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Abstract. Interplanetary coronal mass ejections (ICMEs) propagate into the outer heliosphere,
where they can have a significant effect on the structure, evolution, and morphology of the solar wind,
particularly during times of high solar activity. They are known to play an important role in cosmic
ray modulation and the acceleration of energetic particles. ICMEs are also believed to be associated
with the large global transient events that swept through the heliosphere during the declining phases
of solar cycles 21 and 22. But until recently, little was known about the actual behavior of ICMEs
at large heliographic latitudes and large distances from the Sun. Over the past decade, the Ulysses
spacecraft has provided in situ observations of ICMEs at moderate heliographic distances over a
broad range of heliographic latitudes. More recently, observations of alpha particle enhancements,
proton temperature depressions, and magnetic clouds at the Voyager and Pioneer spacecraft have
begun to provide comparable information regarding the behavior of ICMEs at extremely large he-
liocentric distances. At the same time, advances in modeling have provided new insights into the
dynamics and evolution of ICMEs and their effects on cosmic rays and energetic particles.
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2 P. R. GAZIS, A. BALOGH, ET AL.

1. Introduction

The structure and evolution of interplanetary coronal mass ejections (ICMEs) in the
inner heliosphere in the vicinity of the solar equatorial plane has been the subject
of many observations over the past four decades (see Crooker and Horbury, 2006,
this volume; von Steiger and Richardson, 2006, this volume). Much less is known
about the behavior of ICMEs at high heliographic latitudes and large distances
from the Sun. The evolution of ICMEs has been the subject of numerous models
(Burlaga et al., 1986; Whang and Burlaga, 1986; Gosling et al., 1995c; Odstrcil
and Pizzo, 1999, Wang et al., 2001, and many others). As ICMEs propagate into
the outer heliosphere, they can merge with co-rotating interaction regions (CIRs)
or other ICMEs to produce merged interaction regions (MIRs, Burlaga et al., 1986;
Whang and Burlaga, 1986) or global merged interaction regions (GMIRs, Burlaga
et al., 1984, 1993; Whang, 1991; Burlaga, 1995; Zank, 1999). MIRs and GMIRs
are important large scale structures in the outer heliosphere. They are known to be
associated with energetic particle variations (Burlaga, 1995; Decker et al., 1995;
Decker and Krimigis, 2003; Neugebauer and Goldstein, 2003; Cane and Lario,
2006, this volume) and the modulation of galactic cosmic rays (GCRs, see Burlaga
et al. (1986); McDonald et al. (1994); and many others).

Until recently, there were few direct observations of ICMEs in the outer he-
liosphere and at high heliographic latitudes, and most comparisons of models with
observations were restricted to limited periods associated with spacecraft align-
ments. Magnetic clouds (Burlaga et al., 1982; Burlaga and Behannon, 1982) have
provided one possible signature of ICMEs in the outer heliosphere, but observa-
tions from the inner heliosphere (Richardson and Cane, 1993) suggest that mag-
netic clouds might only be detected in a minority of events and may not be a
suitable signature with which to conduct large-scale surveys. This has made it
difficult to address questions regarding the evolution of ICMEs, their effects on
the dynamics and evolution of solar wind streams and the large-scale structure and
morphology of the heliosphere, and how these effects might vary over course of a
solar cycle. In particular, in the absence of direct observations of ICMEs at large
heliocentric distances, the relationship between ICMEs, MIRs, and GMIRs has
been to some extent a matter of speculation.

Recently Paularena et al. (2001) and Wang and Richardson (2004) demonstrated
that it is possible to identify ejecta associated with ICMEs in the outer heliosphere
using alpha particle and temperature measurements. Observations from the inner
heliosphere (Richardson and Cane, 1993) suggest these signatures may be suffi-
cient to identify a majority of ICMEs. The past decade has also seen significant
advances in modeling the dynamics and evolution of ICMEs at high heliographic
latitudes (Riley, 1999; Linker et al., 2002; and Cargill and Schmidt, 2002) and large
heliocentric distances (Zank and Mueller, 2003; Wang and Richardson, 2004) and
the effects of ICMEs on energetic particles and cosmic rays.
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OUTER HELIOSPHERE AND HIGH LATITUDES 3

This chapter will discuss the following recent developments in the study of
ICMEs: 1) Ulysses observations of ICMEs and their effects on energtic particles
and cosmic rays at high heliographic latitudes, 2) observations of ICMEs in the
outer heliosphere from the Voyager and Pioneer spacecraft, 3) the relationship be-
tween ICMEs and large global transient events associated with Forbush decreases,
and 4) the interpretation of in situ observations using modelling.

2. Observations at Moderate Heliocentric Distances and all Latitudes

2.1. LATITUDINAL SURVEY

R. VON STEIGER

For a survey of the distribution of ICMEs as a function of heliographic latitude we
have the Ulysses mission. It has completed two full revolutions around the Sun on
a high-inclination orbit, the first one around solar minimum and the second one
around solar maximum. The observations of ICMEs, as taken from the list kept at
Los Alamos (http://swoops.lanl.gov/cme_list.html), are plotted in Fig. 3
in the next subsection. Obviously the distribution of ICMEs is very different along
the two orbits.

On the solar minimum orbit only three ICMEs occurred at high latitudes, and
these were all of the new class of overexpanding ICMEs defined by Gosling et al.
(1995a), embedded in the dominating polar high-speed streams. It is not mean-
ingful to construct a statistics of latitudinal distribution from only three events. At
solar minimum, it is safe to say, almost all ICMEs occur at low latitudes, where
also the streamer belt is confined.

The situation is radically different at solar maximum (cf. right panel of Fig. 3).
Superficially it looks as if ICMEs can be seen at all latitudes along the Ulysses
maximum orbit, in line with naïve expectations from the fact that CMEs occur
essentially uniformly at all position angles at the Sun (Gopalswamy et al., 2006,
this volume). However, we recall from McComas et al. (1998) that, surprisingly,
the ICME rate appeared to drop as Ulysses climbed to high southern latitudes
even though solar activity was still on the rise (see also Fig. 6 of von Steiger and
Richardson, 2006, this volume). This impression is confirmed in Fig. 1, where we
have plotted the monthly ICME rate as a function of latitude. The result clearly
indicates an ICME rate that is three times higher at low latitudes than it is at the
highest latitudes reached by Ulysses.

