periodicity. The origin of the
quasi-periodicity is uncertain, one possibility being that it is related to Rossby-type waves
in the Sun (see, e.g., Lou, 2000; Dimitropoulou, Moussas, and Strintzi, 2008; Zaqarashvili
et al., 2010).

4.3. Fraction of Magnetic Clouds

Based on observations during this and the previous two solar cycles, we have previously
noted (Cane and Richardson, 2003; Richardson and Cane, 2004b) evidence of a solar-cycle
dependence in the fraction of ICMEs that have the characteristics of magnetic clouds, with
the fewer ICMEs around solar minimum having a higher incidence of MCs than ICMEs
around solar maximum. Panel (d) of Figure 6 shows the magnetic cloud fraction for the
events in Tables 1 to 12. The decline in the magnetic cloud fraction from the start of the
cycle previously reported is again evident. However, the situation is less clear during the
extended minimum at the end of cycle 23, at least up to the end of the period shown, with
few ICMEs meeting the criteria to be magnetic clouds.

One difference from the results in Cane and Richardson (2003) and Richardson and Cane
(2004b) is that the number of ICME:s identified as magnetic clouds is increased due to addi-
tional events added to the WIND magnetic cloud list since the times of these studies, and the
events discussed by Huttunen et al. (2005). Thus, the magnetic cloud fraction during much
of the cycle except around solar minimum is now closer to the often quoted 30% based on
the results of Gosling (1990).

Figure 8 shows the magnetic cloud fraction calculated for events in 10° bins in solar
source longitude out to 40° from central meridian, and for events at 40 —90°. The “error
bars” indicate the effect of changing the number of magnetic clouds and ICMEs by =+ one
event. Although the statistics are poor in some longitude ranges, there is a suggestion of an
increase in the magnetic cloud fraction, from ~30% to ~50%, for events originating within
~20° west of central meridian. This result may be consistent with a scenario in which a
magnetic cloud forms the central “core” of an ICME, together with the systematic eastward
deflection of ICME:s in the solar wind discussed above. In this case, we might expect the
core of the ICME to be observed more frequently for events originating on the western solar
hemisphere.

4.4. Comparison of CME and 1 AU Disturbance Transit Speeds
For each of the solar event-ICME pairs, the inferred 1 AU transit speed of the disturbance is

shown in Tables 1 to 12. The corresponding 1 AU transit time is shown in Figure 9 plotted
vs. the (plane of the sky) expansion speed of the related CME observed by LASCO. As has
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Figure 8 Magnetic cloud
fraction plotted against solar
source longitude.

Figure 9 Disturbance 1 AU
transit time plotted against the
CME plane of the sky expansion
speed observed by LASCO. The
green plus signs indicate the
transit time for each event
assuming travel at the CME
expansion speed, while the red
crosses assume a transit speed
Vir =400 + 0.8VoumE (Cane and
Richardson, 2003), which gives a
good estimate of the earliest
disturbance arrival time for a
given CME speed.
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been shown previously for subsets of ICMEs in cycle 23 (see, e.g., Cane, Richardson, and
St. Cyr, 2000; Gopalswamy et al. 2000, 2001; Michalek et al., 2004; Schwenn et al., 2005),
there is a general anti-correlation between the 1 AU transit time (either of the disturbance,
used here, or of the ICME leading edge, used in some of these other studies) and the CME
expansion speed, but with much scatter. Furthermore, this trend is inconsistent with the
assumption that the ICME moves away from the Sun with a constant speed equal to that
of the CME (the green points in Figure 9 indicate the transit times for the events with this
assumption). Rather, the observations are more consistent with a deceleration of fast CMEs
and an acceleration of slow CMEs, converging on the solar wind speed.

There have been considerable efforts to understand the various factors that may con-
tribute to the event-to-event scatter in the transit times and obtain an empirical formula
to “predict” the mean arrival time of CME-related disturbances and/or ICMEs at Earth
(see, e.g., Gopalswamy et al., 2000; Vrsnak and Gopalswamy, 2002; Michalek et al., 2004;
Schwenn et al., 2005). From the point of view of space weather forecasting, it may be in-

@ Springer



222 1.G. Richardson, H.V. Cane

teresting (and simpler) to infer the earliest time at which an ICME, or more specifically,
the related disturbance since this is the first interplanetary effect associated with the ICME,
might reach the Earth following a CME with a certain (plane of the sky) speed (which will
not necessarily correspond to the speed in the Earthward direction). In Cane and Richardson
(2003), we suggested that the fastest disturbance transit speed for a given CME speed may
be given by Vi(kms™') =400 + 0.8 Vceye, based on the events included in that study. In
Figure 9, we plot the transit time implied by this relationship as red crosses, and note that
it gives a reasonable estimate of the earliest disturbance arrival time for this extended set of
ICMEs. We therefore suggest that this relationship could be used to “forecast” the earliest
time that the influence of a CME could be experienced in the near-Earth solar wind.

