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Solar energetic particles (SEPs) and geomagnetic storms are the two primary space
weather consequences of coronal mass ejections (CMEs) and their interplanetary
counterparts (ICMEs). I summarize the observed properties of CMEs and ICMEs,
paying particular attention to those properties that determine the ability of CMEs in
causing space weather. Then I provide observational details of two the central issues:
(i) for producing geomagnetic storms, the solar source location and kinematics along
with the magnetic field structure and intensity are important, and (ii) for SEPs, the
shock-driving ability of CMEs, the Alfven speed in the ambient medium, and the
connectivity to Earth are crucial parameters.

1 Introduction

Space weather can be described as the physical conditions in space that affects
human technology in space and on the ground as well as life on Earth in a number of
ways including satellite drag, satellite sensor degradation, effects of geomagnetically
induced currents on the power grid and pipelines, radiation threat to crews of high-
flying aircraft and astronauts, high-frequency communication outages in the polar
regions (see articles in Song et al., 2001). Space weather is mainly caused by the Sun
because of the variability in its mass and photon emissions on various time scales. The
electromagnetic emission consists of the quasi-steady irradiance and flares. While
the long-term variability in photon emission may be related to climate effects, the
short-term variation (solar flares) affects Earth’s ionosphere resulting in a number
of communication problems. The ionization is increased by the flash of enhanced
X-ray and EUV emission during flares. The mass emission from the Sun has three
components: the ubiquitous solar wind, coronal mass ejections (CMEs), and solar
energetic particles (SEPs). CMEs and the solar wind carry the coronal magnetic field
into the heliosphere. CMEs propagate into the solar wind and drive shocks; the shocks
accelerate SEPs. Flares also accelerate particles, but generally over shorter duration
and to lower intensity levels. When CMEs arrive at Earth, they interact with Earth’s
magnetosphere causing geomagnetic storms, which have multitude of effects from the
magnetosphere to the ground. This paper discusses two main aspects of CMEs related
to space weather: SEPs and geomagnetic storms (Gosling, 1993; Reames, 1999).
Geomagnetic storms were known for a long time before the discovery of CMEs.
Even Carrington (1860) suspected that the flare he discovered on 1859 September 1,
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Fig. 1. The two primary outputs (mass and electromagnetic emissions) from the Sun, whose variability
affects the heliosphere in general and the geospace in particular. The mass emission manifests as the
solar wind, coronal mass ejections (CMEs), and solar energetic particles. CMEs and the solar wind also
carry magnetic fields with them. The galactic cosmic rays (GCRs) enter the heliosphere from outside
and interact with the solar wind and CMEs. Neutral matter also enters the heliosphere, gets ionized and
accelerated as anomalous cosmic rays (not shown).

may have something to do with the huge geomagnetic storm that occurred the next
day (but decided against the association). SEPs were detected in 1942 and reported
in 1946 (Forbush, 1946). An interesting discussion on the development of the term
Space Weather can be found in Kane (2006).

Figure 1 illustrates how the two primary outputs (mass and electromagnetic emis-
sions) from the Sun, whose variability affects the heliosphere in general and the
geospace in particular. Both the solar wind and CMEs cause geomagnetic storms,
but the CMEs are the primary cause of SEPs. In addition to being the source of SEPs,
CMEs also deflect the galactic cosmic rays (GCRs) that enter the heliosphere from
outside, thus producing the well known Forbush effect. Neutral matter also enters
the heliosphere, gets ionized and accelerated as anomalous cosmic rays (not shown).
This article focuses on issues related to CMEs. Interaction between fast and slow
solar wind streams form corotating interaction regions (CIRs) that also can cause ge-
omagnetic storms of lower intensity and accelerate particles at several AU from the
Sun; these will not be discussed here.

Section 2 summarizes the basic properties of CMEs derived from remote-sensing
observations by coronagraphs, in particular the Large Angle and Spectrometric Coro-
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nagraph (LASCO) on board the Solar and Heliospheric Observatory (SOHO). The
SOHO mission has observed more than 13,000 CMEs during cycle 23, which form
the basis of the description provided here. Section 3 describes CME:s in the inter-
planetary (IP) medium (ICMEs for short), mostly observed in the near-Earth space
by spacecraft such as Wind and the Advanced Composition Explorer (ACE), empha-
sizing on the connection between CMEs and ICMEs. Section 4 presents CMEs as a
source of geomagnetic storms and how the ICME properties such as speed and mag-
netic content influence the intensity of the resulting geomagnetic storms. Section 5
presents the association between CMEs and SEP events, especially those relevant to
space weather. Finally, Section 6 summarizes the article.

2 Properties of Coronal Mass Ejections

CMEs are magnetized plasma structures that erupt from closed field regions on
the Sun (active regions and quiescent filament regions) and propagate into the he-
liosphere. Recent reviews on CMEs can be found in Gopalswamy (2004, 2006a,
b), Kahler (2006), Kunow et al. (2006). In white-light observations, CMEs appear
as large-scale features moving away from the Sun. Coronagraphs image the CMEs
in Thomson-scattered photospheric light, by blocking the direct sunlight using an
occulting disk. Therefore, details of the source region are usually obtained using
non-coronagraphic observations such as in X-rays, EUV, microwaves, and H-alpha
(Gopalswamy, 1999; Hudson and Cliver, 2001). Photospheric magnetograms show
that the CME source regions have generally enhanced magnetic fields (consisting of
opposite polarity patches) compared to the quiet Sun regions. Magnetic field lines ex-
tending into the corona are inferred to be connecting the two polarities. It is believed
that free energy can be stored in the coronal field lines, which are then released in the
form of CMEs.
2.1  Morphology

Figure 2 shows two CMEs imaged by SOHO/LASCO. The first CME (2001 De-
cember 20) shows the three-part structure of CMEs: the core, void, and frontal struc-
ture (Illing and Hundhausen, 1986). The void is supposed to be a region of high
magnetic field. In some CMEs the void region appears to have a flux rope structure
(Chen et al., 1997). In the difference images one can see perturbations around the
CME and the deflection of a nearby streamer. The second event (2003 November
18) CME, on the other hand, shows just a single feature. However, the difference
image shows a faint feature surrounding the CME, which is likely to be the sheath
of the shock driven by the CME. While shocks are readily inferred from radio-burst
observations, it is generally difficult to identify them from white-light observations
(Sheeley et al., 2000; Vourlidas et al., 2003). The second CME in Fig. 2 originated
from close to the disk center contrary to the first event, which erupted from close
to the southeast limb. The viewing angle can significantly affect the appearance of
CME:s. The bright core of the CME is the eruptive prominence (also known as erup-
tive filament when happening on the disk), that lies along and above the photospheric
neutral line in the pre-eruption phase.
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Fig. 2. CME morphology as illustrated using two CMEs, one originating from close to the limb (top
panels) and the other from close to the disk center (bottom panels). The left images are direct images
with SOHO’s Extreme-ultraviolet imaging telescope (EIT) images superposed on the LASCO images.
The source locations of the eruptions are seen as compact bright features in the EIT images (SOURCE).
The right images are difference images with the previous frames subtracted to see the changes taking
place in the corona. The three-part structure is evident in the first CME (2001 December 20—(a, b)),
while only a single structure is seen in the second (2003 November 18—(c, d)). The CME leading
edge (LE) also known as the frontal structure is the outermost feature followed by a void region (also
known as the cavity) and the prominence core. The difference images show perturbations around the
CMEs. The dark regions in the difference images correspond to material depletion, which normally
indicates the displacement of a structure between the two frames used. In the first CME, one can see
streamer deflections (DEF) and in the second case, there seems to be a shock and the associated sheath
surrounding the CME. A previous CME (P) is in progress when the second CME was ejected.

2.2 Physical properties

CMEs are multithermal plasmas containing coronal material at a temperature of
~ a few x 10 K in the frontal structure and cavity. The prominence core is at a tem-
perature ~8000 K in the early phases. The prominence gets heated as time progresses
and may contain plasma of multiple temperatures. Heated plasma (~107 K) is also
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thought to be injected into CME structures, observed as material with high charge
states at 1 AU (Henke et al., 2001; Reinard, 2005; Aguilar-Rodriguez et al., 2006).
The density in the frontal structure of CMEs close to the Sun is estimated to be in
the range 108 cm™3 and is expected to decrease as the CME expands into the inter-
planetary space. The prominence is denser by three orders of magnitude, which is the
reason it appears as the brightest in white light images. The void region is inferred
to have a lower density compared to the frontal structure. Direct measurement of the
magnetic field strength in CMEs has not been possible yet. However, magnetic field
in prominences (before eruption) has been measured, which ranges from a few G to
~100 G. Moving type IV radio bursts produced by energetic electrons gyrating in
CME structures or producing plasma emission imply that the magnetic field strength
should be in the range 2—-10 G in CMEs (Dulk and McLean, 1978; Gopalswamy and
Kundu, 1989; Bastian et al., 2001), which overlaps with prominence field strengths.
The electrons must be trapped in the void region of the CMEs, which is thought to
be a flux rope. The frontal structure is of higher density and lower magnetic field
strength compared to the void region.