Of course the above result has not been obtained simultaneously at all latitudes
and is therefore potentially influenced by changes in the solar activity level, at least
during the slow latitude scan (solid curve in Fig. 1. However, solar activity was on
the rise during the entire time of this scan from low to high latitudes, such that the
latitude effect might even be larger than reported here.
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Figure 1. Number of ICMEs per month observed at Ulysses as a function of the cosine of latitude. The
solid curve is from the southbound slow latitude scan (DOY 350-1997 to 329-2000) and the dashed
curve is from the fast latitude scan (DOY 329-2000 to 284-2001). The subsequent northern slow
latitude scan was disregarded since there the latitude distribution is masked by the declining solar
activity. Both latitude scans clearly indicate that the ICME rate is latitude dependent by as much as a
factor of three between the lowest and the highest latitudes. (Latitudes with a cosine < 0.17 are not
reached by Ulysses.)

Ulysses

scaled with cos(latitude)

unscaled

Figure 2. ICME rates as estimated from the average iron charge state measured with Ulysses-SWICS
(×, dashed line) and with ACE-SWICS (◦). When the former is divided by the cosine of the Ulysses
latitude (+, solid line) the two rates are brought back roughly into agreement. Figure adapted from
Lepri et al. (2001).

A possibility for simultaneously comparing low-latitude and high-latitude ICME
rates is given by comparing data from Ulysses and from an in-ecliptic spacecraft
such as ACE. This has been done by Lepri et al. (2001), as reproduced in Fig. 2. The
two rates agree when Ulysses was at low to mid latitudes (≤ 30◦) but progressively
deviate from each other as Ulysses reached high latitudes, as expected from Fig. 1.
However, when we scale the Ulysses ICME rate by dividing it by the cosine of
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OUTER HELIOSPHERE AND HIGH LATITUDES 5

its heliographic latitude the two rates can be brought back into agreement, at least
very roughly so.

It thus appears that at solar maximum activity CMEs occur at all latitudes
uniformly, but when propagating into the interplanetary medium those from high
latitudes are deflected to lower latitudes, leading to the observed disparity of ICME
rates at low versus high latitudes by as much as a factor of three. This implies that,
as is the case for fast streams at solar minimum, there is a superradial expansion
of the high-latitude solar wind (or at least the high-latitude ICMEs) also at solar
maximum.

2.2. COSMIC RAY LATITUDINAL VARIATIONS

B. HEBER

Short term decreases in the galactic cosmic ray (GCR) flux were first observed by
Forbush (1937). Simpson (1954) showed that these Forbush decreases had their
cause in the interplanetary medium. Two classes of events, “recurrent” and “non-
recurrent”, have been found. While the first class of event is associated with CIRs
(see for example Heber et al., 1999, Richardson; 2004, and references therein)
the second class is associated with ICMEs (Cane, 2000). The latter are discussed
by Cane (2000) and by Klecker et al. (2006, this volume). Here we focus on the
influence of ICMEs on GCR intensities for latitudes above 40◦ by using measure-
ments of > 250 MeV protons by the Kiel Electron Telescope (KET) onboard the
Ulysses spacecraft (Simpson et al., 1992). The solar minimum and maximum out-
of-ecliptic paths are displayed in Figure 3. Ulysses heliographic latitude is shown
as a function of radial distance. Gosling and Reisenfeld (http://swoops.lanl.
gov/cme\_list.html) identified 41 out-of-ecliptic ICMEs. These are indicated
by ’�’s in the figure. While it is well known that ICMEs are more numerous
during solar maximum (38 cases) than at solar minimum (3 cases) we learned
from Ulysses that they can occur at all latitudes (even though their distribution
is not uniform). This has enabled us to study GCR intensity variations at high
heliographic latitudes.

The insets in Figure 3 show the count rate variation during six selected ICME
events. The three GCR intensity decreases on the right correspond to the events
(1), (2) and (3) in panel (d) of Figure 5 (Cane and Lario, 2006, this volume). The
three intensity decreasess on the left hand side are the three events observed during
the solar minimum out-of-ecliptic orbit (Bothmer et al., 1997). Two of these events
show an intensity decrease of about 6%.

Around solar maximum Ulysses identified 38 ICMEs. Following Cane (2000)
the corresponding intensity decreases show different characteristics. The “classi-
cal” Forbush decreases consist of two step-decreases, as displayed in panel (d) of
Figure 3 in Cane and Lario (2006, this volume). The first step occurs in the tur-
bulent magnetic field region behind a shock wave generated by a fast ICME while
the second step is associated with the closed magnetic field line geometry within
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Figure 3. Ulysses minimum and maximum out-of-ecliptic trajectory: Heliographic latitude as func-
tion of radial distance. The � display time periods when an ICME has been observed. The two insets
show the hourly averaged galactic cosmic ray variation during six selected events.

the ICME plasma. But single step intensity decreases correlated with either the
shock or the ICME crossing are also observed. (The list of shocks were taken from
Gosling and Forsyth, http://www.sp.ph.ic.ac.uk/Ulysses/shocklist.txt.
Note that this shock list starts from 1996.)

Because the KET instrument can only determine the hourly averaged GCR in-
tensities within an accuracy of ∼ 3%, the smallest detectable decreases therefore
are limited to approximately ∼ 4%. This may be why only one classical two-
step Forbush decrease has been found. During 16 (∼ 40%) and 8 (∼ 20%) of
the events, an intensity decrease was caused by the ICME-plasma or the shock
wave, respectively. However, during the remaining 16 (∼ 40%) events, the galactic
cosmic rays show no systematic variation during the ICME. For these 16 events a
single detector counter with relative sensitivity �C/C ≈ 0.25% has been used to
verify these “null” result. Because this counter is sensitive to protons >30 MeV and
electrons >1 MeV, it cannot be used when the intensity decrease is accompanied
by an energetic particle event (3 events). In another 5 cases the channel indicates a
small decrease. This suggests that between 8 and 11 ICMEs are not accompanied
by cosmic ray intensity decreases.

In Figure 4 the observed intensity decreases are shown on the left and right hand
side as function of Ulysses radial distance and heliographic latitude. The open and
filled symbols in the right hand panel correspond to observations in the southern
and northern hemisphere, respectively.

Due to the statistical limitations the detection limit is 4%. Figure 4 suggests that
1) the amplitudes of the cosmic ray decreases varied strongly from event to event
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OUTER HELIOSPHERE AND HIGH LATITUDES 7

Figure 4. Amplitude of the GCR intensity decreases as a function of radial distance and heliographic
latitude. The open and filled symbols in the right hand panel correspond to observations in the
southern and northern hemisphere, respectively.

and that there were no obvious correlations with either 2) radial distance or 3)
heliographic latitude at moderate heliocentric distances (between 1-5 AU), though
Cane et al. (1994) have reported that there might be a tendency for the amplitude
of these events to decrease with increasing radial distance in the inner heliosphere.

