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Abstract. CMEs have been observed for over 30 years with a wide variety of instruments. It is now
possible to derive detailed and quantitative information on CME morphology, velocity, acceleration
and mass. Flares associated with CMEs are observed in X-rays, and several different radio signatures
are also seen. Optical and UV spectra of CMEs both on the disk and at the limb provide velocities along
the line of sight and diagnostics for temperature, density and composition. From the vast quantity of
data we attempt to synthesize the current state of knowledge of the properties of CMEs, along with
some specific observed characteristics that illuminate the physical processes occurring during CME
eruption. These include the common three-part structures of CMEs, which is generally attributed to
compressed material at the leading edge, a low-density magnetic bubble and dense prominence gas.
Signatures of shock waves are seen, but the location of these shocks relative to the other structures and
the occurrence rate at the heights where Solar Energetic Particles are produced remains controversial.
The relationships among CMEs, Moreton waves, EIT waves, and EUV dimming are also cloudy. The
close connection between CMEs and flares suggests that magnetic reconnection plays an important
role in CME eruption and evolution. We discuss the evidence for reconnection in current sheets
from white-light, X-ray, radio and UV observations. Finally, we summarize the requirements for
future instrumentation that might answer the outstanding questions and the opportunities that new
space-based and ground-based observatories will provide in the future.
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1. Introduction

CMEs have been observed for over 30 years with a wide variety of instruments.
White light coronagraphs in space provide the bulk of the observations. The ex-
amples shown in Figure 1 demonstrate how the capabilities of coronagraphs have
developed over the years and the state of maturity they have reached. It is now pos-
sible to derive detailed and quantitative information on CME morphology, velocity,
acceleration and mass.

Flares associated with CMEs are observed in white light, the Ho emission line,
extreme ultraviolet light (EUV) and X-rays, and several different radio signatures
are also seen. Optical and UV spectra of CMEs both on the disk and at the limb
provide velocities along the line of sight and diagnostics for temperature, density
and composition.

From the vast quantity of data available we attempt to synthesize the current state
of knowledge of the properties of CMEs, along with some specific observed char-
acteristics that illuminate the physical processes occurring during CME eruption.
These include the common three-part structure of many CMEs, which is gener-
ally attributed to compressed material at the leading edge, a low density magnetic
bubble and dense prominence gas. Signatures of shock waves are seen, but the loca-
tions of these shocks relative to the other structures and the occurrence rates at the
heights where Solar Energetic Particles (SEPs) are produced remain controversial.
The relationships among CMEs, Moreton waves, EIT waves (as discovered by the
Extreme Ultraviolet Imaging Telescope on the Solar and Heliospheric Observatory,
SOHO) and EUV dimming are also cloudy.

The close connection between CMEs and flares suggests that magnetic re-
connection may play an important role in CME eruption and evolution. We dis-
cuss the evidence for reconnection in current sheets from white light, X-ray, ra-
dio and UV observations. Finally, we summarize the requirements for future in-
strumentation that might answer the outstanding questions and the opportunities
that new space-based and ground-based observatories will provide in the near
future.

2. Available Observations

2.1. SPACE-BASED CORONAGRAPHS

CMEs were discovered and have been mainly studied by space-based coronagraphs.
Many observations described in this book were obtained by the Large Angle and
Spectrometric Coronagraphs (LASCO; Brueckner et al., 1995) operating aboard
SOHO (Domingo et al., 1995). LASCO is a wide-field white light and spectrometric
coronagraph consisting of three optical systems having nested fields of view that
together observe the solar corona from just above the limb at 1.1 R, out to very great
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Figure 1. Examples of CME observations from space, from the first one (seen from OSO-7 on Dec. 14,
1971 by Brueckner et al. (1972, 1973)) to the still-ongoing LASCO. The lower right panel shows a
“halo” CME pointed along the Sun-Earth line.
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elongations. The three telescopes comprising LASCO are designated C1 (1.1 to 3.0
R5),C2(2.2t06.0 Ry) and C3, which spans the outer corona (4 to 32 R). Cl is fitted
with an imaging Fabry-Perot interferometer, making possible spatially resolved
high-resolution coronal spectroscopy in selected spectral lines. Unfortunately, C1
was severely damaged during the temporary loss of SOHO and no observations
have been possible since June 1998. C2 and C3 mostly operate in synoptic mode at
a cadence of about 24 min (C2) and 45 min (C3). The resolution is 11.9 arcsec/pix
for C2 and 53 arcsec/pix for C3. Their observations have resulted in a database
of about 10,000 CMEs (Yashiro et al., 2004) as of mid 2005. Some characteristic
examples are shown in Figure 1.