2.3 Kinematic properties

Speed, angular width, and acceleration are considered to be the basic attributes of
a CME, measured from a series of images taken during an eruption. CME properties
summarized here were obtained from the SOHO data. The speed measured in the
sky plane varies from ~20 km/s to >3000 km/s. The speed distribution of more
than 10,000 CMEs observed during solar cycle 23 (see Fig. 3) has an average value
of ~470 km/s. The highest speed recorded is ~3387 km/s for a CME on 2004
November 10. The CME width (W) ranges from <5° to 360°. Widths down to ~2°
are measured, but many such narrow CMEs might have been missed especially during
the solar maximum. CMEs with W = 360° (apparent) are the halo CMEs (Howard et
al., 1982). The true width of halos (W = 360°) and partial halos (120° < W < 360°)
are unknown, so the average width (~54°) in Fig. 3(b) includes only CMEs narrower
than 120°. Halo CMEs constitute only ~3% of all CMEs, while CMEs with W >
120° account for ~11%. Although discovered in the Solwind era, the importance
of halo CMEs for space weather was recognized only in the SOHO era (Webb et
al., 2000; Zhao and Webb, 2003; Gopalswamy et al., 2007). Halo CMEs are more
energetic than average CMEs (average speed ~1000 km/s) and when they originate
on the frontside of the Sun, they can directly impact Earth (see Section 3.3).

The above values of speed and width are consistent with those obtained from all
the previous coronagraphs (see e.g., Howard et al., 1985; Hundhausen, 1997; Gopal-
swamy, 2004; Kahler, 2006). In many cases the speed changes within the corona-
graphic field of view because CMEs are subject to propelling and retarding forces.
The distribution of measured accelerations in Fig. 3(c) shows that on the average, the
acceleration is almost zero. However, CME acceleration within the coronagraphic
field of view is speed-dependent (Gopalswamy et al., 2001a; Vrs$nak et al., 2004;
Yashiro et al., 2004; Gopalswamy, 2006a). CMEs faster (slower) than the solar wind
accelerate (decelerate), while those moving at the solar wind speed show little ac-
celeration. The sky-plane measurements shown in Fig. 3(a—c) are subject to projec-
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Fig. 3. Distributions of speed, width, and acceleration of all CMEs during 19962005 (top) and a subset
of CMEs that originated within 30° from the limb (bottom). The CME:s in the bottom panel were chosen
based on their association with flares above C3.0 class.

tion effects, which can be avoided when CMEs occurring at large central meridian
distance (CMD) (60° < CMD < 90°) are considered. The speed, width, and accel-
eration distributions of the subset of CMEs are shown in Fig. 3(d—f). The average
speed and width of the limb CMEs are higher and the acceleration is more negative.
For definitiveness, we selected only CMEs associated with flares of X-ray importance
C3.0 and higher, which might have contributed to the higher average speed of CMEs,
in addition to the fact that the limb CMEs are not subject to projection effects.
2.4 Mass and kinetic energy

The mass content of CMEs ranges from ~10'? g to >10'® g, wider CMEs being
more massive. The mass is estimated from coronagraphic images as the excess mass
above the pre-event corona. The mass below the occulting disk is not included. Each
CME is assigned a single mass value, which is the mass attained in the outer corona
after an initial increase with time, similar to the CME width (Vourlidas e al., 2002).
The average value of CME mass is ~4x 10'* g. The CME kinetic energy ranges from
~10% erg to >103 erg (average ~5.4x 10% erg), making CMEs the most energetic
phenomenon in the heliosphere (Gopalswamy, 2004).
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Fig. 4. CME rate (per day) and speed averaged over Carrington rotation periods. CMEs with width
>30° are considered. The large spikes in the speed plot are due to CMEs from super active regions
that produced energetic CMEs in quick succession. Note that the CME rate varies over a factor of 10
from solar minimum to maximum, while the mean speed increases by a factor ~2. (Updated from
Gopalswamy et al. (2006).)

2.5 CME rate

CME:s are rather frequent: the daily CME rate averaged over Carrington rotation
periods ranges from <0.5 per day (solar minimum) to >6 CMEs per day (solar max-
imum). It is not uncommon that more than a dozen CMEs occur on individual days
(Gopalswamy et al., 2003a). The CME daily rate also shows solar-cycle variation
with notable deviations from that of the sunspot number. CMEs originate from closed
magnetic field regions, which may or may not have sunspots. For example, quiescent
filament regions have no sunspots, but can produce CMEs. In fact, the high-latitude
(>60°) CME:s associated with polar-crown filaments can contribute significantly to
the total CME rate during solar maxima (Hundhausen, 1993; Gopalswamy et al.,
2003b). Figure 4 shows the daily CME rate and speed averaged over Carrington rota-
tion periods including only those CMEs with width >30°. This restriction eliminates
the non-uniformity in identifying weak and narrow CMEs (Yashiro et al., 2008a). The
rate jumps by an order of magnitude from the minimum to the maximum phase of the
solar cycle. CMEs also seem to be more energetic during solar maxima: the average
speed of CMEs increases by a factor of >2 from ~250 km/s during solar minimum
to ~550 km/s during solar maximum. The large spikes in the speed plot correspond
to energetic CMEs from some super active regions that were prolific producers of
CMEs and flares (Gopalswamy et al., 2006).
2.6 Associated phenomena

CME:s are associated with a number of phenomena occurring in the chromo-
sphere, corona, and interplanetary space. Flares, shocks, radio bursts, SEP events,
ICMEs, and geomagnetic storms are all associated with CMEs. Most of these phe-
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Fig. 5. Example showing how CMEs are related to the disk activity using EUV and white light difference
images from SOHO. The arrow points to the location of eruption. The CME occurred on 1997 April 07.

nomena are observed in H-alpha, soft X-rays, EUV, radio, hard X-rays, and gamma
rays in images and/or spectra. Radio bursts of type II (produced by nonthermal elec-
trons accelerated in shocks) and type IV (produced by nonthermal electrons trapped
in moving magnetic structures), are closely related to CMEs. H-alpha flare ribbons
(Munro et al., 1979), coronal dimming (Rust, 1983; Hudson and Webb, 1997; Zarro
et al., 1999; Thompson et al., 2000), EUV wave transients (Biesecker et al., 2002;
Cliver et al., 2005; Chen, 2006; Veronig et al., 2006) and post-eruption arcades
(Kahler, 1977; Tripathi et al., 2004) are the disk signatures routinely used in iden-
tifying the source regions of CMEs on the Sun. Figure 5 illustrates how the disk
activity in EUV relates to the white-light CME. Changes in the corona are usually
best observed in difference images obtained by subtracting a previous frame from a
given frame. In Fig. 5, the EUV difference image at 14:21 UT shows a large-scale
disturbance originating from a location pointed by the arrow. The same disturbance
can be seen in the LASCO difference image taken 6 minutes later. The EUV distur-
bance can be seen over the entire solar disk in the next image at 14:53 UT and the
CME has already expanded to cover most of the coronagraph field of view. The EUV
disturbance is thought to be a wave in the corona surrounding the CME (Neupert,
1989; Thompson et al., 1999); the wave, on occasions becomes a shock resulting in
a type II radio burst (Cliver et al., 1999; Gopalswamy, 2006d). The EUV waves are
also observed in the chromosphere as Moreton waves (Moreton, 1960; Narukage et
al., 2002; Warmuth et al., 2005).
2.6.1 CMEs eruptive prominences

Prominence eruptions are known from the late 1800s from the scientific obser-
vations of Secchi and de la Rue (see, e.g., Tandberg-Hanssen, 1995) and recognized
as mass eruptions from the Sun. After the discovery of white light CMEs (see e.g.,
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Fig. 6.  Speed distributions of the leading edge and prominence core of CMEs observed in the
SOHO/LASCO field of view. The average leading edge speed is much higher (~609 km/s) than that
of the core (348 km/s). (Adapted from Gopalswamy et al. (2003c). Reproduced by permission of the
AAS.)

Koomen et al., 1974), the eruptive prominence has been found to be the inner core of
CMEs (see, e.g., House et al., 1981; Gopalswamy et al., 1998; Moore et al., 2001)
as illustrated in Fig. 2. When the eruption happens on the disk, dark filaments in
H-alpha erupt and disappear. Filaments are the same as prominences but observed on
the disk. The eruptive prominence is an integral part of an eruption, with a close cor-
respondence between the onset times (Gopalswamy et al., 2003c). CMEs selected on
the basis of their association with eruptive prominences provide the true distribution
of CME speeds because these CMEs are not subject to projection effects. Figure 6
shows the speed distributions of nearly 100 CMEs and their prominence cores as
obtained from LASCO observations (Gopalswamy et al., 2003c). The speed of the
CME leading edge is nearly twice that of the associated prominence cores (609 km/s
vs. 348 km/s). The lower speed of the prominences compared to the CME lead-
ing edge is considered as evidence that prominences may not be driving the CMEs
(Hundhausen, 1999). However, some authors think that CMEs can be caused by
prominence eruptions (Filippov, 1998). Prominence eruption is linked to the recon-
nection process between magnetic field that restrains the prominences and the newly
emerging field in the CME source regions (Feynman and Martin, 1995; Shibata et al.,
1995). The average CME leading edge speed in Fig. 6 is similar to that of the limb
population in Fig. 3(d), rather than that of the general population (Fig. 3(a)). This
is because prominences indicate eruptions close to the limb, so the associated CMEs
are subject to minimal projection effects (see also Burkepile et al., 2004).
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2.6.2 CMEs and flares