Bothmer et al. (1997) reported cosmic ray intensity decreases occurred in assso-
ciation with 3 ICMEs which were observed in the fast solar wind from the southern
polar coronal hole. In 2002 an additional 5 ICMEs were identified in the fast solar
wind stream coming from the northern polar coronal hole. For all 8 events an
intensity decrease has been detected. Wibberenz et al. (1998) suggest that for these
ICMEs the over-expansion of the high latitude ejecta probably results in efficient
adiabatic cooling with a significant intensity decrease. It is interesting to note, that
the number of ICMEs associated with a significant intensity decreases was larger in
2001/2002 when the spacecraft was in the northern hemisphere than in 2000/2001
when the spacecraft was in the southern hemisphere. Whether this is a spatial effect
or caused by a larger number of ICME within the solar cycle can not be answered
from the Ulysses observations alone.

2.3. ENERGETIC PARTICLE RESPONSE TO ICMES AT HIGH HELIOGRAPHIC

LATITUDES

D. LARIO

In situ observations of both energetic particles and ICMEs at high heliographic
latitudes only became possible after the Ulysses spacecraft began its polar orbit
around the Sun. Energetic particle signatures associated with the passage of ICMEs
at high heliographic latitudes are diverse (Bothmer et al., 1995; Malandraki et al.,
2001; Malandraki et al., 2003; Lario et al., 2004). Clear differences have been
observed between those ICMEs propagating within high-speed streams and those
ICMEs propagating within slow solar wind streams. For those ICMEs propagat-
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8 P. R. GAZIS, A. BALOGH, ET AL.

Figure 5. From top to bottom. (a) 1-hour spin-average near-relativistic electron intensities as mea-
sured by the DE system of the HI-SCALE instrument on board Ulysses. (b) 1-hour spin-average ion
intensities as measured by the LEMS120 telescope of the HI-SCALE instrument (top trace) and the
COSPIN/LET system on board Ulysses. (c-d) 3-hour high-energy proton count rates as measured by
the COSPIN/KET in the energy range 125-250 MeV (panel c) and 250-2000 MeV (panel d). Solid
and dashed vertical lines indicate the passage of shocks and wave disturbances measured using solar
wind and magnetic field data. Gray vertical bars indicate the passage of ICMEs.

ing at high heliolatitudes and within slow solar wind streams, energetic particle
signatures range from intensity depressions observed throughout the passage of
the ICME (Malandraki et al., 2003) to energetic particle enhancements observed
within the ICMEs and due to the injection of solar energetic particles (SEPs) by
unrelated solar events (Armstrong et al., 1994; Malandraki et al., 2001). By con-
trast, energetic particle signatures observed during the passage of ICMEs at high
heliographic latitudes and when Ulysses was immersed in polar coronal hole solar
wind flows showed low-energy particle intensity enhancements (Bothmer et al.,
1995; Lario et al., 2004).

Figure 5 shows energetic particle data throughout the Ulysses second north-
ern polar passage (September-November 2001). During this time interval, Ulysses
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OUTER HELIOSPHERE AND HIGH LATITUDES 9

remained immersed in polar coronal hole solar wind flow (∼>700 km/s) and ob-
served the passage of five ICMEs (Reisenfeld et al., 2003a). Low-energy (∼<8 MeV)
ion and (∼<50 keV) electron intensity enhancements were observed at the entry of
Ulysses into these five ICMEs. By contrast, high energy (250–2000 MeV) protons,
mostly of galactic origin, showed clear depressions during the passage of these
ICMEs. Lario et al. (2004) interpreted the low-energy particle intensity enhance-
ments observed at the entry of Ulysses into these five high-heliolatitude ICMEs as
due to (1) the lack of an intense shock-accelerated population propagating outside
the ICMEs, (2) the efficient confinement of low-energy ions within the ICMEs,
and (3) the effects that local magnetic field structures have on the particle transport
within and around the ICMEs. Whereas at 1 AU and in the ecliptic plane, low-
energy ion intensities usually peak at the arrival of fast shocks and decrease at the
entry of the spacecraft into the ICMEs (Richardson, 1997), for these five ICMEs at
high heliographic latitude, as well as for the solar minimum over-expanding ICME
observed by Ulysses at about 54◦S and at 3.5 AU (Bothmer et al., 1995), the highest
intensities were observed during the passage of the ICMEs. At high heliographic
latitudes and within solar wind streams, the shocks driven by the ICMEs (if any)
or by the over-expansion of the ICMEs are not efficient accelerators of energetic
particles. Depending on the magnetic field configuration of the ICMEs, energetic
particles may remain confined within the ICMEs, and therefore intra-ICME par-
ticle intensities decrease with a longer time-scale than those particles propagating
outside the ICMEs, resulting in the intensity enhancements observed during the
passage of these ICMEs over the spacecraft (details can be found in Lario et al.,
2004).

2.4. THE SOLAR ORIGIN OF ICMES OBSERVED AT ULYSSES

L. RODRIGUEZ

To find the region on the solar disk from which an ICME emanated is a complex
task. If the spacecraft detecting the ICME has an orbit like Ulysses, then this
becomes even more difficult.

As a first step, it is necessary to consider the relative position of Ulysses and the
near-Earth spacecraft. For white light coronagraph studies, Ulysses-Earth quadra-
tures, i.e. when the Ulysses-Sun-Earth angle is near to 90 degrees, are best suited.
This happens about twice per year, and presents a chance for observing limb events.
For chromospheric and low coronal studies, smaller Ulysses-Sun-Earth angles can
be used, CMEs which originate near disk center can be observed and a clear view
on the eruption processes can be attained. In order to identify a possible candidate
event on the Sun, a simple ballistic travel time approach is normally applied, by
using the speed of the ICME and the heliocentric distance of Ulysses.

A severe problem is the ambiguity which arises when correlating ICMEs ob-
served at Ulysses with events observed at the Sun. The Ulysses ICME list (http:
//swoops.lanl.gov/cme\_list.html) created by the SWOOPS team consists
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of ca. 150 events, while the SOHO list comprises thousands of them. This results
in one ICME at Ulysses having several candidates near the Sun, especially during
periods of high solar activity. The use of additional in-situ observations (when
available) of the same ICME by a near-Earth spacecraft could help to restrict the
number of solar candidates.