The event shown with the highest CME speed (on 11 November 2004, associated with a
3387 kms~' CME at 0226 UT on 10 November according to the LASCO CME catalog) has
a transit time that is around a day longer than the shortest transit time that would be expected
for this CME speed. However, the CACTUS catalog (http://sidc.oma.be/cactus/) suggests a
less extreme CME speed, with a maximum speed of 1994 kms~! based on LASCO obser-
vations. The LASCO “observers log” also reports a similar speed. Assuming a “true” CME
speed of ~2000 kms~! would still imply a transit time that is longer than the minimum
expected, but one that is also consistent with other events with similar CME speeds.

4.5. In-situ Speed

Panel (e) of Figure 6 shows the average in-situ speed for each ICME together with the aver-
age speed for all ICMEs in a given year (black graph). Average ICME speeds increased by
around 100 kms~!, from ~400 to 500 km s~!, in 1996 —2003, then declined again in 2006 —
2007. At least two factors may contribute to this solar cycle variation. One is the variation
in average solar wind speeds also shown in this panel (red graph, from the OMNI data set),
since ICME speeds tend to converge towards the ambient solar wind speed. Another factor
is the tendency for fast ICMEs to occur more frequently following solar maximum in this
cycle, as is evident from inspection of Figure 6 (see also Cane et al., 2006). Note also that
during the extended solar minimum, no ICMEs with speeds significantly exceeding average
solar wind speeds were observed from December 2006 until at least the end of 2009.

Distributions of the ICME speed and other parameters are shown in Figure 10. ICME
speeds (panel (a)) range from ~290 to 1300 kms~!, with a mean of 476 £ 6 kms~! (the
error is in the mean of all events). This value is comparable to mean speeds at 1 AU of
458 kms~! and 456 kms~! implied by the studies of the variation in ICME properties with
heliocentric distance by Liu, Richardson, and Belcher (2005) and Wang, Du, and Richardson
(2005), and with the mean of 483 kms~' at 1 AU we obtained in a study of ICMEs at 0.3 —
1 AU observed in 1975-1980 that is summarized in Section 3 of Forsyth et al. (2006).
These results are summarized in Table 13 together with those for other ICME parameters.
(See also Gopalswamy (2006) for discussion of the parameters of subsets of the ICMEs in
cycle 23.)

4.6. Magnetic Field Intensity

The magnetic field intensity distribution is in Figure 10, panel (b). Considering all the
ICMEs, the mean field is 10.1 = 0.3 nT, compared with 12.6 & 0.4 nT in magnetic clouds
(see also Wu and Lepping, 2007) and 8.9 & 0.3 nT in non-cloud ICMEs. For comparison,
the all solar wind average for the study period is 6.35 & 0.01 nT. The 1 AU mean ICME
field intensities implied by the results of Liu, Richardson, and Belcher (2005) and Wang,
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Figure 10 Distributions of mean ICME parameters and minimum value of the Dgt index.

Du, and Richardson (2005), who make no distinction between magnetic clouds and non-
cloud ICMEs, are &2 nT below our average values, while our result reported in Forsyth et
al. (2006) (10.3 nT) based on a sample of ICMEs from cycle 21 is remarkably similar to
that of the current study. Combining all these results, a reasonable summary is that magnetic
clouds have average field strengths around twice average solar wind values, while non-cloud
ICMESs have more modest enhancements, of the order of 30%. Table 13 also includes the
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Table 13 Average 1 AU ICME parameters.