Like prominence eruptions, flares are also an integral part of CMEs. Flares as-
sociated with CMEs are known as eruptive flares as opposed to flares that are not
associated with mass motion. Figure 7 illustrates a typical eruptive flare using H-
alpha observations and the associated structures. One of the typical characteristics
of an eruptive flare is the H-alpha ribbons (R1, R2 in Fig. 7) connected by post-
eruption loops (PEL) straddling the polarity inversion line. When observed in EUV
and X-rays, the ribbons 4 PEL are observed as post-eruption arcades (PEA). The rib-
bons correspond to the locations where energetic particles accelerated in the corona
are supposed to deposit their energy thus exciting the H-alpha line. In a subset of
the flare loops, precipitating energetic electrons produce hard X-ray emission, while
trapped electrons produce microwave emission. The reconnection process that forms
the PEA also forms a flux rope, which is ejected into the IP space as a CME. The axis
of the flux rope (FR) is sketched in Fig. 7. The legs of the flux rope are thought to be
anchored in a pair of dimming regions (D1, D2) usually observed in EUV images (see
Fig. 7). The area of the flare ribbons defines the size of a flare in H-alpha referred to
as optical importance of a flare. The soft X-ray flux from the PEA defines the X-ray
importance of a flare. The X-ray importance is denoted by the letters X, M, C, B, and
A from the largest (peak flux >10~* W m~2) to smallest (peak flux <10~7 W m~2),

PIL

HXR, HXR, W

FR D1

Fig. 7. (Left) H-alpha ribbons (R1, R2) with post-eruption loops (PEL) for a large-eruption that occurred
on 2005 May 13. (Right) The eruption geometry sketched based on a number of observations from
the photosphere to the interplanetary medium. In addition to the flare ribbons and post-eruption loops,
the polarity inversion line (PIL) separating the positive and negative polarities in the active region, the
dimming regions (D1, D2), and the sources of hard X-ray (HXR) and microwave (;¢) emissions are also
marked. The axis of a flux rope (FR) with its legs rooted in the dimming regions is also sketched. The
flux rope and the PELs are formed by the reconnection process.
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Fig. 8. Scatter plot between CME kinetic energy and peak soft X-ray flux (left) and the fluence of the
associated GOES soft X-ray flux. The correlation coefficients and the regression lines are also shown
on the plots.

consecutive levels differing by an order of magnitude.

The sketch showed in Fig. 7 represents the top view of the standard eruption
model known as the CSHKP (Carmichael, Sturrock, Hirayama, Kopp and Pneu-
man) model (see e.g., Svestka and Cliver, 1992; Hanaoka et al., 1994; Gopalswamy,
2006c). The eruption geometry shown has some symmetry with the hard X-ray and
microwave sources occupying the central location. The post-eruption arcade is the
largest flare structure. The separation between the dimming regions is the largest
structure, which represents the CME scale. The prominence core is supposed to be
entrained at the bottom of the flux rope, which appears as the bright core in white
light. The white light CME is actually the compressed coronal material that sur-
rounds the flux rope. The symmetry suggested by the CSHKP model was not found
in the statistical studies that investigated the spatial relationship between CME po-
sition angle and flare location in the pre-SOHO era: flare was thought to be located
anywhere under the span of the CME (e.g., Harrison, 2006). These studies involved
only a small number of CME-flare pairs. A recent investigation involving nearly 500
flare-CME pairs in the SOHO era found that the flare is typically located radially
below the CME leading edge for limb CMEs (Yashiro et al., 2008b). This finding
calls for a closer flare-CME relationship as implied by the CSHKP eruption model
and other observations connecting CME kinematics and soft X-ray flares (Zhang et
al., 2001).

How does the close spatial relationship between flares and CMEs figure in the
energetics? Several authors have found varying degrees of correlation between CME
speed and peak soft X-ray flux (Hundhausen, 1997; Moon et al., 2002; Burkepile
et al., 2004; Vrs$nak et al., 2005; Yeh et al., 2005). Some used speed, others used
CME kinetic energy. Not all took care of projection effects. Hundhausen (1997)
reported a weak correlation (r = 0.53) between CME kinetic energy and peak soft
X-ray flux of the associated flares for all the events observed by the Solar Maximum
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Mission (SMM). Burkepile et al. (2004) reanalyzed the SMM data including only
those CMEs originating close to the limb (to avoid projection effects) and found a
better correlation (r = 0.74). Other attempts to correct for projection effects in fact
worsened the correlation (Yeh ez al., 2005). Figure 8 shows another attempt to find the
relation between flare and CME energies for a set of 379 SOHO CME:s that originated
in the CMD interval 60°-90°. The data set is similar to that of Burkepile et al. (2004)
with minimal projection effects. It is clear that the resulting correlation coefficient
is identical to that of Hundhausen (1997). However, the correlation between CME
kinetic energy and flare fluence is much better (r = 0.66). It is possible that the
higher correlation coefficient obtained by Burkepile et al. (2004) is due to a smaller
sample size. The weaker correlation may not be entirely due to projection effects
and may be related to the basic process by which the energy released in an eruption is
partitioned between heating (soft X-ray flux) and mass motion (CME kinetic energy).
For example, in confined flares the entire free energy goes into heating, with no mass
motion in the radial direction. The overlying magnetic structure in the eruptive region
may also influence the amount of mass ejected and hence the resulting CME kinetic
energy.

It must be pointed out that only less than half of all flares are associated with
CME:s. Is there any fundamental difference between flares with and without CMEs?
Yashiro et al. (2006) studied two sets of flares one with and the other without CMEs.
The number of flares as a function of peak X-ray flux, fluence, and duration in both
sets followed power laws. Surprisingly, the power law index was >2 for flares without
CMEs, while <2 for flares with CMEs. In flares without CMEs, the released energy
seems to go entirely into heating, which suggests that tiny flares may contribute sig-
nificantly to coronal heating as suggested by Hudson (1991). Another study found
that flares without CMEs indicate a higher temperature (Kay et al., 2003), which is
consistent with the view that the entire released energy goes into heating.

2.6.3 CMEs and shocks

CMEs moving with super-Alfvenic speeds drive fast mode MHD shocks. The
earliest indication of shocks in the corona is the metric type II radio bursts (Nel-
son and Melrose, 1985). Type II radio bursts are thought to be produced by non-
thermal electrons accelerated in the shock front by the plasma emission mechanism
(Langmuir waves generated by the nonthermal electrons get converted into electro-
magnetic radiation at the fundamental and harmonic of the local plasma frequency).
Metric type II bursts (observed by ground based radio telescopes) start typically at
150 MHz and drift down to lower frequencies, corresponding to the heliocentric dis-
tances <2-3R,, (solar radii) in the corona. Spaceborne radio instruments such as the
Wind/WAVES experiment are needed to observe at frequencies below the ionospheric
cutoff (~15 MHz). Type Il radio bursts have been observed down to ~20 kHz, which
corresponds to the plasma frequency in the vicinity of the observing spacecraft.

Figure 9 shows a type II radio burst and the associated CME, flare, and SEP
activities. The continuous track of type II radio burst implies that the shock contin-
uously accelerates electrons throughout the IP medium until the shock reaches the
Wind spacecraft. Early in the event, type III bursts are produced, which are due to
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Fig. 9. A complete Sun-to-Earth event with (a) solar source near the disk center (N12E11), (b) a halo
CME, (c) a M-class GOES soft X-ray flare, (d) shock arrival as indicated by the SEP time profile, and
(d) an IP type II extending from the outer corona through the IP space to the observing spacecraft.

electrons accelerated in the flare site (Fig. 9(a, c)) located below the CME (Fig. 9(b)).
The SOHO coronagraphs track CMEs only up to 32R,, (the outer edge of the field
of view), whereas the Type II bursts can track the CME-driven shocks all the way to
Earth. Note that the type II radio emission occurs at ~40 KHz when the shock arrives
at the spacecraft. When the Type II burst is at decameter-hectometric (DH) wave-
lengths (14-1 MHz), the shock is typically in the near-Sun interplanetary medium
(heliocentric distance in the range 3—10R,). When type II bursts are observed in the
DH and longer wavelengths, it is highly likely that the underlying shocks and CMEs
reach Earth (provided the CME source is close to the disk center). The lower the
frequency reached by a type II, the higher is the energy of the associated CME, im-
plying that such CMEs drive shocks throughout the inner heliosphere (Gopalswamy
et al., 2005a; Gopalswamy, 2006d). The GOES SEP intensity profiles (not shown)
reveal that SEPs are produced soon after the CME lifts off at the Sun with a sharp rise
when the shock arrives at the observing satellite. Such a rise is known as the ener-
getic storm particle (ESP) event because it coincides with the sudden commencement
of geomagnetic storms (see e.g., Cohen, 2006 for a review). SEPs will be discussed
in more detail in Section 5. Shocks are also observed in in-situ data marked by a
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sudden jump in density, temperature, magnetic field, and flow speed. Shocks are im-
portant for space weather because they mark the first arrival of a CME-associated
disturbance and the ESP event. Shocks also compress the magnetosphere making the
magnetosphere shrink thereby exposing satellites in geostationary orbits to the solar
wind.