Several authors have identified the solar counterparts of Ulysses’ ICMEs, with
diverse objectives such as energetic particle behavior (e.g., Bothmer et al., 1996;
Simnett, 2003), flux rope modeling (e.g., Watari et al., 2002), tracking disturbances
by interplanetary scintillation (e.g., Janardhan et al., 1997), expansion of solar wind
electrons (e.g., Skoug et al., 2000). Studies with Yohkoh data provided support
to the idea that flux ropes in interplanetary space are the result of reconnection
processes within the rising CME (Gosling et al., 1995a). On the other hand, Weiss
et al. (1996) and Lemen et al. (1996) found no clear correlation between X-Ray
and interplanetary signatures. The acceleration and evolution of CMEs as they
propagate into interplanetary space were reviewed by Funsten et al. (1999), Gosling
et al. (1995a) and Reisenfeld et al. (2003a, 2003b) who used high latitude ICMEs to
provide hints on the great latitudinal expansion that ICMEs may undergo. Probably
the study involving most separate point measurements is the one by Richardson
et al. (2002), who observed a ICME from the Sun (Yohkoh) passing through the
Earth (Wind), sampled later by Ulysses and finally arriving at Voyager 2. Table I
provides information on several recent correlative studies of Ulysses ICMEs and
their solar identification.

It is worth noticing that the CMEs in Table I which could be identified as pre-
senting a 3-part structure at the Sun (H. Cremades, private communication) also
had a magnetic cloud (MC) structure at Ulysses (defined by the corresponding
author, or by Rodriguez et al., 2004). The inverse relation was not found, partially
due to the lack of coronagraph images before SOHO and because of the presence of
many halo CMEs, for then it is not possible to infer clearly any internal structure.

These kinds of correlated observations are the ones probably best suited to an-
swer many of the questions raised by Schwenn (1996) in his "catalogue of open
questions"; nevertheless most of them remain still unanswered.

3. Radial Evolution of ICMEs in the Outer Heliosphere

3.1. RADIAL SURVEY

J. D. RICHARDSON

The radial evolution of ICMEs was discussed by von Steiger and Richardson (2006,
this volume). To summarize, ICMEs expand with radial distance to 10-15 AU, then
maintain a constant average width of about 2 AU. ICMEs expand on average by a
factor of 6-8 outside 1 AU. The speed gradient across the ICMEs decreases with
distance consistent with the halt of the ICME expansion. In this section we discuss

SSSI_21-16.tex; 14/07/2006; 15:14; p.10



OUTER HELIOSPHERE AND HIGH LATITUDES 11

TABLE I

Sources of interplanetary CMEs

Date (Ulysses) Date (Sun) Solar observation Reference

1992-03-14 1992-02-26 Yohkoh/SXT Lemen et al., 1996

1992-05-09 1992-04-17 Yohkoh/SXT Lemen et al., 1996

1992-11-09 1992-10-30 Ooty Radio Tel. Janardhan et al., 1997

Yohkoh/SXT Lemen et al., 1996

1992-11-14(MC) 1992-10-31/11-02 Ooty Radio Tel. Janardhan et al., 1997

1992-12-15(MC) 1992-11-29 Yohkoh/SXT Bothmer et al., 1996

Weiss et al., 1996

1993-06-09(MC) 1993-05-31 Yohkoh/SXT Bothmer et al., 1996; Gosling
et al., 1994a, 1995a, 1998;
Weiss et al., 1996

1993-07-20 1993-07-09 Yohkoh/SXT Lemen et al., 1996

1994-02-09(MC) 1994-02-01 Yohkoh/SXT Bothmer et al., 1995, 1996;
Weiss et al., 1996; Lemen
et al., 1996

1994-02-27 1994-02-20 Yohkoh/SXT Bothmer et al., 1995, 1996;
Gosling et al., 1994b, 1995c,
1998; Lemen et al., 1996;
Weiss et al., 1996

1994-04-20 1994-04-14 Yohkoh/SXT Alexander et al., 1996;
Bothmer et al., 1995, 1996;
Gosling et al., 1994b; Hudson
et al., 1996; Weiss et al.,
1996; Lemen et al., 1996

1996-10-14(MC) 1996-10-05(3p) SOHO/EIT/LASCO Funsten et al., 1999; Gosling
et al., 1998; Hudson et al.,
1996; Watari et al., 2002

1996-12-10(MC) 1996-11-28(3p) SOHO/EIT/LASCO Funsten et al., 1999

1997-01-08(MC) 1996-12-21/25 SOHO/EIT/LASCO Funsten et al., 1999

1996-12-21(3p) SOHO/LASCO Watari et al., 2002

1997-11-13(MC) 1997-10-23 SOHO/LASCO Watari et al., 2002

1998-03-21(MC) 1998-02-28 SOHO/EIT/LASCO Skoug et al., 2000

1998-10-10(MC) 1998-09-23 Yohkoh/SXT Richardson et al., 2002

GOES/Soft X-ray

2001-05-10 2001-05-07 SOHO/LASCO Simnett, 2003

2001-10-29(MC) 2001-10-24 SOHO/EIT/LASCO Reisenfeld et al., 2003b

2001-11-08(MC) 2001-11-04 Sacramento Peak, Reisenfeld et al., 2003a

SOHO/LASCO

2001-11-26 2001-11-22 SOHO/LASCO Reisenfeld et al., 2003a, b

(MC) ICMEs identified by the corresponding authors or by Rodriguez et al. 2004 as MC

(3p) CMEs which show a 3-part structure on LASCO (H. Cremades, private communication)
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12 P. R. GAZIS, A. BALOGH, ET AL.

Figure 6. Radial profile of solar wind and IMF parameters observed in ICMEs at differenbt spacecraft
(open symbols and solid line) and in the undisturbed solar wind (dashed line) at Voyager 2. From the
top, the panels show solar wind density, speed, proton temperature, and |B|.

the evolution of the plasma within the ICMEs compared to that in the ambient solar
wind.

Lists of ICMEs from Helios 1 and 2, WIND, ACE, Ulysses and Voyager 2 were
compiled using similar identification schemes. Liu et al. (1985) used the criteria
of low-temperatures (Richardson and Cane, 1993) and high helium abundances
(Neugebauer and Goldstein, 2003) to identify ICMES in data from the first five
spacecraft. Wang and Richardson (2004) used the temperature criterion supple-
mented by the other plasma and magnetic field data to identify ICMEs at Voyager
2 out to 30 AU. The expansion of ICMEs leads to the expectation that the density,
magnetic field strength, and temperature should decrease faster in ICMEs than in
the ambient, non-ICME solar wind.

Figure 6 shows radial profiles of solar wind parameters inside ICMEs at dif-
ferent spacecraft and in the non-ICME solar wind at Voyager 2. The open symbols
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show the average values for each plasma parameter within each ICME; these ICME
parameters are fit to a power law shown by the solid line. The ICME times are
removed from the Voyager 2 solar wind data, and the remaining Voyager 2 solar
wind data are also fit with a power law shown by the dashed line. These fits are
summarized in Table II.