BS98? FO6P L05¢ wosd LO7® This work
S(AU) 0.24 0.31 0.25 0.19 0.195 +0.017¢ 0.3340.01
n (cm™3) 6.47 7.03 6.16 6.7 6.634+0.28 6.9+0.2
V (kms~1) 483 458 456 476 + 6
T (103K) 443 35.4 292 28.5+3.2 48.7+£2.9
Mean B (nT) 10.3 735 8.3 18.1+1.48 10.1+£0.3
Vex 39.7 575 0.12VieME 31+3

4Bothmer and Schwenn (1998), magnetic clouds, 0.3 -1.0 AU.

bSection 3 of Forsyth et al. (2006), 0.3-1.0 AU.
¢Liu, Richardson, and Belcher (2005), 0.3 -5.4 AU.

dWang, Du, and Richardson (2005), 0.3-5.4 AU.
Leitner et al. (2007), magnetic clouds, 0.3-6 AU.

ffitted magnetic cloud diameter.

Zaxial magnetic field.

mean axial field strength (18.1 &£ 1.4 nT) for magnetic clouds at 1 AU inferred from the re-
sults of Leitner et al. (2007). This is ~50% larger than the mean magnetic field strength we
obtain along the spacecraft trajectory in ICMEs including a magnetic cloud, and reasonably
consistent with the ~35% difference found by Leitner et al. (2007).

There is a modest correlation (cc = 0.60) between the maximum magnetic field strength
in those ICMEs that include magnetic clouds and the ICME speed at 1 AU (Figure 11,
left-hand panel). Note that fields >30 nT are found in magnetic clouds with speeds of
~600 kms~! or more. However, there are also fast magnetic clouds without strongly en-
hanced magnetic fields, at least along the spacecraft trajectory through the cloud. The cor-
relation between speed and maximum field intensity is much weaker (cc = 0.28) for non-
cloud ICMEs (Figure 11, right-hand panel). See also Owens et al. (2005) for discussion of
the relationship between ICME magnetic field intensities and speeds.

4.7. Density

The average density for all the ICMEs is 6.9 £ 0.2 cm~ (distribution is in Figure 10, panel
(c)), consistent with the 1 AU densities from the studies summarized in Table 13. Previous
work (see, e.g., Richardson et al., 2000) has shown that exceptionally low solar wind den-
sities tend to be more frequently found within ICMEs. Using the 1-hour OMNI data, we
find that in our study period, densities <1 cm™ comprised 8.5% of measurements within
magnetic clouds and 6.0% in non-cloud ICMEs, compared with only 0.9% of those in the
ambient (non-ICME) solar wind, again indicating that low plasma densities are more likely
to be encountered inside ICMEs. Overall, 43% of solar wind densities <1 cm ™ occurred
within ICME:s.

4.8. Proton Temperature
The mean ICME-averaged proton temperature (distribution is in Figure 10, panel (d)) is

48700 £ 2900 K, compared with 76300 &= 400 K for the ambient solar wind in our study
period. This result is comparable to the 44 300 K at 1 AU inferred from Helios ICMEs quoted
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Figure 11 Maximum magnetic field strength plotted against speed at 1 AU for ICMEs that include (left) or
do not include (right) magnetic clouds.

in Section 3 of Forsyth et al. (2006) but higher than the 1 AU values implied by the results
of Liu, Richardson, and Belcher (2005) and Wang, Du, and Richardson (2005). A possible
explanation is that the latter studies used low proton temperatures as a primary parameter
for ICME identification whereas we have considered a range of parameters and hence may
identify occasional ICMEs in which the proton temperature is not strongly depressed but
there are other ICME signatures (for example, enhanced O”/O° in the case of the 8 April
2001 ICME). Similarly, the lower mean temperature reported by Leitner et al. (2007) may
arise because their study only included magnetic clouds, and a depressed proton temperature
is one criterion for a magnetic cloud.