3 Coronal Mass Ejections in the IP Medium

In the decade before the first detection of white-light CMEs, people contemplated
about IP structures that are not too different from what are observed today. In partic-
ular, Parker (1957) concluded that “magnetic clouds may be ejected from a magnetic
field with velocities as high as the Alfven wave velocity...”. Gold (1962) had sketched
(see Fig. 10) the “Idealized configuration in space, showing solar plasma cloud, the
drawn-out field and the shock wave ahead”. Koomen et al. (1974) found similar-
ity between the Gold magnetic bottle and CMEs observed by OSO-7 coronagraph.
While most CMEs fade to the background level within the coronagraphic field of
view (below ~32R,), ~10% of them seem to go past the edge of the field of view
and propagate as disturbances in the IP medium as envisaged by Gold (1962). The
only difference between Gold’s picture and modern picture is that the magnetic field
of the plasma cloud should be in the form of a flux rope. The modern version of the
Gold plasma cloud is known as ICMEs. Driver gas, ejecta, magnetic clouds (MCs)
and flux ropes are other names for ICMEs. Although the Solar Terrestrial Relations
Observatory (STEREO) mission is capable of observing CMEs over the entire Sun-

Fig. 10. The spatial structure of an ICME as sketched by Gold (1962). Note the enormous size of the
magnetized “plasma cloud” connected to the Sun and driving a shock that has a thickness d and stands
ahead at a distance a from the cloud. This is pretty much the structure we know today, except for the
flux-rope nature of the magnetized gas cloud. (With kind permission from Springer Science+Business
Media: Space Sci. Rev., Magnetic storms, 1, 1962, 100-114, Gold, T.)
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Earth distance (Harrison et al., 2008), the current knowledge on ICMEs comes mainly
from in situ observations.
3.1 ICME signatures

ICMEs are identified in a variety of ways: solar wind plasma signatures (temper-
ature, plasma beta, flow speed), magnetic signatures (field strength, field rotation),
compositional and charge state signatures, and particle (thermal and nonthermal) flux
signatures (see Gosling, 1990; Neugebauer and Goldstein, 1997 for a review). Arrival
of shocks at the spacecraft is also a good indicator of the impending ICME arrival ex-
cept when the associated CME propagates at a large angle to the Sun-spacecraft line.
In situ observations by the Helios and Pioneer Venus Orbiter spacecraft (at distances
<1 AU), by Voyager spacecraft (at 10s of AU) and Ulysses spacecraft at high latitudes
have shown that ICMEs are observed throughout the heliosphere (see e.g., Wang et
al., 2005 and references therein). Techniques such as IP scintillation observations
and IP type II burst observations also provide information on parts of CMEs in the
heliosphere (see e.g., Tokumaru et al., 2007 and references therein).

Magnetic-field signatures are most useful to identify flux ropes: enhancement of
the magnetic field magnitude, smooth rotation of the field along the trajectory of the
observing spacecraft, and low proton temperature (or beta) (Burlaga et al., 1981).
MCs are also referred to as flux ropes, but the latter need not have low plasma beta.
Bidirectional flux of thermal electrons, ions and energetic particles are signatures in-
dicating that the legs of the ICME are connected to the solar corona. When the flux
rope expands from near the Sun, the density and temperature decrease. Depressed
proton temperature (with respect to an expected value—see Lopez and Freeman,
1986) is often used as a signature to identify intervals of ICMEs in solar wind data
(Cane and Richardson, 2003; Neugebauer et al., 2003; Elliott et al., 2005). Charge
state signatures include the enhancement of the average Fe charge state within the
ICME (Lepri et al., 2001), the density ratio of O’* and O%" ions (O7* /0% —see
Henke et al., 2001; Reinard 2005; Aguilar-Rodriguez et al., 2006), and the density
ratio of helium ions to protons (Ny /Np).

Figure 11 shows an ICME illustrated using plots of the magnetic field magnitude
(By and its Y and Z components (B, B), the solar wind bulk flow speed (V'), proton
temperature (7}), and the alpha to proton density ratio (N, /N;) in GSE coordinates
(from the ACE data). Also plotted are the expected solar wind proton temperature
(Texp) from Lopez and Freeman (1986). Ejecta intervals are those with T}, depressed
significantly with respect to Teyp. In Fig. 11, T, is depressed between 14:15 on 2005
January 16 to 06:30 on the next day. The ratio of helium density to proton density
(Ng/Np) is also enhanced during the ejecta interval. In addition, the magnetic field
is enhanced, the B, component shows rotation, and the B, component points to the
east throughout the ejecta interval. The white light CME responsible for the ICME
was very fast (>2050 km/s) and originated close to the disk center (N16E04) on
2005 January 15 around 06:30 UT. The type II radio burst indicative of interplanetary
shock is also shown in the figure. The shock was observed ahead of the ICME at
11 UT on 2005 January 16 in the in situ data. Nearly 200 such CME-ICME pairs
have been identified during solar cycle 23, which helped assess the importance of
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Fig. 11. Plots of the magnetic field magnitude (B,) with its ¥ and Z components (By, B.), the solar wind
bulk flow speed (V), proton temperature (7'), and the alpha to proton density ratio (Ny/Np) in GSE
coordinates (from the ACE data). The expected solar wind proton temperature (Texp) from Lopez and
Freeman (1986) is overlaid on the T' plot. Ejecta intervals are those with 7}, depressed significantly with
respect to Texp. The associated CME and the radio bursts are also shown.

CMEs in causing space weather effects.
3.2 Charge states in ICMEs

The solar wind ions maintain their chemical and charge state identity as they
propagate into the IP medium because the expansion time scale is much larger than
the ionization and recombination time scales. Thus the charge state of ions in the
solar wind is a good indicator of the conditions in the corona where this time-scale
inequality happens (also known as the freezing-in altitude). Since the source region of
the CMEs is hotter than that of the normal solar wind, one expects higher charge states
in ICMEs (Henke et al., 2001; Reinard, 2005; Aguilar-Rodriguez et al., 2006). In
a study involving more than 150 ICMEs, Aguilar-Rodriguez et al. (2006) found that
elements inside ICMEs have higher ionization states compared to those in the ambient
solar wind. The required higher temperature in the CME source region can be traced
to the flare plasma, which can exceed 10 MK: according to the standard model of
CMEs associated with eruptive flares, the CME flux rope forms out of sheared active
region field lines and the heated plasma from the reconnection region is injected into
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the flux rope. As the flux rope expands, the ionization states corresponding to the flare
plasma remain frozen. They also found that MCs possess the enhanced charge states
more often than the non-cloud ejecta. Such a scenario is supported by the observed
correlation between the flare size and charge state enhancement for eruptions close
to the disk center (Reinard ez al., 2005). Off the disk center CMEs are likely to be
observed by an observer along the Sun-Earth line as non-cloud ejecta, consistent with
the observations of Aguilar-Rodriguez et al. (2006).
3.3 Solar sources of ICMEs

CME:s propagate radially outward from the Sun, so those directly impacting Earth
must originate close to the disk center. It is well known that CMEs associated with
MCs have their sources close to the disk center (see e.g., Gopalswamy et al., 2000).
The other extreme is the case of shocks arriving at Earth without discernible ejecta.
These “driverless shocks” are associated with CMEs that travel approximately or-
thogonal to the Sun-Earth line, so their solar sources are expected to be close to
the limb. Non-cloud ejecta must have their solar sources at intermediate longitudes.
The source locations of the MCs, non-cloud ICMEs, and driverless shocks shown in
Fig. 12 confirm the expected pattern: there is a heavy concentration of MC sources
near the disk center, non-cloud ejecta sources are mostly at larger central meridian
distances, and the driverless shock sources are mostly near the limb. There are signif-
icant exceptions to this pattern, especially for non-cloud ejecta and driverless shocks.
Driverless shocks with their sources near the disk center are quite unexpected. A re-
cent investigation revealed that the associated CMEs are deflected away from the Sun-

N

HALO

Fig. 12. (Left) Solar source locations of halo CMEs and (right) those of CMEs associated with magnetic
clouds (filled circles), non-cloud ICMEs (NC, diamonds) and shocks without discernible drivers (plus
and cross symbols). Although there are a few exceptions, the overall distribution of sources is similar in
both cases. There is a heavy concentration of halo CME sources near the disk center. Similarly there is
a heavy concentration of MC sources near the disk center. While there are many non-cloud ejecta from
near the disk center, most of them are at large central meridian distances. The shocks are mostly near
the limb, except for a handful of events near the disk center (cross symbols).
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Earth line by coronal holes located in the vicinity of the eruption region (Gopalswamy
et al., 2008b), thus forcing the CMEs behave like limb events. Such deflections hap-
pened only during the declining phase of the solar cycle, when large low-latitude
coronal holes occur frequently. A similar deflection is suspected in the case of non-
cloud ICMEs with disk-center sources, but further investigation is needed to confirm
this. This will also explain why some CMEs originating close to the disk center do
not become MCs. According to the above geometrical argument, one would expect
the central one third of ICMEs become MCs, assuming that most energetic CMEs
have a width of ~60°. In reality, the fraction of MCs changes with the phase of the
solar cycle influenced heavily by the global field during solar minima (Riley et al.,
2006; Gopalswamy et al., 2008a).

Figure 12 also compares the solar source locations of MCs, non-cloud ICMEs,
and driverless shocks with those of halo CMEs. There is a heavy concentration of
halo CME sources near the disk center, consistent with the result that ~86% MCs
are associated with halos or partial halos (Gopalswamy et al., 2008a). Halos at larger
CMD are expected to produce non-cloud ejecta at Earth. Finally, most of the limb
halos produce driverless shocks. In the case of limb halos, the CME originates close
to the limb, but the disturbance (most likely CME-driven shock) extends above the
opposite limb because these CMEs are very energetic and expand rapidly to produce
a signal above the opposite limb. As we noted before, CMEs associated with ICMEs
are generally more energetic, similar to the halo CMEs.

3.4 Statistical properties of ICMEs

Figure 13 summarizes the properties of ICMEs separated into MCs and non-cloud
events. For definitiveness we have included only those non-cloud ICMEs that drive
shocks. The maximum magnetic field strength in the two types of ICMEs ranges
from a few nT to several tens of nT. The average values are about three times that
of the solar wind (~5 nT), which confirms that enhanced magnetic field is an impor-
tant ICME signature. The mean speeds of MCs (478 km/s) and non-cloud ICMEs
(466 km/s) are also similar and only slightly larger than the typical slow solar wind
speed (437 km/s—see Gopalswamy, 2006¢c). The average values of duration and
proton thermal speed are smaller for MCs. The larger duration of non-cloud ICMEs
may be due to the passage of the measuring spacecraft away from the nose of the flux
rope. The MC duration implies a spatial scale of ~0.3 AU for the thickness of the
flux rope (see Lepping and Berdichevski, 2000; Gopalswamy, 2006c). The higher
proton thermal speed may also indicate a spacecraft trajectory along the flanks of the
ICME.