SOHO also carries another type of coronagraph, the Ultraviolet Coronagraph
Spectrometer (UVCS; Kohl et al., 1995). UVCS obtains long slit spectroscopic
measurements of the corona at heights between 1.2 and 10 Ry with 7 arcsec/pix
resolution in a variety of lines (HI 1216 A, OVI 1032, 1037 A, Mg X 610/625 A, Si
XII 499/521 A, Fe XII 1242 A), and it also has a visible light channel. UVCS can
rotate its field of view about Sun center to build maps of the full corona. Figure 2
shows a tomographic reconstruction of the coronal emission in the O VI 11032
line as seen from the Earth and as it would be seen if the Sun’s axis were tilted by
increments of 40° (Panasyuk, 1999).

2.2. GROUND-BASED CORONAGRAPHS

Ground-based coronagraphs complement the space-based coronagraphs. Although
ground-based coronagraphs are limited by brightness and temporal variability
of the sky, they allow a higher temporal resolution. This facilitates the un-
derstanding of the trigger mechanism of fast transient phenomena like CMEs
and coronal waves in the lower corona as well as the density and temperature
structure.

Ground-based white-light coronal observations can be obtained only for a small
range of heliocentric heights and only with polarization measurements to remove
most of the unpolarized sky background. Routine observations have been car-
ried out at the Mauna Loa Solar Observatory (MLSO) for many years. The cur-
rent coronagraph, Mark IV, has been operational since 1998. It records polarized
brightness images of the corona from 1.08-2.85 Ry every 3 minutes. The obser-
vations run from 17-22 UT daily (weather permitting). Mark IV complements
nicely the LASCO observations by providing observations of the inner corona
(Figure 3).

Finally, there are several ground-based spectroscopic coronagraph instruments
operating within a single bandpass such as the Ho coronagraphs at Pic du Midi
and MLSO, the [Fe XIV] and [Fe X] instruments in Sac Peak and Norikura solar
observatories, the Hel coronagraph at MLSO, the MICA instrument in Argentina
(Stenborg et al., 2000) and some others.



CORONAL OBSERVATIONS OF CMES 131

§

N

Figure 2. Tomographic reconstruction of the quiet Sun O VI 11032 emissivity derived from UVCS
observations during Whole Sun Month 1996 (Panasyuk, 1999). Successive panels left to right across
each row show the corona as seen if the Sun’s axis were tilted in the plane containing the Earth and
the solar axis by increments of 40°. EIT brightness for this Carrington rotation is shown in the center.

2.3. EIT/TRACE, EUV SPECTROGRAPHS

Since the launch of SOHO, EIT (Delaboudiniére ef al., 1995) has provided almost
continuous full Sun images with 2.6” pixels in 4 narrow EUV bands. The four bands
reveal structures primarily in Fe IX, Fe XII, Fe XV and He I, covering a temperature
range 10° to 2 x 10° K. In some circumstances other ions may dominate, as when
Fe XXIV appears in flares or O V becomes strong in CMEs. TRACE (Handy et al.,
1999) has higher spatial resolution, with 0.5” pixels, providing images such as that
in Figure 9, and a much higher time cadence. It has 3 EUV bands similar to those
of EIT, along with UV bands. The SPIRIT experiment on CORONAS-F produces
images in EUV bands similar to those of EIT, along with images in the Mg XII Ly«
X-ray line (Zhitnik et al., 2003a).
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Figure 3. The big CME on September 7, 2005 as seen by the Mark IV coronagraph on Mauna Loa
in Hawaii. The CME was accompanied by an X17 flare at SO6E89 as reported by NOAA with a peak
flux at 17:40. EIT and LASCO on SOHO were switched off because of an attitude maneuver. Despite
the CME’s origin at the east limb, the Earth was hit by a shock wave and a succeeding magnetic cloud
that caused a Kp9 geomagnetic storm on September 11.
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Three UV/EUV spectrographs currently operating are SUMER (Wilhelm et al.,
1995) and CDS (Harrison et al., 1995) on the SOHO spacecraft and the SPIRIT
experiment on CORONAS-F (Zhitnik et al., 2003b). These instruments observe
spectral ranges from 151 to 1610 A, providing many lines useful as temperature,
density and abundance diagnostics.