TABLE II

Radial variation of SW and IMF parameters

ICMEs Undisturbed solar wind

Np (cm−3) 5.74±0.27 7.96±0.38

V (km/s) 455 458

T (K) 33398±1282 R−0.71±0.02 117817±6226 R−0.78 ± 0.03

B (nT) 7.11±0.33 7.13±0.31

The density in the ambient solar wind varies with solar cycle and heliolatitude
but on average decreases as R−2 to at least 70 AU (Richardson et al., 2004) The
ICME density in Figure 6 decrease as R−2.21, faster than the ambient solar wind.
The constant in the fit is also less in ICMEs than in the ambient solar wind; since
the densities within ICMEs at 1 AU are roughly equal to those in the surrounding
plasma (Crooker et al., 2000), the lower value is likely also the result of the ICME
expansion beyond 1 AU.

The speeds inside and outside ICMEs are nearly identical and do not change
significantly with distance out to 30 AU. The variation of ICME speed decreases
with distance as the ICMEs are entrained in the surrounding solar wind flow.

The temperatures in ICMEs are much lower than in the solar wind, a result
forced by use of the low-temperature criterion for ICME selection. The tempera-
ture of the ambient solar wind decreases as R−0.72, consistent with values in the
literature (Gazis et al., 1994; Richardson et al., 1995). The temperatures inside
ICMEs decrease less quickly than in the solar wind, regardless of the expected
adiabatic cooling that should accompany the ICME expansion. The ICME plasma
must be heated preferentially (on a percentage basis) compared to the solar wind
plasma. The mechanism for this heating is not understood, although the electron
heat flux and heating via damping of magnetic fluctuations are being investigated.

The magnetic field magnitude also varies with solar cycle but on average de-
creases roughly as Parker predicts, as R−1 at large distances and faster near the
Sun. The magnetic field strength within ICMEs decreases more rapidly than in the
solar wind, consistent with expansion of the ICMEs. Thus, at least qualitatively,
all the parameters except the temperature change as expected for an expanding
structure.
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Figure 7. Solar wind dynamic pressure and cosmic ray counting rate for the entire Voyager 2 mission.

The ICMEs should expand in the perpendicular as well as the radial direction;
this hypothesis has not yet been tested. Multiple spacecraft would be needed for
such a study.

Liu et al. (1985) investigated the thermodynamic structure of ICMEs from 0.3 to
5.3 AU. They showed that the value of gamma, the index used under the assumption
of a polytropic equation of state, is roughly constant with distance inside ICMEs.
The value for γp is about 1, less than in the solar wind where it is 1.5 (Totten
et al., 1995) so that the expansion of the ICMEs behaves as an isothermal process.
The significance, if any, of this quasi-isothermal temperature profile remains to be
determined, but it supports the suggestion that the ICME plasma must be heated
preferentially compared to the solar wind plasma.

3.2. OUTER HELIOSPHERE MODELING

J. D. RICHARDSON

The introductory chapter showed an example of a pair of ICMEs which resulted
in the formation of a MIR. Figure 7 shows the solar wind dynamic pressure and
cosmic ray counting rate for the entire Voyager 2 mission. MIRs are regions of high
magnetic field intensity and are often formed when ICMEs compress plasma ahead
of them. The enhanced magnetic field impedes diffusion of the energetic particles,
resulting in step-like decreases in the cosmic ray counting rates. The figure shows
that only a few large MIRs were present near the solar maximum in 1982. Four
major MIRs were observed near solar maximum after 1990. But beginning in 1999,
the most recent maximum was dominated by MIRs. We believe most of the MIRs
during the recent maximum were driven by large ICMEs and that MIRs continue
to merge as they move outward.

Richardson et al. (2004) have simulated this evolution using a 1-D MHD model
of the solar wind propagation which included the effects of pickup ions (Wang
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Figure 8. Ion intensities and magnetic field magnitude as measured by the ACE and IMP-8 spacecraft
(left panel) and the Ulysses spacecraft (right panel) during an event in February 1999 when the same
ICME was observed first at 1 AU and later at 5.1 AU. Solid vertical lines indicate the passage of
shocks and gray vertical bars the passage of ICMEs.

et al., 2000, 2001). They used ACE plasma and magnetic field data as input and
propagated the solar wind out to Voyager 2. The model predicts the correlated
structure which is observed, but not the timing. They cite this lack of agreement
as evidence that transient ICMEs drive the MIRs, so that the timing of the MIRs
differs with heliolongitude and depends on the ICME history at each longitude.

3.3. ENERGETIC PARTICLE RESPONSE TO ICMES AT LARGE HELIOCENTRIC

DISTANCES

D. LARIO, R. B. DECKER

To study the radial evolution of the energetic particle responses to the passage
of ICMEs, it is essential to analyze those cases when the same ICME has been
observed at different heliocentric distances. Figure 8 shows one of the few cases
where the same ICME was first observed at 1 AU by the ACE spacecraft and later
at 22◦S and 5.1 AU by the Ulysses spacecraft (Lario et al., 2001). Both low-energy
(<8 MeV) ion and cosmic ray intensities decreased at the entry of both spacecraft
into the high magnetic field region associated with the passage of the ICME. Low-
energy ion intensities peaked around the passage of the preceding shocks (as a
result of local shock-acceleration) but decreased during the passage of the ICME.
Bidirectional ∼1 MeV ion flows were observed within the ICME at 1 AU whereas
at 5.1 AU ion flows were mainly isotropic (see details in Lario et al., 2001).
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Figure 9. Voyager 2 data during the May 1991 event showing from top to bottom: intensities of
43–80 keV and 0.52-1.45 MeV protons as measured by the LECP instrument; solar wind density and
speed as measured by the Plasma Science experiment; and magnetic field magnitude as measured by
the magnetometer on board V2. The shock passage (dashed line) is at ∼0230 UT on day 146. Dotted
line at ∼0400 UT on day 147 indicates the passage of a tangential discontinuity (TD) that marks the
boundary of the driver gas. Details can be found in Decker et al. (1995).