A compilation of ICME observations at various radial distances (R) made from
many spacecraft (Helios-1 and 2, Pioneer Venus Orbiter, ACE, and Ulysses) reveal
a rapid decline of density (~R~2#) and magnetic field (~R~') inside ICMEs com-
pared to the solar wind (Wang et al., 2005). The temperature, while smaller than
in the solar wind, declines less rapidly (~R~*7). Extrapolating the 1-AU values of
magnetic field, density and temperature in CMEs seem to agree with the expected
values at the Sun.
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Fig. 13. Distributions of properties of MCs and non-cloud (NC) ICMEs observed during cycle 23: mag-
netic field strength, flow speed, duration, proton density and proton thermal speed. The average values
of the distributions are marked on the plots. (With kind permission from Springer Science+Business
Media: Space Sci. Rev., Properties of interplanetary coronal mass ejections, 24, 2006, 145-168, Gopal-
swamy, N., figure 4.)

3.4.1 CME and ICME speeds

Overall, the ICME speeds are not too different from the speed of the slow solar
wind and the average speed of the general population of CMEs observed near the
Sun. On the other hand the average speeds of CMEs associated with MCs and non-
cloud ICME:s is close to 1000 km/s (Gopalswamy et al., 2007). This is a direct
consequence of the interaction between CMEs and the solar wind in the IP medium.
Once a CME lifts off from the Sun, its subsequent evolution is determined by its
interaction with its surroundings. After the propelling force ceases at a few solar radii,
the interaction with the solar wind becomes the dominant force acting on the CME.
This is normally described by the drag force, which depends on the flow properties
of the ambient medium and the CME. The scatter plot in Fig. 14 shows how the
speeds measured at the Sun and at 1 AU are related. While the CME speeds at the
Sun varies from ~100 km/s to >3000 km/s, the corresponding speeds at Earth range
from ~300 km/s to ~1500 km/s. This is clearly an indication that slow CMEs at the
Sun eventually accelerate, while the fast CMEs decelerate to produce the observed
narrower range of speeds at Earth. In fact, there are only three ICMEs with speeds
exceeding 1000 km/s. CMEs near the bisector do not change in speed because they
are simply carried by the solar wind speed. Such a scatter plot was first obtained
by Lindsay et al. (1999) using Helios and Pioneer Venus Orbiter data in the solar
wind and coronagraphic observations near the Sun (Solar Maximum Mission and P-
78 satellite data). They found a linear correlation. A reanalysis of the same data
indicated that the relationship is not linear (Gopalswamy et al., 2001b; Gopalswamy,
2002).

The interplanetary acceleration can be quantified using pairs of CMEs and ICMEs
(Gopalswamy et al., 2000, 2001b, 2005¢e): observational data devoid of projection
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Fig. 14. Scatter plot between CME speeds measured near the Sun (Veomg) and ICME speeds (V') mea-
sured at 1 AU. Magnetic cloud (MC) and non-cloud ICMEs are denoted by closed and open circles,
respectively. The solid line is the bisector.
MCs (r = 0.75) than for non-cloud ICMEs (r = 0.57); the combined set has an intermediate value
(r = 0.62). (Reprinted from J. Atmos. Sol.-Terr. Phys., 70, Gopalswamy, N., Solar connections of
geoeffective magnetic structures, 2078-2100, Copyright 2008, with permission from Elsevier.)
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Fig. 15. Dependence of acceleration as a function of initial speed of CMEs (a) over the Sun-Earth distance
(b) within the first 32 solar radii (from SOHO/LASCO).

effects indicate a linear relationship between acceleration (a) and the CME initial
speed (1): a = 2.2 — 0.0054u or a = —0.0054(u — 406), with @ in m s~2 and u in
km/s (Gopalswamy et al., 2001b). In this relation, the speed of 406 km/s corresponds
to the solar wind speed. From Fig. 15(a) we see that this linear relationship is quite
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reasonable for speeds below ~1000 km/s. At higher speeds, the quadratic relation
seems to work better. In fact, within the coronagraphic field of view, the deceleration
seems to be quadratic for limb CMEs that produce IP type II radio emission (see
Fig. 15(b)).

While the acceleration profile is devoid of projection effects, its utility depends
on obtaining the actual speed of CMEs in the Earth direction. Unfortunately, CMEs
originating close to the disk center are the ones important for space weather, but they
are subject to severe projection effects. At present there are two ways to eliminate
projection effects. One is to fit the observed CME in the coronagraphic field of view
to a cone and get the radial speed and width of the CME (Hundhausen et al., 1994;
Xie et al., 2004; Michalek, 2006; Zhao, 2008). The other method is to obtain an
empirical relation between the radial speed (V;aq) and the expansion speed (Vexp) of
a set of CMEs occurring near the limb and then use the relation for CMEs for which
the expansion speed can be measured. Dal Lago et al. (2003) obtained a relationship
Viad = 0.88Veyp. One difficulty is that we do not know the actual width of halo CMEs,
so the empirical relation leads to large uncertainties (Gopalswamy et al., 2008e).
Other possibilities include using a set of well observed CMEs when the separation
between the STEREO spacecraft is ~90° and/or when they are at 90° from the Sun-
Earth line to validate the acceleration profiles and test their validity over the entire
Sun-Earth distance.

3.5 Magnetic field structure

When a ICME is shock driving, one observes the following temporal ordering of
structures: the shock, the sheath, and the ejecta in a typical time-series observation
at 1 AU. In the case of MCs, the ejecta portion has a well defined structure with
B, showing a smooth rotation from north to south (NS) or south to north (SN) as
illustrated in Fig. 16. This happens when the MC axis is close to the ecliptic (Z = 0
in GSE coordinates). B, is the azimuthal component of the flux rope that defines the
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Fig. 16. The four basic types of MCs defined based on the direction of the leading field from the B,
component in GSE coordinates: North-south (NS), south-north (SN), fully north (FN), and fully south
(FS). The vertical dashed line denotes the shock. The MC interval is between the two vertical lines. The
region between the shock and MC is the sheath region.
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MCs. When the MC axis makes an angle >45° to ecliptic, B is due to the axial field.
For such high-inclination MCs, the azimuthal field (B,) shows smooth rotation in the
east-west direction. High-inclination MCs are known as unipolar MCs (Mulligan et
al., 1998) because the axis points fully to the north (FN) or south (FS) throughout the
MC interval (see Fig. 16). Thus the SN, NS, FN, and FS MCs constitute the four basic
types of flux ropes. Note that the each MC type can have two subtypes: the bipolar
MCs can have their axes pointing to the east (SEN, NES) or west (SWN, NWS); the
unipolar MCs can have their rotation from east to west (ESW, ENW) or west to east
(WSE, WNE).

The flux rope types and their connection to the solar source regions have been
extensively discussed in the literature (Bothmer and Schwenn, 1994; Mulligan et
al., 1998; Li and Luhmann, 2004; Yurchyshyn, 2008). In general, MCs have their
axis parallel to the neutral line in the source active region on the Sun. However,
significant deviations are known, which may be due to the influence of the overlying
heliospheric magnetic field structure (Yurchyshyn, 2008 and references therein). The
internal structure of MCs is helpful in understanding their solar origin. They also
have important implications for their geoeffectiveness, as will be discussed in the
next section.

4 CMEs and Geomagnetic Storms

Geomagnetic storms can be defined as disturbances of Earth’s magnetosphere
caused by the impact of IP magnetic field structures. The disturbance storm time (D)
index, which is the average change in the horizontal component of Earth’s magnetic
field brought about by the geomagnetic storm as measured (in nT) at four low-latitude
stations (see http://swdcwww.kugi.kyoto-u.ac.jp/dstdir/dst2/onDstindex.html for de-
tails), quantifies the intensity of the storms. In a typical magnetic storm, the Dy index
suddenly increases from the zero level (the storm sudden commencement or SSC),
drops to the zero level and then decreases to a minimum (negative) value before re-
covering back to the zero level. The minimum Dy value reached is considered as the
intensity of the storm. Geomagnetic storms can be classified into five groups based
on the minimum value of Dy: weak (—30 to —50 nT), moderate (—50 to —100 nT),
strong (—100 to —200 nT), severe (—200 to —350 nT), and great (<—350 nT). It is
also common to designate Dy < —50 nT as storm level (Loewe and Prolss, 1997).
NOAA space weather scale uses the K, index (planetary geomagnetic index) defined
on a scale of 0 to 9 and the intensity levels are termed minor (K, = 5), moderate
(K, = 6), strong (K, = 7), severe (K, = 8), and extreme (K, = 9). Details can
be found in http://www.swpc.noaa.gov/NOAAscales/. In our discussions we adopt
a simpler scheme: Dy < —50 nT denotes storm level; —100 nT < Dy < —50 nT
denotes moderate storms while Dy < —100 nT denotes intense storms. The relation
between K, and Dy, is discussed in Vennerstroem (2001).