2.4. MDI

The Michelson-Doppler Imager (MDI) is part of the SOHO Solar Oscillations In-
vestigation (SOI; Scherrer et al., 1995). MDI provides full-Sun line-of-sight mea-
surements of the photospheric magnetic field at 4" resolution with a typical cadence
of 96 minutes. A high resolution partial-Sun field of view has a 1.25” resolution
across a field-of view 11’ wide. Such measurements at lower cadence and with less
spatial resolution are also provided by ground-based observatories such as Kitt Peak
National Observatory (near Tucson, USA) and Wilcox Solar Observatory (near Los
Angeles, USA).

MDI has contributed successfully to the understanding of CME initiation and
propagation by providing the necessary global magnetic field context within which
the CMEs occur. Knowledge of the time variability and distribution of the magnetic
field on the solar surface is required as boundary conditions for models of the global
solar corona through which the CMEs propagate (e.g., Linker ez al., 1999; Luhmann
et al., 2003) and for input to MHD models of the eruption process.

2.5. SOFT X-RAY IMAGING

X-ray light curves from GOES are the standard means for comparing CME and
flare characteristics, and imaging data provide still stronger constraints. Soft X-ray
imaging of the solar corona began in 1960 via a primitive pinhole camera on a
sounding rocket; by the 1970s routine rocket-borne focusing-optics telescopes led
to the revolutionary imaging from Skylab (e.g. Vaiana et al., 1973). From 1991 the
soft X-ray telescope SXT on Yohkoh began systematic CCD-based observations
with excellent resolution, image cadence, and image dynamic range. Following
Yohkoh’s demise in 2001, the first NOAA soft X-ray imager (SXI on GOES-12; Hill
et al., 2005) began observations, and a sequence of follow-on SXI instruments will
continue on future GOES spacecraft. Solar-B (2006 launch) will have an advanced
soft X-ray telescope.

The soft X-ray images, as opposed to EUV images, give us a more broadband
view of the optically thin corona. Phenomena that are well-observed by these instru-
ments include coronal holes, filament channels, active regions, microflares, X-ray
bright points, X-ray dimmings, sigmoids, trans-equatorial loops, hot ejecta, X-ray
jets, flare loops, loop-top brightenings, above-the-loop-top sources, supra-arcade
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downflows, flare footpoints, Moreton-type shock fronts, and of course lovely flare
arcades and spectacular cusp-shaped structures above them.

2.6. HARD X-RAY IMAGING

At energies above a few keV, focusing optics have thus far been difficult to imple-
ment. Only these hard X-rays, though, can properly reveal particle acceleration and
energy release in the low corona. Accordingly HXIS (on SMM), SXT on (Hinotori),
HXT (on Yohkoh) and RHESSI (Lin et al., 2002) have resorted to shadow-mask
imaging, to provide arc-second resolution for hard X-rays. In the case of RHESSI
even some y-ray imaging has been possible.

The new data reveal a broad range of coronal sources as well as the footpoint
sources of the flare impulsive phase. All of these sources require particle accelera-
tion to high energies, and the particle acceleration produces a hard X-ray signature
characteristic of CME sources (Kiplinger, 1995). The non-thermal energy release
turns out to dominate even the weakest microflares as well. The signatures of solar
particle acceleration are sometimes accompanied by SEP events, giving us the pos-
sibility of thus directly identifying the solar origin of the interplanetary field lines
containing the SEP particles. Finally, and surprisingly, the RHESSI data show that
ions and electrons occupy different flaring loops.

2.7. GROUND-BASED EMISSION LINE OBSERVATIONS

From the ground, various features of mass ejections can be observed at visible and
IR wavelengths. Such data help us to study in detail the pre-eruptive scenario to
identify the chain of events and the conditions leading up to the eruption or the
CME. A few important spectral lines include:

1. Ha: The He line has been used to record solar eruptions for a very long time.
The lower chromosphere is the coolest layer in the Sun’s atmosphere, and promi-
nent features associated with solar activity such as flares and filaments are best
observed in this line. In He images, the counterpart of the bright knot of the
three part structure is observed, which corresponds to the features cooler than
the frontal edge of the CMEs. Hu filaments on the disk are seen in absorption, but
when they reach the solar limb and extend beyond it, they are seen in emission
and are called prominences. When a filament in the course of a CME begins to
rise, the Ha emission is Doppler shifted and may no longer be visible in narrow
band images. These are the “Disappearing Filaments” (DFs; see Figure 4).