At larger heliocentric distances, it is difficult to observe single and isolated
ICMEs. The individual solar energetic particle (SEP) events observed at 1 AU also
lose their identity at large heliocentric distances because of both the superposition
of multiple energetic particle events and the continuous acceleration of particles
by large-scale interplanetary disturbances driven by the ICMEs. In addition, the
coalescence of multiple ICMEs originating during periods of intense levels of solar
activity results in the formation of MIRs (Burlaga, 1995). Figure 9 shows data from
the Voyager 2 spacecraft at 34.6 AU during 10 days of May 1991 centered around
the arrival of an interplanetary shock observed at ∼0230 UT on day 146 (Decker
et al., 1995). Both before and roughly a day after the shock passage there was no
response above background for ion channels with energies >500 keV. However,
early (∼0400 UT) on day 147 these channels increased rapidly over only a few
hours. This abrupt increase of the energetic ion intensity (and plasma density) has
been interpreted as a result of the entry of the spacecraft into the magnetically
confined structure that drove the interplanetary shock (i.e., the ejecta; Decker et al.,
1995). At lower energies (<∼200 keV) ion intensities peaked in the shell confined
between the shock and the plasma driver. These low-energy ions showed abrupt
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Figure 10. Voyager 2 data showing from top to bottom: intensities of 43-80 keV and 0.52-1.45 MeV
protons; count rates of >70 MeV protons; and solar wind speed during the passage of two GMIRs
in September 1991 (left panels) and October 2001 (right panels). Dashed vertical lines indicate the
passage of interplanetary shocks.

intensity changes across the TD early on day 147. A possible interpretation of this
event is that 1) the shock was only able to locally accelerate ions at low energies
(<∼200 keV) but not at higher energies, and 2) the energetic particles observed
after the TD were effectively confined within the ejecta. This event did not have a
counterpart at larger heliocentric distances (45 AU) and northern latitudes (31◦N)
where Voyager 1 was located. This event is thus a clear example of a transient
interplanetary disturbance that remained confined to a limited latitudinal range.

Figure 10 shows the arrival at Voyager 2 of two strong interplanetary shocks
in September 1991 and October 2001 (Decker et al., 1995; Decker and Krimigis,
2003). Ion intensity increases associated with the shock in September 1991 are
clearly dependent on the energy considered. Low-energy channels (<∼80 keV) show
a step-like increase after the shock passage, whereas the higher energies have lo-
calized peaks centered close to the shock passage followed by a notch and then a
later increase about 2 days after the shock passage. It is tempting to interpret this
new increase of particle intensities as the entry of Voyager 2 into the driver gas
or ejecta where low-energy ions remained confined (similar to the event shown in
Figure 9). Ion intensity increases associated with the shock in October 2001 show
a considerable level of energy-dependent spatial structure (Decker and Krimigis,
2003). The bulk part of the particles were observed in the downstream region of
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the shock. Both events shown in Figure 10 were also observed by Voyager 1, well
separated from Voyager 2 in radius, latitude and longitude, and therefore were
associated with the passage of GMIRs. Cosmic ray depressions were observed
in both events shown in Figure 10, although the event in October 2001 occurred
during the recovery phase of solar cycle 23 and the effects of the GMIR were not
as pronounced as during September 1991.

To summarize, ICMEs at large heliocentric distances are often associated with
MIRs or GMIRs. Energetic ion intensities display significant structure that is mark-
edly different from event to event. Low-energy ion intensities tend to peak at or
after the passage of the shocks (if at all). In contrast to observations in the in-
ner heliosphere where low-energy ion intensities decrease during the passage of
ICMEs (Figure 8), in the outer heliosphere high ion intensities may be observed
during the passage of the gas forming the MIRs or GMIRs (Figures 9 and 10). The
characteristics of energetic particle enhancements observed during the passage of
these structures depends on the balance between particle acceleration at the shocks
and particle confinement, energy loss, and transport within these structures (see
discussion in Lario et al., 2004).

4. Large Transient Events in the Outer Heliosphere

As observed by several spacecraft during 1982 and 1991, the heliosphere was swept
by a series of large global transient events. The 1982 events (Lockwood and Weber,
1984; VanAllen, 1987) occurred during the declining phase of solar cycle 21 and
the 1991 events (Webber and Lockwood, 1993; VanAllen, 1993; McDonald et al.,
1994) occurred during the declining phase of solar cycle 22. A similar but weaker
series of events was observed in 2000/2001 during the declining phase of solar
cycle 23 (Wang et al., 2001; Burlaga et al., 2003a; 2003b).

These events were characterized by increases in solar wind speed, density, tem-
perature, and IMF magnitude over timescales of 10-100 days (McDonald et al.,
1994; Richardson et al., 2004) that were associated with energetic particle enhance-
ments, cosmic ray modulation, and the large Forbush decreases of 1982 and 1991
(Webber and Lockwood, 1993; McDonald et al., 1994). It has also been suggested
(McNutt, 1988; Gurnett et al., 1993). that they are associated with the 2–3kHz
heliospheric radio emission.

Burlaga et al. (1984, 1993) suggested that ICMEs and CIRs could merge to form
expanding quasi-spherical shells which they termed GMIRs. These GMIRs would
be associated with regions of intense magnetic field that would act as diffusive
barriers to produce step decreases in cosmic ray intensity as proposed by Perko
and Fisk (1983).

In practice, the term GMIR has not always been used consistently by different
observers, and it has been applied to a variety of different large transient events.
It remains to be determined whether all of these are similar. The discussion in this
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Figure 11. Schematic representation of the combination of multiple ICMEs and CIRs to form a
quasi-spherical shell

section shall be restricted to the limited number of large global transient events that
were associated with large (>10%) Forbush decreases.

The formation of GMIRs has been the subject of numerous models and is dis-
cussed in detail by Burlaga (1995). These simulations are necessarily limited in
scope. In particular, it remains to be determined what distinguished the large global
transient events from smaller events and why these events were restricted to limited
time periods during the descending phase of the solar cycle. But in view of their
extended duration and large angular extent, it is reasonable to assume that the large
global transient events that involve succession of streams and ICMEs that merge
to produce a quasi-spherical shell or shells. This is represented schematically in
Figure 11.

4.1. THE STRUCTURE OF LARGE TRANSIENT EVENTS

P. R. GAZIS

Throughout 1991, a succession of large global transient events were observed by
multiple spacecraft throughout the heliosphere, from the heliocentric distance of
0.72 AU to greater than 53 AU. These events involved two large Forbush decreases
that were observed around day 84 and day 162 at Earth. They were described in
detail by McDonald et al. (1994).