In order to get an idea on the frequency and intensity range of geomagnetic
storms, we have shown the distribution of Dy, values at or below —100 nT in Fig. 17.
The number of such storms is typically ~100 in each solar cycle, based on the data
available at the World Data Center in Kyoto (http://swdcwww.kugi.kyoto-u.ac.jp/
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Fig. 17. Dy distribution for large geomagnetic storms (Dg < —100 nT) during the past five solar cycles
(19-23). The duration and the number () of storms in cycle are given at the top of each plot.

dstdir/). Cycle 20 had the smallest number of storms (56), while cycle 22 had the
largest (107). The combined set in Fig. 17(f) shows that the number of storms with
Dy < —300 nT is rather rare. The strongest storms had Dy < — 600 nT. It must be
pointed out that not all the <—100 nT storms are caused by ICMEs. It is known that
~10-15% of the large storms may be due to CIRs (Zhang et al., 2007), but the Dy
values are generally at the lower end (~—100 nT), well below the average value of
all the large storms.

The southward component of the IP magnetic field (B;) reconnects with Earth’s
magnetic field in the dayside followed by another reconnection in the night-side en-
abling the coupling of the solar wind to the magnetosphere ultimately resulting in
the buildup of the ring current. The Dy index essentially reflects the build up and
decay of the ring current. The mechanism was first elucidated by Dungey (1961).
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The CME connection to geomagnetic storms stems from the fact that CMEs are a
source of B;. While the heliospheric magnetic field under quiescent conditions does
not have an out-of-the-ecliptic component (B, ~ 0 except for some Alfvenic fluc-
tuations), a CME introduces B, by virtue of the flux rope structure and the sheath
field that drapes the CME. The three distinct features of an ICME event, viz., the
shock, the sheath, and the ejecta have corresponding signatures in D plots as SSC,
the sheath storm and the ejecta (or cloud) storm (Tsurutani et al., 1988). The ability
of a CME or any IP structure to produce a geomagnetic storm is known as geoef-
fectiveness and such a structure is said to be geoeffective. Once a CME leaves the
Sun, its ability to cause space weather effects depends on several factors: its arrival at
Earth, its speed at Earth, and its magnetic field content (location and strength of By).
These are discussed below in more detail.
4.1 CME arrival at Earth

CME:s have to reach Earth before causing geomagnetic storms. This happens
when CME:s originate close to the disk center as discussed in Section 3.3 (see also
Fig. 12). Occasionally, CMEs originating close to the disk center may not arrive at
Earth because of deflection by nearby coronal holes (Gopalswamy et al., 2008b) or
faster CMEs merging with preceding slower ones. CMEs originating farther from the
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Fig. 18. Effect of solar source location on geoeffectiveness: (left) Halo CME from the disk center, (b)
Halo CME originating from close to the limb but frontsided (FLimb), and (right) backside halo.
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disk center also can cause geomagnetic storms, but what causes the storm is the By
in the ICME sheath (Gosling et al., 1990; Vennerstroem, 2001; Gopalswamy et al.,
2007; Gopalswamy et al., 2008a and references therein). Since there is less chance
for the sheath to have B than the whole ICME event, the geoeffectiveness of CMEs
declines as a function of their solar source longitude (Gopalswamy et al., 2007). This
is illustrated in Fig. 18 using three halo CMEs originating from (i) close to the disk
center, (ii) close to the limb but frontsided (Flimb), and (iii) backside of the Sun. The
GOES soft X-ray light curve shows no changes for the backside CME because the
flare is completely occulted. The disk-center halo results in a super storm (Dy =
—263 nT), the Flimb halo results in a moderately intense storm (Dy ~ —100 nT),
while the backside halo has no geomagnetic consequence at all (Dg ~ 0 nT). This
result has also been confirmed statistically: ~75% of disk halos and ~60% of limb
halos are geoeffective (Gopalswamy et al., 2007) confirming the importance of the
solar source location of CMEs. According to Fig. 12, we see that MC associated
CME:s also originate close to the disk center, so the majority of MCs (~60%) are
geoeffective.

One might wonder why all the disk halos and all the MCs are not geoeffective
even though they originate close to the disk center. There are several possibilities: (i)
CME cannibalism—fast halos catch up with slow ones, so only one ejecta arrives at
Earth, (ii) CMEs are deflected away from the Sun-Earth line by coronal holes or by
other CMEs, (iii) the ICMEs have no B (fully north pointing MCs) that they do not
produce any geomagnetic storms, (iv) the magnitude of By is not high enough to cause
a significant (Dg < —50 nT) storm. These exceptions need to be properly understood
before assessing the geoeffectiveness of CMEs. It must be noted that cannibalism
and coronal-hole deflection can also increase the geoeffectiveness of CMEs because
interacting CMEs can enhance the southward component of the IP magnetic field,
while coronal holes can deflect CMEs toward the Sun-Earth line.

4.2 Importance of CME speed

The geoeffectiveness also depends on the speed with which CME:s arrive at Earth.
The Dy index is correlated with the ICME speed (provided the magnetic field has a
By). Figure 19 shows that the Dy in the sheath and cloud portions correlate reasonably
with the corresponding speeds (r = 0.67 for sheath Dy vs. sheath speed and » = 0.65
for MC Dy, vs. MC speed). Interestingly, when we replace the sheath and MC speeds
by the near-Sun speed of the associated CME:s, the correlation remains positive albeit
weak (r = 0.49 for sheath Dy vs. CME speed and r = 0.46 for MC Dy vs. CME
speed). The last set of correlations occurs because the near-Sun and near-Earth CME
speeds are related via the IP acceleration discussed in Section 3.

4.3 Importance of CME magnetic field

Like the speed, the magnetic field content of the ICMEs also plays an important
role. By this we mean the magnitude of B;. The ICME magnetic field is also related
to its speed: faster ICMEs tend to have higher magnetic field strength (Gonzalez et
al., 1998; Echer et al., 2005; Gopalswamy et al., 2008a). This is also true when
the sheath and cloud portions of MCs are considered separately. Furthermore, faster
CMEs near the Sun seem to result in MCs and sheaths with higher magnetic field
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(Gopalswamy et al., 2008a). The minimum Dy values are better correlated with the
product of the field strength (or B;) and speed in ICMEs, as shown in Fig. 20. Such a
product is related to the well-known Epsilon function (Akasofu, 2002). Note that D
has a high correlation with the speed-magnetic field (B;) product in both the cloud and
sheath portions with » = 0.90 and 0.86, respectively. As before, when we the replace
the sheath and MC speeds by the near-Sun CME speed, the correlations remain very
high: » = 0.83 and 0.85, respectively (see Fig. 20). This is an interesting result for
space weather applications, especially because we do not have direct measurement
of magnetic field inside CMEs near the Sun. If one can estimate the strength and
orientation of the magnetic field in CMEs near the Sun, it will prove to be useful in
predicting the occurrence of geomagnetic storms. It must be pointed out that we have
considered only MCs and their sheaths in the above discussion. The result should be
applicable to non-cloud ICMEs also.
4.4 Magnetic structure of MCs and geomagnetic storms

The four types of MCs discussed in Section 3.5 have important implications to the
Dy profile of the resulting storms. Figure 21 shows the Dy profiles corresponding to
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Fig. 21. Typical Dy profiles associated with the four types of MCs (NS: north-south, SN: south-north,
FN: fully north, and FS: fully south) shown in Fig. 16. The cloud portions correspond to the interval
between the vertical solid lines. The vertical dashed line indicates the shock. The Dg minimum values
are notes on the plots, which represent the intensity of the geomagnetic storms associated with the MCs.
For the NS MC, the storm peaks beyond the MC interval because the southward field is present only
in the tail end of the MC. In the case of FN MC, the storm peak is before the MC interval because the
southward field is present only in the sheath portion.

the four types of MCs described in Fig. 16. For NS MCs, the B occurs only in the
trailing portion of the MC, so the storm occurs only during or after the tail portion.
For SN MCs, the Bg occurs in the leading portion of the MC, so the storm peaks
in the leading portion. For FS MCs, B is present throughout the MC, so the storm
starts promptly upon arrival of the MC and the recovery starts only at the end of the
MC interval (Gopalswamy et al., 2005b). For FN MCs, there is no B during the
MC interval, so they are not geoeffective at all (Yurchyshyn et al., 2001). Thus one
expects a large variability in the time at which the Dy minimum occurs with respect
to the MC arrival at Earth. Additional time structure is caused by the presence of By
in the sheaths preceding the MCs. If the sheath field has B and turns north before
the MC interval, then one gets a double-dip storm (see e.g., Kamide et al., 1998) for
all MC types except for the FN MCs; in the case of FN MCs, all we get is a sheath
storm.

Figure 22 shows the distribution of minimum Dy, values in the cloud and sheath
portions of MCs identified during solar cycle 23. The mean values of Dy in the
cloud (—109 nT) and sheath (—90 nT) portions are at the intense storm level and
comparable to each other. As noted above, the FN MCs are not geoeffective (average
Dy = —26 nT, probably due to noise), while the FS MCs are most geoeffective
(average Dy = —125 nT). The NS and SN MCs have similar average Dy values
(—104 and —107 nT, respectively). The average Dy values in the sheath portions are
at the storm level of all MC types with the FN MC sheaths being the most geoeffective
(average Dy = —132 nT) and the FS MC sheaths the least geoeffective (average
Dy = —66 nT). The NS and SN MC sheath storms are at the intermediate level:
—75 nT and —85 nT, respectively.