4.9. ICME and Sheath Radial Size, and ICME Expansion Speed

The mean ICME radial size along the line of the spacecraft trajectory relative to the ICME,
obtained by integrating the solar wind speed with time during ICME passage (as defined by
the plasma/field signatures, columns 3 and 4 of Tables 1 to 12) is 0.33 = 0.01 AU (distrib-
ution is in Figure 10, panel (e)). This is reasonably comparable to the mean sizes obtained
by the other studies summarized in Table 13. Remarkably, 59 events (19%) have radial sizes
exceeding 0.5 AU, and three events (4 May 1998, 17 September 2000, and 15 May 2005)
exceed 1.0 AU. The unusual durations of the 4 May 1998 and 17 September 2000 events
have also been noted by Burlaga et al. (2001) and Burlaga, Plunkett, and St. Cyr (2002),
respectively. Burlaga, Plunkett, and St. Cyr (2002) suggest that the latter event may have re-
sulted from the coalescence of four CMEs though they note that these CMEs appear to have
“merged and lost their separate identity”, although one clearly had a flux rope structure.
The 4 May 1998 event was also preceded by multiple CMEs that might have contributed
to the extended ICME, in addition to the most prominent CME given in Table 2. Again, it
is difficult to identify substructures within the ICME. The solar phenomena associated with
the 15 May 2005 ICME, have been described by Yurchyshyn et al. (2006) and Liu et al.
(2007) who suggest that this was an isolated solar event during a relatively quiet period.
However, Dasso et al. (2009) proposed that two solar events were involved, resulting in two
magnetic clouds followed by an extended region of ICME-like plasma. We note that com-
position/charge state data, not considered by Dasso et al. (2009), suggest that ICME-like
plasma extended for another ~1.5 days beyond the region that they identified.
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Figure 12 ICME radial size or speed plotted against expansion speed. The red line indicates the
Vex = 0.12VicmEe dependence found by Wang et al. (2005).

Returning to Table 13, the mean magnetic cloud diameter obtained from model flux rope
fits to the field data by Leitner et al. (2007) is only around 55% of our average ICME radial
size. This difference may be consistent with the observations in Figure 2 and columns 6 and
7 of Tables 1— 12 that show that some magnetic clouds may be only substructures of larger
ICME-like intervals.

Panel (f) of Figure 10 shows the distribution of the ICME expansion speed, defined as
half of the difference in solar wind speeds at the beginning and end of the ICME interval.
The predominance of positive values indicates that most ICMEs are expanding at 1 AU.
The mean expansion speed is 31 &3 kms~!, or 43 4+ 3 kms™! if only positive values are
considered, reasonably consistent with the 39.7 kms~' and 57.5 kms~' mean expansion
speeds reported in Forsyth ef al. (2006) and Liu, Richardson, and Belcher (2005), respec-
tively for other groups of ICMEs. The left-hand panel of Figure 12 shows a good correlation
(cc =0.71) between the ICME radial size and ICME expansion speed. The expansion speed
is more weakly correlated (cc = 0.49) with the mean ICME solar wind speed (Figure 12,
right-hand panel), and does not appear to be consistent with the Ve = 0.12V|cyg depen-
dence suggested by Wang, Du, and Richardson (2005) (red line). Considering the mean
ICME magnetic field strength (10.0 nT) and density (6.9 cm ™) gives an Alfvén speed of
76 kms~'. Thus, the mean expansion speed is around half the Alfvén speed based on aver-
age ICME parameters, consistent with the earlier conclusion of Klein and Burlaga (1982).

Démoulin et al. (2008), Démoulin (2010) and Gulisano et al. (2010) have discussed
a self-similar expansion of ICMEs in terms of a dimensionless expansion factor ¢ =
2VexD/At) ch2 (taking into account a factor of two difference in their definition of the ex-
pansion speed), where D is the heliocentric distance, At is the duration of the ICME and V
is the speed at the center of the ICME. This expression is approximately £ =2V D/(SV)
where V is the average ICME speed and S is the radial size (= V At). Figure 13 shows
the distribution of ¢ for 243 of our ICMEs with positive expansion speeds. The distribution
is broader and with a smaller average value (0.45) than that obtained by Démoulin (2010)
(average 0.81 % 0.19) for a sample of “unperturbed” magnetic clouds, suggesting that in
general our ICMEs (which, however, are not restricted to magnetic clouds) do not expand
following this prescription.

Considering the thickness of the sheath upstream of the ICME along the spacecraft tra-
jectory, the distribution in panel (g) of Figure 10 shows that the occurrence rate falls of with
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Figure 13 Distribution of the
dimensionless expansion factor
defined by Démoulin (2010) for Mean= 0.45
the expanding ICMEs in this
study.

No. of ICMEs

increasing thickness. The mean is 0.082 4 0.005 AU, i.e., about one quarter of the average
ICME size. Rarely, the sheath may extend up to ~0.4 AU. Of course, this ICME study does
not include cases where only the flank of an interplanetary shock and an extended sheath is
encountered, but not the related ICME, a situation expected to be more frequently observed
far from the solar event longitude (see, e.g., Borrini et al., 1982; Cane, 1988; Richardson
and Cane, 1993).