Figure 12 shows a comparison of solar wind speed observed at PVO, IMP,
Ulysses, Voyager 2, and Pioneer 10 along with the cosmic ray count rate observed
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Figure 12. Solar wind speeds and cosmic ray intensities for 1991 and 1992. >From the top, panels
show 10-day running averages of solar wind speeds from Pioneer 10, Voyager 2, Ulysses, IMP, PVO,
and daily-averaged cosmic ray intensities from the Climax neutron monitor.

by the Climax neutron monitor for 1991 and early 1992. No attempt has been
made to delay data to account for solar wind travel time. Each spacecraft observed
a succession of peaks in solar wind speed over a 200-day time period. The onset
of this activity at different spacecraft (around day 60 at PVO, day 70 at IMP and
Ulysses, day 170 at Voyager 2, and day 240 at Pioneer 10) was consistent with
the expansion of a quasi-spherical shell with a speed of �600 km/s. The epochs of
this activity along with the heliocentric distances, heliographic latitudes, and travel
times for the different spacecraft are summarized in Table III.
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TABLE III

Locations and transit times for the events of 1991

Spacecraft Epoch R (AU) Heliolongitude transit time from IMP

PVO 60-230 0.72 65◦ - 320◦ -9d to -1d

IMP 70-230 1.00 170◦ - 325◦ n/a

Ulysses 70-240 2.34 - 4.11 124◦ - 148◦ 1d to 21d

Voyager 2 170-300 34.82 - 35.77 282◦ - 282◦ 101d to 95d

Pioneer 10 240-340 52.46 - 53.19 73◦ - 73◦ 158d to 154d

The 1991 events were observed over a broad range of heliographic longitudes.
They were not uniform with longitude. In particular, they were somewhat more
pronounced in the direction of Pioneer 10 (McDonald et al., 1994). The detailed
structure of these events evolved with heliocentric distance. At heliocentric dis-
tances less than 5 AU, the events took the form of a succession of peaks in solar
wind speed with durations on the order of 10 days or less. At larger distances from
the sun, these peaks began to merge to form two much broader structures with
durations on the order of 50 days.

These events were associated with a succession of ICMEs. The location of
possible ICMEs observed at PVO, IMP, Ulysses, and Voyager 2, as determined
by depressions in proton temperature, is shown by the gray bars in the figure. The
pattern of these events was complex, and comparisons between observations at
different spacecraft are complicated by uncertainties in the measurement of temper-
atures, but several broad trends can be observed: 1) the pattern of events observed
at different spacecraft was different, and the differences cannot be reconciled by a
simple shift in the time axis to account for solar wind propagation; 2) ICMEs ap-
peared to be more frequent in the vicinity of peaks in solar wind speed, particularly
at PVO and IMP; and 3) the frequency of ICMEs appeared to be lower at Voyager 2,
which suggests that ICMEs may merge and/or decay as they are convected to larger
heliocentric distances.

Figure 13 shows time series of solar wind, IMF, and energetic particle mea-
surements from Voyager 2 between days 50 and 300 of 1991. (Note that this
encompasses the 10-day interval shown in Figure 9). Voyager 2 observed two
Forbush decreases during this time period, in the vicinity of days 147 and 251.
These events were characterized by increases in solar wind speed, density, and
temperature that endured for more than 40 days. This is substantially longer than
a solar rotation period, and consistent with the suggestion that the large global
transient events were formed by the merging of a succesion of events of shorter
duration.

Both of these events were accompanied with increases in the magnitude of the
IMF. Presumably these increases were associated with the diffusive barrier that
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Figure 13. Solar wind and energetic particle data from Voyager 2 for the large global tranbsient
events of 1991. From the top, panels show intensity of >70 MeV cosmic rays, 0.52-1.45 protons,
IMF magnitude, and solar wind temperature, density, and speed.

was responsible for Forbush decreases. It is noteworthy that no Forbush decreases
were associated with the increases in solar wind speed, density and temperature
that began near days 180, and 280 that were not accompanied by increases in the
IMF magnitude. Cosmic ray modulation issues are discussed in greater detail in
the next section.

The large global transient events were accompanied by sizable increases in the
flux of low-energy particles. These are discussed in detail by McDonald et al.
(1994). and elsewhere in this chapter. It remains to be determined whether these
increases in flux were associated with solar energetic particle events that persisted
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to large heliocentric distances or were due to local acceleration. McDonald et al.
(1994) concluded that these events were consistent with local acceleration.

The shaded regions in the bottom panel indicate times of regions of low proton
temperature that may be associated with ICMEs (Wang and Richardson, 2004).
Three points should be noted. First, each large global transient event was associated
with a cluster of possible ICMEs. This is consistent with the picture in (Figure 11).
Second, the possible ICMEs tended to occur before the large global transient events
themselves. This is unlikely to be due to selection effects associated with the
detection scheme, for the large global transient events are characterized by high
solar wind speeds and temperatures, where unusually low temperatures should be
easier to observe. Finally, ICMEs did not always seem to be associated with large
transient events. In particular, the clusters of possible ICMEs that occurred after
days 60, 270, and 360 did not seem to be followed by GMIRs.

4.2. MODULATION ISSUES ASSOCIATED WITH PROPAGATION OF ICMES

THROUGH THE HELIOSPHERE

M. S. POTGIETER

Long-term modulation of galactic cosmic rays in the heliosphere shows an 11-
year cycle, anti-correlated with solar activity. A 22-year cycle is also evident, with
some periods of maximum intensity following a plateau-like and some peaked-
like profiles. In an attempt to model these features Potgieter and le Roux (1992)
illustrated that a time-dependent numerical model (based on Parker’s transport
equation) with gradient, curvature and current sheet drifts (Jokipii et al., 1977)
could reproduce these observations for solar minimum periods. They assumed the
waviness of the heliospheric current sheet (HCS) as the only time dependent pa-
rameter. Later, le Roux and Potgieter (1995) showed that their model could not
reproduce observations for increased solar activity with changes in the HCS as the
only time dependent parameter, particularly true when large and prominent step
decreases occurred (McDonald et al., 1981). To simulate intensities during mod-
erate to high solar activity requires propagating diffusion barriers, first introduced
by Perko and Fisk (1983). The extreme form of these diffusion barriers are GMIRs
as introduced by Burlaga et al. (1993; see reference therein). It was illustrated
by le Roux and Potgieter (1995) that it was possible to simulate a complete 11-
year modulation cycle including the large steps by a combination of drifts and
GMIRs in a comprehensive time-dependent model. The period during which the
GMIRs affect long-term modulation depends on their rate of occurrence, the radius
of the heliosphere, the speed with which they propagate, their spatial extent and
amplitude, and the background diffusion coefficients they encounter. Large-scale
drifts, on the other hand, seem to dominate the minimum modulation periods so
that during an 11-year cycle a transition must occur from a period dominated by
drifts to a period dominated by propagating structures (e.g., Potgieter and Ferreira,
2001).
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The GMIR simulations were done for radial distances > 20 AU allowing enough
time for merging of large structures (transients) to take place. Cane et al. (1999)
argued that the step decreases observed at Earth could not be caused by GMIRs
occurring later and beyond 10 AU. Instead, they suggested that time-dependent
global changes in the heliospheric magnetic field alone might be responsible for
long-term modulation. Modeling done by le Roux and Fichtner (1999) also showed
that a series of GMIRs only could not reproduce the observed level of modulation.
This could only be achieved by adding some global, long-term variation in e.g.
the diffusion coefficients and/or in the HCS. The basic concept of Cane et al.
(1999) was used by Potgieter and Ferreira (2001) by changing all the diffusion
coefficients in a time-dependent model to reflect the time-dependent changes in
the measured HMF magnitude at Earth. These changes were convected outwards
at the solar wind speed to form effective propagating diffusive barriers, changing
their frequency with the solar cycle. This approach could only simulate the 11-
year cycle at neutron monitor energies. For rigidities < 5 GV it resulted in far less
modulation than what was observed so that they developed a compound approach
where the diffusion coefficients scale inversely to the power of the magnetic field
magnitude, dependent on the energies used Ferreira and Potgieter (2004). They also
found that some merging between neighboring propagating diffusion barriers was
necessary for the model to simulate the large steps e.g., in 1981-1983 and 1991.