The delay times of the Dy minima with respect to the arrival times of MCs are
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Fig. 22. Distributions of storm intensity (left) and delay time (right) for various MC types (colored lines)
and all MCs (gray histogram). The values corresponding to the individual cloud types are multiplied by
a suitable factor as indicated. The arrows point to the average values of the distributions. The average
values corresponding to all events are also given on the plots. The vertical line on the delay time plots
indicate the arrival time of MCs at the observing spacecraft.

also shown in Fig. 22. Sheaths arrive before the clouds, so the sheath storms peak
before the MC arrival (average delay = —3.2 h). The cloud storms peak after MC
arrival, as expected (average delay = +10.6 h). Among MC types, the delay time
of cloud storms varies by a factor of ~3, the smallest being for SN MCs (average
delay ~ +5.5 h) and the largest for NS MCs (average delay ~ +18.6 h). The FS
MCs have an intermediate delay (average delay ~ +9.3 h). In a few cases, the sheath
storms have their Dy minima after the MC arrival. This is because the sheath By
occurs too close to the MC arrival and the Dy minimum typically occurs ~2 h after
| B| attains its maximum value (Gonzalez and Echer, 2005). It must be noted that the
magnetospheric tail current also contributes to the Dy minimum (Ohtani et al., 2001,
2005, 2007).
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5 CMEs and Solar Energetic Particle Events

SEPs are so-called because their kinetic energy is much higher than that of the
solar wind particles and they are of solar origin (in flares and CMEs) to distinguish
them from cosmic rays, which are of galactic origin. SEP ions and electrons may sud-
denly have access to the inner magnetosphere during geomagnetic storms, where they
can get trapped in a new radiation belt (Lorentzen et al., 2002). During the largest
SEP events, the energetic protons can penetrate all the way to Earth’s atmosphere
leading to significant ozone depletion (Jackman et al., 2005). SEPs can damage the
electronics of spacecraft, can pose radiation hazard to passengers and crew in high-
flying aircraft, can harm humans in space, and may render satellites useless (see e.g.,
Turner, 2006) depending on the intensity of the SEPs. The SEP intensity is defined in
terms of particle flux units (pfu, 1 pfu = 1 particle cm~2 s~! sr™!). SEPs of intensity
exceeding 10 pfu in the >10 MeV energy channel are considered to be important
for space weather. Occasionally the 10 MeV SEP intensity can exceed 10* pfu (see
Gopalswamy et al., 2005c).
5.1 Tllustrative example

Figure 23 shows a large SEP event, plotted as the intensity of protons in three
energy channels (>10 MeV, >50 MeV, and >100 MeV) as detected by the GOES
satellite. Around the time of the sudden increase in SEP intensity (early on 2006
December 13), one can see a fast (1774 km/s) halo CME and a major solar flare (X-
ray importance X3.4) in progress. The solar source of the flare was in the southwest
quadrant (SO6W23) on the Sun. The SEP intensity declines slowly in the three energy
channels, until the ESP event that marks the arrival of the shock (which has been
producing SEPs ever since it left the Sun). The shock arrival is also recorded by the
ground based magnetometers and recognized as a positive excursion of the Dy index
(SSC). The geomagnetic storm follows if the shock sheath or the driving ICME has a
B, component. The rapid decline of the SEP intensity after the shock arrival is due to
the exclusion of the particles by the ICME analogous to the Forbush decrease.
5.2 Origin of SEPs: shock vs. flare

The connection between solar flares and SEPs was recognized early on (Forbush,
1946; Meyer et al., 1956), and shocks of solar origin have also been thought to be
another source of energetic particles (Uchida, 1960; Wild and Smerd, 1972). Kahler
et al. (1978) established the link between CMEs and SEPs by identifying the CMEs
as the drivers of the shocks that accelerate SEPs. Flares occur without CMEs, and
produce energetic electrons (responsible for hard X-ray, microwave, and type III
bursts) as well as protons. ESP events provide direct evidence for ion acceleration
by shocks. Thus both flares and shocks can produce energetic particles. The current
paradigm for SEPs is that impulsive, short-lived SEP events are due to flares and the
large, gradual, long-lived events are accelerated in CME-driven shocks (see, e.g. Lin,
1987; Reames, 1999). Since all CMEs are associated with flares and higher-energy
CMEs are associated with larger flares (see Fig. 8) one expects both flare and shock
mechanisms operate simultaneously in every large eruptive event. However, since the
spatial scale of flares is generally small (~15° heliographic) one expects to observe
both flare and shock components only during the well-connected events. Shocks are
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Fig. 23. The gradual SEP event on 2006 Dec 13. (Top) Proton intensity in three energy channels
(>10 MeV, >50 MeV, and >100 MeV). The proton intensity reached a maximum value of 698 par-
ticle flux units (pfu) in the >10 MeV energy channel (1 pfu = 1 particle per (cm”.s.sr)). The SEP
intensity dropped rapidly after the shock arrived at 1 AU on December 14 at 13:57 UT (marked by the
vertical dashed line). (Middle) Height-time plots of all CMEs that occurred over a three-day period.
The fast (1774 km/s) halo CME on December 13 at 02:54 was responsible for the SEP event in ques-
tion. (Bottom) GOES soft X-ray light curves in two energy channels (1.0-8.0 A and 0.54.0 A). Several
flares occurred during the three-day period most of them coming from the active region NOAA 0930.
The X3.4 flare associated with the SEP event occurred on December 13 at 02:40 UT.

more extended so the solar source can occur in wide range of longitudes, still favoring
the western location because of the Parker-spiral structure of the interplanetary mag-
netic field that carries the particles to a detector near Earth. Figure 24(a) shows the
solar sources of shock-producing CMEs inferred from DH type II radio bursts, with
the SEP-producing subset distinguished. The shock-driving CMEs need to originate
from the central meridian to western longitudes to produce an SEP event detectable
at Earth. Figure 24(b) shows that the SEP association rate of radio-emitting CMEs
peaks in the western hemisphere at ~69° longitude with a broad longitudinal distri-
bution. Note that more than half of the CMEs originating from behind the west limb
can result in SEP events, which is possible only when the shocks accelerate the par-
ticles. SEP events that result in high energy particles penetrating Earth’s atmosphere
are known as ground level enhancement (GLE) events (Cliver, 2006; Lopate, 2006).
The solar sources of the GLE events are generally well-connected and hence a flare
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Fig. 24.  (Left) Heliographic coordinates of CMEs that produce type II radio bursts in the decame-
ter-hectometric wavelengths (all symbols). The subset associated with SEP events (with intensities
>1 pfu) are denoted by the open circles. (Right) The SEP association rate (R) of CMEs that produce
DH type II bursts, plotted as a function of CME source longitude (L). The curve fitted to the distribution
is given on the plot. The distribution peaks at L = 69° and has a width of 70°. Note that there are no
SEP events associated with CMEs from behind the east limb, but many from CMEs originating from
behind the west limb.

origin is often assumed. However, several GLE events with poor connectivity have
been reported in the literature (Cliver, 1981, 2006; Kudela et al., 1993). In cycle 23, a
single GLE event (2001 April 18) originated from ~30° behind the west limb, yet the
GLE event was well observed and ranked the fifth largest in cycle 23 (Gopalswamy,
2008a). It is highly unlikely that the flare component was observed in this GLE event.

Extensive comparison between SEPs and CMEs became possible only during cy-
cle 23, which led to the result that large SEP events are invariably associated with fast
and wide CMEs (Fig. 25). The average sky-plane speed of SEP-associated CMEs is
~1623 km/s, much larger than the average speed of all CMEs (see Fig. 3). Most
of the SEP-associated CMEs are also halo or partial halo CMEs confirming their
higher energy. The speeds of GLE-associated CMEs are the highest, suggesting that
they constitute the high-energy subset of the SEP-associated CMEs. Among the 16
GLE events detected in cycle 23, only two CMEs had speed less than 1500 km/s
(938 km/s on May 02 and 1099 km/s on May 06 in 1998). Two such CMEs have
also been reported for cycle 21 GLEs. Cliver (2006) noted that the two eruptions
occurred when SEP background was elevated, which might imply an efficient shock
acceleration as suggested by Gopalswamy et al. (2004). Another factor to be con-
sidered is the Alfven speed distribution in the corona (Gopalswamy et al., 2001c;
Mann et al., 2003), which can vary anywhere from a few hundred km/s to more than
1600 km/s (Gopalswamy et al., 2008c, d) in the outer corona where the GLEs and
SEPs are released. Therefore, one cannot rule out the possibility that the lower speed
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CMEs associated with GLEs propagate into a medium with low Alfven speed. This
also applies to some SEP events with low-speed CMEs (Gopalswamy et al., 2008d).
Another observational evidence for the close connection between CMEs and SEPs is
the fraction of CME kinetic energy that goes into SEPs: For a set of 16 well observed
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SEP events, the SEP kinetic energy constitutes ~10% CME kinetic energy (Fig. 26),
which represents a high efficiency of particle acceleration by shocks (Mewaldt, 2006).
Since the typical kinetic energy of SEP-producing CMEs is >103? erg, we see that
large SEP events have an energy content of at least 103! erg.
5.3 SEP release sites from shocks and flares