4.10. Geomagnetic Activity

The intensity of geomagnetic activity associated with our ICME:s is indicated by the distri-
bution of the minimum value of the geomagnetic Dy index shown in panel (h) of Figure 10.
The average minimum Dy is —76 nT, while the most probable value is ~ — 40 nT. Ex-
ceptionally intense and exceptionally quiet activity levels are both relatively rare. Some 81
ICMEs (26%) are associated with “intense” storms with Dy < —100 nT, and 18 (6%) have
Dy < —200 nT. We note though (see, e.g., Zhang et al., 2007) that these storms may involve
not only the listed ICME but also the associated sheath, additional ICMEs, interactions with
corotating high-speed streams, and shocks traveling though these structures.

Figure 14(a) shows the good anti-correlation (cc = —0.891) between the maximum value
of the southward magnetic field component (Bs) in the sheath or ICME (based on 1-hour
averaged data) and the intensity of the associated geomagnetic activity, as measured by
the minimum value of the Dy index. The best fit is given by Dy = —8.23Bs + 3.74 (Dy
and By are in nT). Figure 14(b) shows the much weaker correlation (cc = —0.539) be-
tween minimum Dy and Vp,,x which is driven primarily by the few exceptionally fast events
(similar results are obtained using ICME or 1 AU transit speeds). Figure 14(c) shows the
high correlation (cc = —0.903) between minimum Dy and the maximum positive value
of the y-component of the solar wind electric field (E, = —B,V, in GSM coordinates) in
the sheath or ICME (from the 1-hour averaged OMNI data set). The best fit is given by
Dg(nT) = —11.9E,(mV m~')—13.3. Correlations between Dy and B, or E, have been
noted previously for intense storms in cycle 23 (see, e.g., Echer et al., 2008) but here we
demonstrate that these correlations also hold for ICMEs/sheaths that generate lower levels
of geomagnetic activity. Figure 14(d) shows the probability that an ICMEs/sheath will give
rise to an intense (Dg < —100 nT) or Dy < —200 nT storm as a function of maximum
E,. These results, which may be of interest for storm forecasting, suggest that there is a
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Figure 14 (a) Minimum Dy plotted against the magnitude of the maximum southward magnetic field com-
ponent in the ICME or preceding sheath for 300 ICMEs (correlation coefficient = 0.891). (b) Minimum Dst
plotted against the maximum speed in the ICME or upstream sheath (cc = 0.539). (c) Minimum Dy plotted
against the maximum value of Ey in the sheath or ICME (cc = 0.903). (d) Probability of an ICME being
associated with a Dgt < —100 nT or < —200 nT storm as a function of maximum Ey.

>50% probability of generating an intense storm if the maximum 1-hour averaged value
of E, in an ICME or the associated sheath exceeds ~6 mV m~!, and that all cases with
E, > 10 mVm™' generate intense storms. The probability of generating a Dy < —200 nT
storm is ~20% for E, =10—-15mV m !, rising to ~80% for £, = 15-20 mV m
Figure 15 shows minimum Dy plotted against the ICME solar source longitude. The
ICMEs associated with 10 out of the 11 geomagnetic storms with minimum Dy < —250 nT
originated within 20° of central meridian, and those associated with Dy < —150 nT storms,
within 40° of central meridian. Hence, there is a strong preference for the ICMEs related
with severe geomagnetic storms to originate close to central meridian (see also Figure 8 of
Zhang et al. (2007)). Considering just the ICMEs originating within 20° of central merid-
ian, 48% were associated with intense storms (Dg < —100 nT). Although this result might
suggest that around a half of ICMEs originating near central meridian are associated with
such storms, it should be noted that only ICMEs for which the source location can be iden-
tified are considered here. There are presumably other events from central meridian among
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those ICME:s for which no source is identified. Overall, only 11% of ICMEs with no known
source are associated with similar levels of geomagnetic activity.