2. CalIl K: Because the Calcium K Line (393.3 nm) is sensitive to magnetic fields,
magnetically active structures show up in high contrast against the surrounding
chromosphere. Regions of moderate magnetic field appear bright, whereas high
magnetic field regions are dark. In CaK images, one is able to see the brightness



CORONAL OBSERVATIONS OF CMES 135

Figure 4. A disappearing filament in the northeast observed by the HASTA-telescope on January 5,
2005. It was associated with a minor X-ray brightening (B1.5) and a full halo CME. No associated
shock was noted at the Earth, but a geomagnetic storm (Kp7) occurred late on January 7.

along the edges of large convection cells called supergranules and in areas called
plages. Dark sunspots and filaments are also visible in this wavelength.

3. He 10830: The He 10830 line is very useful for indirect observations of the
corona. The conditions in the overlying corona are mainly responsible for the
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excitation of the chromospheric helium. Coronal holes are marginally detectable
in this line and are mapped as somewhat brighter regions in He 1083.0 nm images
(Harvey and Sheeley, 1979).

2.8. VECTOR MAGNETOGRAPHS

Vector magnetographs allow both the longitudinal and transverse components of
the magnetic field to be measured, using the circular and linear polarization of
magnetically-sensitive spectral lines in the solar photosphere and chromosphere. A
number of vector magnetographs are currently operational around the world using
a variety of lines including Fe I at 6301.5 A and 6302.5 A (Advanced Stokes Po-
larimeter, Skumanich et al., 1997; Mees Imaging Vector Magnetograph, Mickey
et al., 1996) and Ca I at 6301 A (Big Bear Solar Observatory Digital Vector Mag-
netograph, Spirock et al., 2001) in the photosphere and Na I D at 5896 A (Mees
IVM, Metcalf et al., 1995) in the chromosphere. Other facilities at MSFC, Pots-
dam, Huairou, Irkutsk, Udaipur and Mitaka result in almost continuous vector field
coverage of the Sun.

The vector magnetographs currently in use typically have a field of view encom-
passing a single active region (~ 5’ x 5’) with a pixel size of order 0.5” or greater and
can generate a full magnetogram every 2—-3 minutes. Uncertainties in the magnetic
field tend to be of the order of 10-20 G in the longitudinal field and 25-50 G in
the transverse field measurements. In addition, there is an 180° ambiguity issue in
the transverse field measurements which is solved by a number of different means
(e.g. Canfield et al., 1993).

Knowledge of the full magnetic vector allows one to determine the size and
nature of any currents in the system, as well as measures of twist and helicity. In
particular, without knowledge of the vector magnetic field a quantitative assessment
of the amount of “free energy” available in the corona to power an eruption would
be impossible.

2.9. RADIOHELIOGRAPHS AND RADIO ARRAYS

The radio imaging instruments map the corona over a range of altitudes depend-
ing on the observing frequencies. They provide observations of prominences, mi-
crowave activity during flares, coronal and CME-driven shocks.

There are only a very few dedicated solar imaging instruments currently under
operation. They include the Nobeyama Radioheliograph (NoRH; Nakajima et al.,
1994; 17 and 34 GHz), the Owens Valley Radio Observatory (OVRO; Gary and
Hurford, 1990; 1-18 GHz), the Nancay Radioheliograph (NRH; Kerdraon and
Delouis, 1997; 450—-150 MHz), the Gauribidanour Radioheliograph (Ramesh et al.,
1998; 40-150 MHz), the Siberian Solar Radio Telescope (SSRT, Zandanov et al.,
1999; 5.7 GHz), and the Ratan-600 radio telescope (Bogod et al., 1998) (610 MHz
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— 30 GHz). Large non-solar dedicated arrays, such as the Very Large Array (VLA)
(operating at microwave frequencies and more recently at 75 MHz) in the United
States (Erickson ef al., 2000) and the Giant Meterwave Radiotelescope (GMRT)
operating at 327 MHz, 236 MHz, 600 MHz and 1420 MHz (Rao et al., 1995;
Swarup, 2000) in India provide occasional observations.

2.10. SUBMILLIMETER-WAVE SOLAR RADIO ASTRONOMY

A new tool to observe the Sun in the submillimeter range of wavelengths has become
available, operating on a daily basis since 2002 at El Leoncito observatory in the
Argentina Andes (Kaufmann et al., 2001). It has shown the association between the
launch time of CMEs and the onset of the new kind of rapid subsecond pulsating
bursts, discovered at 212 and 405 GHz (Kaufmann et al., 2003).

3. CME Properties

White-light coronagraph images make it possible to derive the column density of
CME plasma, and radio observations allow us to measure the density. Ultraviolet
spectra from SUMER and UVCS provide the means to measure density, tempera-
ture, elemental composition and ionization state.