The presence of a type II burst in all SEP events implies the presence of a shock
early in the event (Gopalswamy et al., 2002; Cliver et al., 2004). When the type
I burst starts in the corona, the CME leading edge is typically in the heliocentric
distance range of 1.7-2.0R,, which means the CME-driven shock is also located at
similar heights (Gopalswamy et al., 2005a). On the other hand, the SEP release
seems to happen when the CME is farther out in the corona, in the range 4-8R,
(Kahler, 1994; Gopalswamy et al., 2005d; Gopalswamy, 2008b). However, flare
energy release takes place in the inner corona, typically at a heliocentric distance of
~1.03R,. Since the shock is more extended than the CME located radially above the
flare site, the flare particles (if at all they escape) have to pass through the shock front
and may be further accelerated. Under the standard CSHKP eruption scenario, the
CME flux rope forms due to reconnection, so particles accelerated in the reconnection
region flow downwards to produce gamma ray lines and pion continuum (when the
particle energy is very high—hundreds of MeV). As we noted before, the particles
precipitate over a narrow range of angles, and may be injected over the same range in
the direction away from the Sun (Cliver and Ling, 2007). It appears that the SEPs will
be trapped in the CME flux rope and may not freely propagate into the IP medium,
unless the accelerated ions have access to open field lines. Evidence for high energy
(100s of keV to MeV) electrons trapped in moving CME structures is known for a
long time from moving type IV radio bursts (see e.g. Gopalswamy and Kundu, 1989;
Bastian et al., 2001), and moving hard X-rays sources (Hudson et al., 2001). But ions
do not produce electromagnetic signatures, so we do not know if they are trapped in
the flux rope. On the other hand, every large SEP event is associated with a type III
bursts in the beginning (Cane et al., 2002; Gopalswamy et al., 2005d), which means
energetic electrons from the reconnection site do escape from the flare site along open
field lines (unless these electrons are also from the shock). There is no reason why
the ions should not propagate along these field lines, thus indicating the possibility of
a flare component to the large SEP events.
5.4 Challenges to shock acceleration paradigm

Despite the close correspondence between CMEs and SEP events, there are some
discrepancies. For example, the CME speed and SEP intensity are reasonably corre-
lated, yet the scatter is very large (Kahler, 2001; Gopalswamy et al., 2003d). CME-
driven shocks take in what lies ahead of them to accelerate and inject back into the
heliosphere. This so-called source material is not just the ordinary solar wind, but can
be ions from impulsive solar flares and previous gradual events, CIR events, pickup
ions, CME ejecta, and the suprathermal tail of the solar wind (Gopalswamy et al.,
2004; Tylka et al., 2005; Mewaldt, 2006). In fact, CMEs associated with most of
the large SEP events seem to be propagating through a medium disturbed and dis-
torted by preceding CME:s, a process described as preconditioning (Gopalswamy et
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Fig. 27. (Left) Scatter plot between SEP intensity and CME speed. CMEs with (P) and without (NP)
preceding CMEs are distinguished by different symbols. The correlation coefficients are shown for the
two populations and for the combined set (R = 0.52). (Right) CMEs corresponding to one of the events
used in the scatter plot, which occurred on 2001 October 1. The first CME (marked 1) appeared at
03:18 UT from an active region close to the southwest limb. While CME 1 was in progress the second
one (marked) appeared at 06:18 UT from the same active region. Note that CME 2 propagates into the
preceding CME and the associated disturbance rather than through the normal interplanetary medium.

al., 2003d, 2004). In order to investigate how the preceding CMEs affect the SEP in-
tensity, Fig. 27 shows a scatter plot between CME speed and the SEP intensity; events
with preceding CMEs (P) and no preceding CMEs (NP) are distinguished. The com-
bined set of all SEP events has a correlation coefficient () of only 0.52. On the other
hand, the P events have a much better correlation (» = 0.67) and the NP events have a
poorer correlation (» = 0.36). In addition, P events consistently have a higher inten-
sity than the NP events, so that the P and NP population occupy distinct regions in the
scatter plot, thus explaining the large scatter in the CME speed vs. SEP intensity plot.
Figure 27 also shows the CMEs involved in one of the SEP events used in the scatter
plot: CME 2 is ejected directly behind a preceding CME (marked 1) that left from
the same active region a few hours earlier. In the 06:18 UT SOHO/LASCO frame,
one can see that what lies ahead of the SEP producing CME is the preceding CME,
not the ordinary solar wind as in the 03:18 UT frame. Kahler and Vourlidas (2005)
confirmed the above result, but attributed the difference between high and low inten-
sity SEP events to the high and low brightness, respectively of the associated CME:s.
Low brightness can also result if a CME propagates through a tenuous medium so it
cannot sweep up more material.
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CMEs

On the way

and upon SEPs Magnetic storms

arrival at Earth

Shock-driving Space systems
capability Space systems Magnetosphere

. Airplanes lonosphere
crucial
Atmosphere Atmosphere
Veme Vsw > Vs Ground

Upon arrival
at Earth

Magnetic Structure
crucial (Bz <0)

Fig. 28. The two primary interplanetary consequences of CMEs: SEPs and magnetic storms. SEPs are
produced by CME-driven shocks on the way and upon arrival at Earth. CME speed (Vcemg) in excess of
the solar wind speed (Vsw) must exceed the magnetosonic speed (Vs ) to drive shocks. The SEPs affect
space systems (with or without humans), passengers in high-altitude airplanes, and Earth’s atmosphere.
Geomagnetic storms are produced only when CMEs arrive at Earth with the additional condition that
they possess south-pointing magnetic fields (B: < 0). Geomagnetic storms have consequences to space
systems, the entire geospace and even to the ground.

6 Summary

The two key space weather aspects of CMEs (SEPs and geomagnetic storms) and
their geospace consequences are summarized in Fig. 28. CMEs responsible for SEPs
and magnetic storms have different paths in the heliosphere, with some overlap. The
spatial domains where the space weather effects are generated are also different. SEP
production typically starts when the CME-driven shock is within a few solar radii
from the Sun. The shock continues to produce SEPs in the IP medium so long as it is
strong enough. When the shock arrives at the observing spacecraft, a sudden increase
in SEP intensity is observed (the ESP event). Production of geomagnetic storms, on
the other hand, happens only upon the arrival of B in the CME and/or the sheath at
Earth’s magnetosphere.

The shock-driving ability of a CME is crucial for the production of SEPs and
the shocks need to be strong enough to efficiently accelerate SEPs. The coronal and
interplanetary environment also plays a role in determining the strength of the shocks
because the Alfven speed can vary by a factor of 4 in this region. The shock is also
important for geoeffective CMEs in compressing the magnetosphere, but the intensity
and duration of the southward component of the magnetic field in the shock sheath
and ICME determine the strength of the resulting magnetic storm. Thus the magnetic
structure of the ICME is important for geomagnetic storms, but not for SEPs.

Table 1 shows a compilation of the numbers of solar and interplanetary events
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Table 1. List of solar and interplanetary events important for space weather.

Event type Rise Max  Decl Total Veme (km/s)
AIICMEs (W > 30°) 962 3516 3261 7739 4507
Magnetic clouds 20 29 20 69 774%
Non-cloud ICMEs 17 72 35 124 960°
Frontside Halos 30 116 91 237 10520
Major storms 12 32 25 69 10420
Shocks (in situ) 34 110 72 226 9874
IP Type II bursts 28 125 104 257 1532¢
Large SEP events 5 38 33 76 1623f

aFor CMEs in Fig. 4; "from Gopalswamy ef al. (2008a); “events in Fig. 14;
dfrom Gopalswamy ef al. (2009) (under preparation); ¢from Gopalswamy et al.
(2008d); ffrom Fig. 25.

relevant for space weather. For each event type, the average sky-plane speed of the
associated LASCO CMEs is given in the last column. Clearly only a tiny fraction of
all CMEs (~3% or less) are important for space weather. The numbers are also binned
into the three phases of the solar cycle 23. There is a general solar-cycle dependence
of the numbers, the most coming from the maximum phase. The numbers of in
situ shocks, IP type II bursts, and halo CMEs are similar (and much higher than the
others); these phenomena happen when the associated CMEs meet special conditions
in terms of source location on the Sun and magnetic connectivity to Earth. The last
column shows that the speeds of the associated CMEs range from ~770 km/s to
1600 km/s, suggesting that these CMEs are very energetic. The CMEs causing major
geomagnetic storms (geoeffective CMEs) have an average speed of ~1000 km/s,
intermediate between those of halo CMEs and MC-associated CMEs. On the other
hand, the speed of SEP associated CMEs is about 50% higher. This may not be a
major difference if we take into account of the projection effects. Only a subset of
SEP associated CMEs are close to the disk center, while most of the geoeffective
CME:s originate there. Therefore, the geoeffective CMEs are subject to projection
effects and their true speed is likely to be higher. Thus, we can conclude that both
SEP producing and geoeffective CMEs are very energetic.

Figure 29 summarizes the source and kinematic properties of CMEs that produce
SEPs and geomagnetic storms in comparison with other energetic CME populations.
Storm-producing CMEs originate close to the disk center of the Sun, while the SEP-
associated CMEs are mostly confined to the western hemisphere. Exceptions are the
smaller events in both categories. The source locations of the two populations are
distinct because the CME and SEP arrival at Earth take different paths: SEPs follow
the magnetic field lines, while CMEs propagate radially away from the Sun. The
cumulative number of CMEs in Fig. 29 drops precipitously at speeds >3000 km/s.
In fact, there were only 9 CMEs with speed >2500 km/s among the 13000 + CMEs
detected until the end of 2007. There were only two CMEs with speed exceeding
3000 km/s. This tells us that there is a limit to the CME kinetic energy. This limit
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can be traced to the amount of free energy that can be stored in the source active
region. Since the amount of free energy is of the order of potential energy of the
source magnetic fields, this translates into the maximum field strength in large active
regions, known to be within ~5000 G. An important consequence of the speed limit
is that the associated shocks take a finite time to reach Earth. Historical data on
fast-transit shocks (Cliver et al., 1990) and empirical modeling (Gopalswamy et al.,
2005c¢) suggest such a limit to the shock travel time, thus allowing a warning of at
least about half a day.
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