4.11. Plasma Composition/Charge States

There is insufficient space to summarize of the behavior of the various SWICS solar wind ion
composition and charge state parameters within our ICMEs, but a few points may be noted.
Figure 16(a) shows the mean Fe ion charge state plotted against the intensity of the associ-
ated X-ray flare. Lepri and Zurbuchen (2004) suggest that flare heating is a primary cause
of the enhanced ion charge states found in ICMEs. However, the mean iron charge state
observations show no clear correlation with X-ray intensity with the exception of ICMEs
associated with >=X3 flares, which only show strongly enhanced iron charge states (mean
~15) that are among the highest found in this sample of ICMEs. The Mg/O ratio (Fig-
ure 16(b)) also shows enhanced values associated with the most intense (>~X3) flares, but
a wide range of values for smaller flares, with no clear organization by flare intensity. In fact,
the mean values of Mg/O and Qk., and also O7/OS, are closely correlated in our sample
of ICMEzs, as illustrated in Figure 17. This correlation, relating the first ionization poten-
tial (FIP) effect and ion heating in ICMEs, was noted by Richardson and Cane (2004a).
Although the “Mg/O” ratio has since been redefined in the revised SWICS data set to in-
clude a wider range of Mg ions, this relationship evidently still holds over a large sample of
ICME:s.

5. Relationship between Plasma/Field, Compositional and Magnetic Cloud
Boundaries

Figure 18 shows the distribution of the compositional/charge state boundary time offsets at
the ICME leading (a) and trailing (b) edges, from Tables 1 to 12. Most frequently, there
is close agreement between the ICME boundaries inferred from the plasma and magnetic
field data and from the compositional/charge state data, consistent with the conclusion of
Richardson and Cane (2004a) based on a summary of all the Cane and Richardson (2003)
events (cf. their Figure 8). Of 210 events where the times of the leading edge of the ICME
and compositional signatures can be compared, they are essentially simultaneous in 73%
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of the associated solar flare measured by GOES.
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Figure 17 Correlation between mean Mg/O and the mean iron charge state (a) or o7y 00 ratio (b) in 267
and 268 ICMEs, respectively.

of these events. The mean time difference is +0.28 hour with a standard deviation of
5.64 hours. Considering events with time differences of at least 2 hours, there are 33 events
(16% of all events) in which the compositional/charge state signature starts before the [CME
leading edge, by an average of 6.6 hours (this may indicate the “true” arrival time of the
ICME plasma), and 25 events (12%) in which the compositional signature starts after the
ICME leading edge, by an average of 11.1 hours. At the ICME trailing edge, the mean
time difference is +1.9 hours, and 116 out of 195 events (56%) have the trailing edges of
the ICME and compositional signature co-located. In another 24 cases (12%), the compo-
sitional signature ends more than 2 hours inside the ICME trailing edge, with a mean time
difference of 10.7 hours, while in 55 events (28%), the compositional/charge state signature
extends more than 2 hours beyond the ICME, by a mean period of 11.4 hours. The implica-
tion of the latter result is that ICME-like plasma that was strongly heated near the Sun may
be observed in the wake of the ICME as defined by other plasma and field signatures (cf.
Figure 2; Gloeckler et al., 1999).

Comparing ICME and magnetic cloud boundaries, in 52 out of 99 events (53%), there
is close agreement between the ICME and MC leading edges (Figure 18(c)). Only one
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Figure 18 Histograms of the time differences between the leading and trailing edges of ICME-like com-
positional/charge state signatures ((a) and (b)) and magnetic clouds ((c) and (d)) with respect to the
“plasma/magnetic field” boundaries given in Tables 1 to 12.

magnetic cloud (22 July 2004 on the WIND magnetic cloud list) commenced more than
2 hours ahead of our estimated ICME boundary, while there are 45 events in which the
magnetic cloud leading edge is inside the ICME leading edge, with an average time offset
of 8 £ 1.0 hours. At the trailing edge, 40 out of 98 events (41%) show general agreement
between the ICME and magnetic cloud boundaries. Again there is an asymmetry in the dis-
tribution (Figure 18(d)), reflected in the mean time difference of —7.6 hours. Some 46 events
(47%) have the magnetic cloud signature terminating at least 2 hours inside the ICME trail-
ing edge, by a mean of 16.8 hours, while only 12 magnetic clouds terminate after the ICME
trailing edge, by a mean of 8.3 hours. Overall, the reported MCs tend to start after and end
earlier than the overall ICME boundaries we have identified in plasma/field data, as exem-
plified by the event in Figure 2. A reason for this pattern is that the reported magnetic cloud
boundaries are usually defined by the start and end of a smooth rotation in field direction,
because of the requirements of model fitting. Hence, they tend to define a substructure of
the ICME that is identified without this requirement.