3.1. STATISTICAL PROPERTIES

CMEs are characterized by speed, angular width, acceleration, and a central position
angle in the sky plane. Measured speeds range from a few km/s to nearly 3000 km/s
(e.g., Gopalswamy, 2004; see also previous studies by Howard et al., 1985 and St.
Cyr et al., 2000), with an average value of ~450 km/s (see Figure 5), which is
slightly higher than the slow solar wind speed. The apparent angular width of
CMEs ranges from a few degrees to more than 120 degrees, with an average value
of ~47° (counting only CMEs with width less than 120°). The width and other
parameters of a CME occurring close to the limb is likely to be the true width,
whereas the width and source latitude of a CME occurring close to the disk center are
severely affected by projection effects (Burkepile et al., 2004). CME acceleration
is discussed in Section 4.

3.1.1. Mass and Energy

The current LASCO database of CMEs (as of Fall 2005) contains more than 10000
events. CME observations are available over a significant part of a solar cycle,
thereby allowing us to obtain a very reliable estimate of their mass and energy
profiles. Such statistics for all events up to 2002 have been presented in Vourlidas
et al. (2002). The measurement methods and assumptions used can also be found
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Figure 5. Speeds (left) and widths (right) of all CMEs observed by SOHO/LASCO from 1996 to
the end of 2004 (Gopalswamy et al., 2005b). The speed could not be measured for all the detected
CMEs. The averages of the distributions are shown on the plots. The average width was computed
from non-halo CMEs.
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Figure 6. Statistics of mass and energy for 1996-2004 CMEs compiled by A. Vourlidas (6,335
events).

in the same paper. Here we update these statistics for all CMEs from 1996 to
December 2004. Histograms of the mass, kinetic and potential energy of 6,335
CMEs are shown in Figure 6 and lead to several interesting observations: (i) There
appears to be an upper bound of a few x10'¢ g to the mass of a CME, (ii) about
3% of the CMEs are <5 x 10'3 g, (iii) the maximum kinetic energy of a CME
is 10°2 — 10*} erg, (iv) the “average CME” has mass of 1.4 x 10" g and kinetic
energy of 2.6 x 100 erg. We compare the LASCO statistics to the data set from
the Solwind instrument (Howard et al., 1985) in Table 1.

The difference between the two samples probably results from the larger number
of small events in the LASCO database that results from the higher sensitivity, wider
field of view and almost 100% coverage of LASCO compared with SOLWIND and
SMM. A redefinition of the term “CME” is needed in order to distinguish “real”
CME:s from small scale jets or fluctuations of the solar wind.

The total mass ejected in CMEs ranges from a few times 103 g to more than
10'® g. Accordingly, the kinetic energy of CMEs with angular width <120° ranges
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TABLE 1
Average CME Properties.
Parameter LASCO Solwind
Observing duty cycle 81.7% 66.5%
(Exin) (erg) 2.6 x 1030 3.5 x 1030
(Mass) (g) 1.4 x 1015 4.1 x 1015
Mass flux (g/day) 2.7 x 101 7.5 x 1013

from ~10?7 erg to ~103? erg, with an average value of 5 x 10* erg. Some very fast
and wide CMEs can have kinetic energies exceeding 103 erg, generally originating
from large active regions and accompanied by powerful flares (Gopalswamy et al.,
2005a).

3.1.2. CME Rate

During solar minimum, the CME rate is typically 0.5/day. The rate during solar
maxima is an order of magnitude higher. Figure 7 shows that the CME rate averaged
over the Carrington rotation period (27.3 days) increased from less than 1 per day to
more than 5 per day. The large spikes are due to active regions that are very active
producers of CMEs. The correlation between the daily CME rate and sunspot
number (SSN) is less than perfect, especially for large SSN (near solar maximum).
CMES occur around solar maximum with a relatively high rate from the polar crown
filaments (PCFs), but have nothing to do with sunspots; hence, they need not be
correlated with SSN. Both SSN and CME rates show a double maximum (late

CME Rate [day™]

96 98 00 02 04
Year

Figure 7. CME rate over the course of the SOHO mission from the LASCO CME catalog (Yashiro
etal.,2004).
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2000 and early 2002). The low-latitude (LL) CME rate is generally higher than
the high-latitude (HL) rate, but occasionally they can be very close. The cessation
of HL. CME:s coincided with the polarity reversal at the solar poles (Gopalswamy
et al., 2003b). The HL. CMEs provide a natural explanation for the disappearance
of PCFs, which need to be removed before the poles can acquire the open field
structure of the opposite polarity.

3.1.3. Variability of CME Speed

The speed of a CME is usually measured by constructing a time-height diagram
for the fastest moving feature of the CME front as it appears projected on the
plane of the sky (POS). Inevitably, the POS values can deviate from the real radial
speed of the CME front, depending on the actual direction of the motion. That may
explain in part why different observers reached different conclusions. In the study
by Howard et al. (1985) the mean POS speed of CMEs was found to increase with
increasing solar activity. However, SMM data did not show a significant difference
in the average speed of CMEs between solar activity minimum and maximum
(Hundhausen, 1993). SOHO data confirmed an increase (Gopalswamy, 2004) as
demonstrated in Figure 8. The annual mean speed increased from slightly below
300 km/s in 1996 to about 500 km/s in 2000. The speed showed a dip in 2001,
as did the CME rate, and continued to increase to the second maximum in 2002.
However, the speed did not decline after the 2002 maximum, but peaked in 2003.
This is mainly because of the exceptional active regions (10484, 10486, and 10488)
that produced fast and wide CMEs during October—November 2003. The speeds
then started to decline with the CME rate.

These results must be taken with some caution. It is unclear at what distance the
speed determinations were performed. Note that all histograms show CME speeds
of less than 200 km/s, i.e. less than the minimum speed of even the slowest solar
wind. That indicates that some of the CME speeds were determined close to the

600
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400

300

SPEED [km/s]

<&
200f MEDIAN A nNNUAL 1

100 . A . .
1996 1998 2000 2002 2004 2006
YEAR

Figure 8. CME speeds over the course of the SOHO mission from the LASCO CME catalog (Yashiro
etal.,2004).
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limb where CMEs are still being accelerated. The CME catalog maintained by
Yashiro et al. (2004) shows how dramatically different the acceleration profiles
for CMEs can be out to about 10 Rg. In order to quantify this huge diversity one
has to make sure that the quantities under investigation (speed, width, latitude,
mass) are all measured at the same “safe” distance from the Sun where they have
reached constant speed, at about 15 Ry. Another reason for considering these
results with some skepticism is the projection effect mentioned above. Burkepile
et al. (2004) analyzed the role of these projection effects very carefully and based
their study on 111 “limb” events observed by SMM. They found that these CMEs
that are not affected by projection effects have a substantially higher average speed
(519 £ 46 km/s) than that obtained from all SMM CMEs.

3.1.4. CME Latitudes

The latitude distribution of CME sources depends on how closed field regions
are distributed on the solar surface. During the rising phase of cycle 23 (1997-
1998), the CME latitudes were generally close to the equator and subsequently
spread to all latitudes. During the maximum phase, there are many polar CMEzs,
and the number of such CMEs was larger in the southern hemisphere and occurred
over a longer time period than in the north. This variation of CME latitude over
the course of the solar activity cycle is consistent with previous measurements
from Skylab/ATM (Munro et al., 1979), P78-1/Solwind (Howard et al., 1985) and
SMM/CP (Hundhausen, 1993). However, Burkepile et al. (2004) noted the strong
effect geometrical projection can have when relating CME apparent latitudes to
source latitudes. They conclude that a much smaller percentage of limb CMEs
were centered at high latitudes than was previously reported.

3.2. MORPHOLOGICAL PROPERTIES

CMEs observed in white light are highly structured and are three-dimensional in
nature. Many CMEs, especially the ones originating from filament regions show
a three-part structure: a bright frontal structure, a dark void, and a bright core
(Hundhausen, 1987). This is not seen in all CMEs. Even in prominence related
CMEs, the three-part appearance depends on the location of the underlying promi-
nence (Cremades and Bothmer, 2004). If the CME is super-Alfvénic, it can be
expected to drive a shock ahead of it. Some CMEs have been interpreted as flux
ropes (Chen et al., 2000; Plunkett et al., 2000). Some CMEs have voids with no
prominence in them. Jets and narrow CMEs with no resemblance to the three-part
structure have also been observed (Howard et al., 1985; Gilbert et al., 2001; Wang
and Sheeley, 2002b; Yashiro et al., 2003).