Figure 19 compares the ICME radial size and the time difference between the trailing
edges of the ICME and magnetic cloud. The magnetic cloud and ICME trailing edge bound-
aries are in agreement only for ICMEs up to around 0.5 AU in size, while more extended
ICMEs show an increasing time difference between the ICME and magnetic cloud trailing
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edges. The basic picture suggested by this figure is that the magnetic cloud is a substructure
of the ICME that may be up to about 0.5 AU in size and is followed by a region of ICME-like
material in more extended ICMEs.

6. Comparison with Other ICME Catalogs

In addition to Cane and Richardson (2003), several other near-Earth ICME catalogs for spe-
cific intervals during cycle 23 have been generated. Liu, Richardson, and Belcher (2005)
produced an ICME catalog for 1995 — October 2002 using criteria based on abnormally low
proton temperatures and a high He/proton ratio (>8%), a criterion that is only met in a sub-
set of ICME:s (Richardson and Cane, 2004a). For the interval where our studies overlap, they
identify 99 events, compared with our 217 events. They note that 85% of their events were
in the Cane and Richardson (2003) catalog, as is also the case for our revised catalog. They
also note that their ICME boundaries may differ significantly from Cane and Richardson
(2003), a major factor being the greater importance placed on the He/p ratio. Examining the
few Liu, Richardson, and Belcher (2005) events not in our catalog, we conclude that they
may be possible ICMEs with weak signatures, or, in some cases, may be encounters with
the heliospheric plasma sheet.

Russell and Shinde (2005) criticized the Cane and Richardson (2003) catalog by compar-
ing it with several other published or unpublished ICME lists that, we note, emphasized the
subset of ICMEs with magnetic cloud signatures and were not intended to be “comprehen-
sive” event lists. They expressed concern at the much larger number of events identified by
Cane and Richardson (2003), the relatively small number of events common to all these lists,
events found on only one list, and ICME boundaries that differed between lists and when
different ICME signatures are considered. We note though that criteria that select ICMEs
with magnetic cloud-like features will inevitably miss a large fraction of ICMEs (cf. Fig-
ure 6). Furthermore, the differences in boundaries indicated by different ICMEs signatures,
while potentially a problem for crisply defining the edges of ICMEs, presumably reflect the
different physical processes involved in producing these signatures. It is not self-evident for
example, that low in-situ solar wind proton temperatures (associated with ICME expansion
in the solar wind), compositional and charge state signatures (imposed by conditions during
CME release at the Sun), and bidirectional suprathermal electron flows (that depend on field
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line connectivity to the Sun) should occupy exactly the same regions of the solar wind at
1 AU. The inability in some cases to define ICME boundaries unambiguously should not
be confused with an inability to identify ICMEs, especially when multiple signatures are
present such as in the examples shown in this paper.

Such complexity also suggests that it is improbable a single parameter can indicate the
“true” ICME interval, such as the total pressure (magnetic and plasma) perpendicular to
the magnetic field proposed by Russell, Shinde, and Jian (2005) and Jian et al. (2006). Al-
though Jian et al. (2006) emphasis the perpendicular pressure, and use it to develop a list of
ICME:s in 1995 —2004, they still refer to a number of more conventional ICME signatures,
namely “the low proton temperature, a stronger than ambient magnetic field, a relatively
quiet and smooth rotation in magnetic field, a helium abundance enhancement, and BDEs”
when compiling their catalog. Jian et al. (2006) note that 82% of their events are in the
Cane and Richardson (2003) catalog, and 67% of the Cane and Richardson (2003) events
are in their catalog; similar results apply to our revised catalog. The differences lie mainly
in: marginal events with weak ICME signatures that are included in one catalog and not the
other (e.g., 19 March 1999 in our catalog, 4 April 2000 in Jian et al. (2006)); events that
may be heliospheric plasma sheet crossings rather than ICMEs that are included in one list
and not the other (e.g., 15 February 1996 in Jian et al. (2006)); events that have otherwise
weak signatures but are prominent in composition/charge state data and are included in our
list (e.g., 26 November 2000); shock sheaths that are not followed by clear ICME signatures
but are nevertheless included by Jian et al. (2006) (e.g., 13 and 31 January 2001; 25 and 29
July, 26 August, 26 November, 2002); and clear events in our list that are missing from Jian
et al. (2006) for some reason (e.g., 11 October 2001; 7 November 2004). Jian et al. (2006)
interpret the perpendicular pressure — time profiles in terms of the spacecraft trajectory rel-
ative to a magnetic obstacle, assumed to be a magnetic flux rope. However, this scenario
appears to be inadequate to incorporate the clear presence of ICME-like plasma without
flux-rope-like magnetic fields in many events. In particular, the lack of a flux-rope signature
does not appear to suggest just a “glancing” encounter with the ICME.