CMEs occurring close to the disk center often appear to surround the occulting
disk of the coronagraph and are known as halo CMEs (Howard et al., 1982). Only
~3% of the SOHO CME:s are halos, but about 11% have a width exceeding 120°.
CMEs with apparent widths between 120° and 360° are known as partial halos.
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Halos can be “front-sided” or “back-sided,” and for differentiation simultaneous
disk observations are required. Some halos are asymmetric, heading predominantly
above one limb with weak extensions on the opposite limb. These CMEs generally
originate from locations closer to the limb than to disk center. The average speed
of halo CMEs is 1000 km/s, more than 2 times the average speed of all CMEs (see
Figure 5). This is clearly a result of bias. Halo CMEs are like ordinary CMEs that
occur near disk center, but only the most powerful are detectable. (Yashiro et al.,
2004; Tripathi et al., 2004). When front-sided, these “halo” CMEs can directly
impact Earth causing geomagnetic storms, provided the magnetic field contained
in the CMEs has a southward component (e.g. Gonzalez and Tsurutani, 1987).

The cone angles of CME expansion and, more generally, the shapes of the
expanding CMEs are usually well maintained (Plunkett et al., 1998). The CME
shapes remain “self-similar.” In other words, the ratio between lateral expansion and
radial propagation appears to be constant for most CMEs. Low (1982) had already
noticed the “often observed coherence of the large-scale structure of the moving
transient,” which could be explained by what he called “self-similar evolution.” He
studied the expulsion of a CME quantitatively on the basis of an ideal, polytropic,
hydromagnetic description and found self-similar solutions that describe the main
flows of white light CMEs as they are observed (see also Low, 1982, 1984, 2001;
Gibson and Low, 1998).

The shapes of the vast majority of CMEs appear to be consistent with a nearly
perfect circular cross section (Cremades and Bothmer, 2005). Indeed, halo CMEs
moving exactly along the Sun-Earth line exhibit generally a circular and smooth
shape. This observation is rather surprising in that CMEs are usually associated with
the eruption of 2D elongated filament structures. Therefore, CMEs can be described
in terms of “cone models” (for further discussion see the review by Schwenn (1986)
and Cremades and Bothmer (2004). Thus the apparent lateral CME expansion speed
can be considered independent of the viewing direction, and it is the only parameter
that can be uniquely measured for any CME, be it on the limb or pointed along the
Sun-Earth line, on the front or back side.

Schwenn et al. (2005) selected a representative subset of 57 limb CMEs and
determined both the radial speed, V;.q4, of the fastest feature projected onto the plane
of the sky, and the expansion speed, Ve, measured across the full CME in the
direction perpendicular to V;,4. They found a striking correlation between the two
quantities, Viaq = 0.88Veyp, with a correlation coefficient of 0.86. This correlation
holds for the slow CMEs as well as the fast ones, for the narrow ones as well as the
wide ones. This means that the quantity Ve, which is always uniquely measurable
for all types of CMEs, even halo and partial halo CMEs, can be used as a proxy for
the radial propagation speed V,,4 that is most often not accessible. Schwenn et al.
(2005) established the lateral expansion speed Ve, as a pretty accurate though
empirical tool for predicting the travel time of ICMEs to Earth.

There have been attempts to reveal the true 3D topology and internal structure
of CMEs. Crifo et al. (1983) found the structure of a particular CME to be a 3D
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bubble rather than a 2D loop. Moran and Davila (2004) analyzed polarized images
from LASCO. Their reconstruction of 2 halo CMEs suggests that these events were
expanding loop arcades. Polarized measurements can indeed play a significant role
for understanding CME structure and need to be pursued in the future, as Dere et al.
(2005) stated. 3D structure can also be deduced by using Doppler shift to obtain
line-of-sight velocities. This technique has been used to investigate the helical
structure of a CME (Ciaravella et al., 2000), the structure of the CME leading edge
(Ciaravella et al., 2003) and the relationship between a CME bubble and the hot
plasma within it (Lee et al., 2006).

3.3. PHYSICAL PROPERTIES

White-light coronagraphs detect electrons irrespective of the temperature, so spec-
tral observations are needed to infer densities and temperatures, and radio observa-
tions provide density and magnetic field information.

3.3.1. Density

White-light images provide electron column densities integrated along the line of
sight in different parts of the CME. For the scattering characteristics of the electrons
it is generally assumed that they are in the plane of the sky, giving a lower limit to
the mass (Vourlidas et al., 2000). The white-light densities vary among events but
they are generally of the order of 10*~10° cm~2 for middle corona heights (4—7 R).
They represent significant enhancements over the background corona (~10-100
times below 6 R falling to ~3—4 times at 30 Ry).

Radio observations of thermal emission provide density diagnostics of the
prominence, the cavity and the leading edge. Multiwavelength observations of
erupting prominences constrain their densities and temperatures (Irimajiri ef al.,
1995). These estimates depend strongly on the surface filling factor assigned to the
cool threads and the scale length of the filament. Akmal et al. (2001) found densities
above 7 x 10% cm~3 at 1.3 R, for optically thick CME plasma at 10* K. At deci-
metric wavelengths, filaments are seen also as depressions on the disk (Marqué,
2004) corresponding to a low density structure surrounding the filament (a cav-
ity), as also seen in white-light and X-ray (Hudson e? al., 1999) observations. The
measurements taken with the Nancgay radioheliograph are compatible with electron
density depletions between 25 and 50% of the mean coronal density (75% for some
filaments). CME leading edges observed at meter wavelengths require subtraction
of quiet Sun emission (Bastian and Gary, 1997; Gopalswamy and Kundu, 1992;
Kathiravan et al., 2002). The densities inferred from these observations are of the
order of those obtained from white-light coronagraphic observations.

Ultraviolet spectra provide two different types of density measurements. Clas-
sical density-sensitive line ratios of O IV lines (Wiik et al., 1997) and OV lines
(Akmal et al., 2001) have been measured in a few events. At 3.5 Ry, Akmal et al.
find densities from 1.4x10° cm™ to more than 108 cm™3. Both measurements
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pertain to fairly cool CME core material. The density can also be determined from
the ratio of the collisionally and radiatively excited components of a UV spectral
line. This method can be used at speeds below about 100 km/s, where a line is
pumped by the emission in the same line from the solar disk, or at speeds near
369 and 172 km/s, where O VI A1037 is pumped by C II A11036.3, 1037.0 (e.g.,
Dobrzycka et al., 2003). It can also be used at speeds near 1755 and 1925 km/s,
where OVI 11032 is pumped by Lyg, and O VI A1037 is pumped by O VI 11032
(Raymond and Ciaravella, 2004). The latter study found densities ranging from
1.3x10%t0 4 x 10’ cm™> at 3 R.

3.3.2. Temperature

YOHKOH images show gas at several million K electron temperatures. EIT and
TRACE images are often interpreted under the assumption that the 195 A image
shows Fe XII emission formed at 1.5 x 10° K, though O V (2 x 10’ K) or Fe XXIV
(2 x 107 K) can contribute. It is often possible to discriminate between Fe XII and
Fe XXIV on morphological grounds, however.

Spectra can constrain the CME temperature in several ways. The measured line
widths give upper limits to the ion kinetic temperatures, and electron temperatures
can sometimes be obtained from the ratio of two lines of a single ion if their
excitation potentials differ (e.g. Ciaravella et al., 2000). Lower limits on electron
temperature can also be inferred from collisionally excited lines if the density and
column density are known.

3.3.3. Elemental Composition and lonization State

The composition of CME material is basically that of the pre-CME prominence
or coronal plasma, though the charge state may be altered. Ciaravella et al. (1997)
found a weak FIP (First Ionization Potential) enhancement, consistent with promi-
nence abundances in cool CME core material. Structures identified as post-CME
current sheets have been observed in a few cases, and the elemental composition
matches that of the nearly active region (Ciaravella et al., 2002).

Simply detecting a spectral line reveals the presence of that particular ionization
state, and species from H I and C II to [Fe XVIII] and [Fe XXI] have been detected
in various CMEs (e.g. Innes et al., 2001; Raymond et al., 2003). The faster, more
powerful CMEs show little cool plasma, but the high temperature ions [Fe X VIII],
[Fe XX] and [Fe XXI] are present (Raymond et al., 2003; Innes et al., 2001;
2003a,b).

The charge state of CME plasma is frozen in below 2 Ry for typical CME
speeds and densities. Cool prominence material often appears in absorption against
background coronal emission in EIT images, indicating neutral gas. As it rises it
often becomes bright in the 195 A band, indicating emission in either O V or Fe
XII (e.g. Ciaravella et al., 2000; Filippov and Koutchmy, 2002).
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3.3.4. Magnetic Field

Atradio wavelengths, the analysis of gyroresonance emission, of polarization spec-
tra of the thermal emission, of microwave QT-propagation (Quasi-Transverse), and
of gyrosynchrotron emission, provides different techniques used to measure coronal
magnetic fields in prominences, coronal holes, loops and CMEs (Gary and Keller,
2004). Radio observations indicate a magnetic field strength of 1 G in the corona
at a heliocentric distance of 1.5 Ry (see, e.g., Dulk and McLean, 1978). The field
strength is 3-30 G in quiescent prominences and 20-70 G in active promin