Schwenn et al. (2005) have summarized the properties of “ICME events” identified be-
tween 1997 and April 2001. They use a rather broad definition of an ICME, including the
passage of shocks (that are not necessarily followed by an ICME encounter), geomagnetic
storms with Dy < —50 nT (which, however, may be associated with other solar wind fea-
tures such as corotating interaction regions; Richardson et al., 2006), magnetic clouds, and
“plasma (density) blobs”. Schwenn ef al. (2005) state that comparing their list with Cane and
Richardson (2003) is “a mess”. However, we believe this is a pessimistic assessment: We
estimate that 56% of the Schwenn et al. (2005) events are associated with Cane and Richard-
son (2003) events — we would certainly only call this a fair agreement. On the other hand,
examining the plasma/field/compositional signatures, we suggest that 46 of the Schwenn et
al. (2005) “ICMEs” (21%) are corotating interaction regions compared with their estimate
of only 4%. Another 25 events show no evidence of ICME-like plasma/field signatures fol-
lowing a shock, and would not appear on our list. A further three events have ACE data gaps
and we did not classify these in Cane and Richardson (2003). Removing these events, then
the association rate is ~84%. Thus, we suggest that there is a reasonably good agreement
between the Schwenn et al. (2005) and Cane and Richardson (2003) events (and with the
current list) once the CIR and shock events without ICMEs are removed from the Schwenn
et al. (2005) list. The remaining differences between the lists lie in events that do not have the
signatures examined by Schwenn et al. (2005), but otherwise have reasonably clear ICME
signatures, and events with marginal ICME signatures.
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7.

Summary and Conclusions

We have cataloged the over 300 ICMEs that were observed in the near-Earth solar wind in
1996 —2009, encompassing solar cycle 23, and summarized their properties. Our conclu-
sions include:

The ICME rate broadly follows solar activity levels, increasing by around an order of
magnitude from solar minimum to solar maximum. However, the rate/solar rotation is
relatively constant over much of the cycle at &2 —3 ICMEs/rotation, but punctuated by
short increases associated with the presence of major active regions on the Sun. Wavelet
analysis of the ICME rate shows evidence of intermittent periodicities of ~160 days near
solar maximum and ~130 days during the late declining phase.

Observations for 2009 show an upturn in the ICME rate, apparently related to the onset
of cycle 24, following two years with few ICME:s.

Average properties of our ICMEs are in close agreement with those obtained in other
studies, including those using events from previous solar cycles.

Though the magnetic cloud fraction has increased during previous solar minima, few
clear magnetic clouds have been observed during the extended minimum at the end of
cycle 23. The fraction of ICMEs that are magnetic clouds may increase for ICMEs with
source regions at 0 to 20°W.

Taken as a group, our ICMESs do not appear to follow the dimensionless expansion demon-
strated by Démoulin et al. (2008), Démoulin (2010) and Gulisano et al. (2010) for selected
groups of magnetic clouds.

The level of geomagnetic activity produced by an ICME or the associated sheath (as
measured by Dy,) is highly correlated with the maximum 1-hour averaged value of B or
E,, but not with the ICME speed. For a >50% probability of an ICME/sheath producing
an intense storm (Dg < —100 nT), E, > 6 mV m~! is required.

The extensively studied flux-rope-like “magnetic cloud” structures are occasionally only
substructures of larger regions of ICME-like plasma indicated by solar wind plasma, mag-
netic field, composition and charge state data. Thus, plasma that has been processed and
heated near the Sun is not confined to the flux-rope structure that may be present. Ob-
servations of ICME-like plasma regions with radial sizes >0.5 AU suggest that extended
outflows of heated plasma may occur and/or multiple ICMEs may contribute.

Individual ICMEs may exhibit a number of characteristic signatures formed by various in-
dependent processes at the Sun and in the solar wind, and the “ICME boundaries” inferred
from these signatures frequently differ. It is therefore unlikely that a single parameter can
be identified that indicates the “true” ICME boundaries.
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