It has not yet been shown what the physical relation is between the large-scale
modulation transients (barriers), supposedly the causes of long-term modulation,
and ICMEs, e.g., how many ICMEs should occur for a GMIR to develop if ICMEs
are indeed the primary cause of GMIRs.

4.3. MODULATION ISSUES ASSOCIATED WITH PASSAGE OF AN ICME INTO

THE HELIOSHEATH

J. KOTA

Large ICMEs form GMIRs in the outer heliosphere. Such propagating disturbances
have been observed in the distant heliosphere directly and indirectly through their
effects on anomalous and galactic cosmic rays. Cosmic rays, owing to their mo-
bility, can furnish information on ICMEs well after they passed the farthermost
spacecraft.

McDonald et al. (2000) studied the response of galactic and anomalous cosmic
rays to the passage of a large GMIR in the 1991 March/June period. These events
were very intense, the June event caused one of the largest Forbush decreases
observed at Earth. The effects of the GMIR were well documented to 50 AU. The
GMIR caused simultaneous steplike decreases in both the ACR and GCR fluxes
as the disturbance passed the Voyager 1 spacecraft, which was at 46 AU that time.
This decrease was followed by a slow recovery as the GMIR propagated further
out. When comparing the response of GCR and ACR, McDonald et al. (2000)
found a remarkable difference between the temporal variation of GCR and ACR:
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the recovery of GCR took considerably longer than the recovery of ACR. This
observation indicates that the disturbance propagating into the heliosheath does not
affect anomalous cosmic rays but still can impede the flux of galactic cosmic rays.
An important implication is that a large part of cosmic-ray modulation takes place
in the heliosheath. The inferred transit-time the GMIR took to reach the termination
shock, made possible to estimate the location of the termination shock at 88.5 ±
7 AU.

Le Roux and Fichtner (1999) modeled the passage of GMIRs through the ter-
mination shock into the heliosheath and consequent effects on cosmic rays in a
spherically symmetric model. In another work, Jokipii and Kóta (2001) applied
a two-dimensional, time-dependent numerical code to model the effect of a bar-
rier propagating through the termination shock into the heliosheath on ACR and
GCR. These simulation results were broadly consistent with the observations of
McDonald et al. (2000) and supported their suggestion that the propagation of the
disturbance beyond the shock is the explanation of the different recovery of ACR
and GCR, respectively.

5. Interpretation of In Situ Observations Using Modeling

5.1. MODELING OF ICMES FROM THE CRITICAL POINT TO 5 AU

P. RILEY

Models of the propagation and evolution of ICMEs provide an important insight
into their dynamics and are a valuable tool in the interpretation of interplanetary
in situ observations. In addition, they represent a virtual laboratory for exploring
conditions and regions of space that are not conveniently or currently accessible by
spacecraft.

In this section we summarize recent advances in modeling the properties and
evolution of ICMEs out to moderate distances in the solar wind. We describe
the current state of research and we suggest what topics will likely be impor-
tant for models to address in the future. We focus on the physics described by
the models and not specifically on the models themselves. Given the need for
brevity, references will be selective and illustrative, rather than comprehensive.
Other reviews that complement the present one have been given by Linker et al.
(2002), Cargill and Schmidt (2002), and Riley (1999). While we emphasize fluid
and MHD modeling in this report, we note that other modeling approaches have
been used with success. The extension of force-free flux rope fitting Lepping et al.
(1990) to include the effects of expansion (Osherovich et al., 1993; Marubashi,
1997) and multiple spacecraft. Mulligan et al. (2001), for example, have provided
improved descriptions of this important subset of ICMEs (see Klecker et al., 2006,
this volume, for more details). Hybrid codes have also been used to model the
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interaction of fast ICMEs with the ambient solar wind allowing limited ion-kinetic
effects to be explored (Riley et al., 1998).

Since the basic mechanism(s) by which CMEs erupt at the Sun (Forbes, 2000,
Klimchuk, 2001) is (are) not well known, it is therefore not surprising that models
developed to investigate the initiation and evolution of CMEs near the Sun and the
evolution of ICMEs in the solar wind tend to be idealized. In fact, to make prob-
lems tractable, significant approximations must be made. For example, consider
the placement of the inner radial boundary. For many years, this was chosen to
be beyond the outermost critical point (e.g., Hundhausen and Gentry, 1968; Dryer
et al., 1989; Riley et al., 1997; Odstrcil and Pizzo, 1999; Cargill and Schmidt, 2002;
Vandas and Watari, 2002). Modeling the propagation and evolution of ICMEs
beyond this point is a much simpler task than including the initiation process
and evolution through the lower corona. Given accurate boundary conditions at
� 20 − 30RS , the physics of the medium is simpler and better understood, and
the magnetofluid equations used to describe the system are easier to solve. Further,
the minimum time step required to advance the solutions are also typically much
larger than would be required if the lower corona were included. Unfortunately, it is
difficult to measure the plasma and magnetic field properties in this region, leading
to the specification of ad hoc boundary conditions. Moreover, such an approach
completely avoids the question of CME initiation.

An often-used approximation is to neglect the magnetic field (e.g., Hundhausen
and Gentry, 1968). Thus strictly speaking the simulations are valid only for high-
β ICMEs and the characteristic speeds at which pressure disturbances propagate
in the simulation is less than in the real solar wind. Obviously such studies cannot
address questions related to the magnetic structure of the ICME. Nevertheless, they
have proven to be extremely useful in illuminating the fundamental aspects of the
processes by which both transient and corotating disturbances evolve in the solar
wind (see, for example, reviews by Hundhausen, 1985 and Gosling, 1996).

A major drawback of initiating ICMEs at an arbitrary boundary outside the
outermost critical point is one of self-consistency. Virtually any kind of perturba-
tion can be inserted. With this freedom comes the ability to “tweak” the parame-
ters so that a good match is found between simulation results and observations.
On one hand this can be an instructive exercise, allowing one to narrow down
the initial configuration of the pulse; however, particularly when non-reversible
processes such as at shocks are present, there is no guarantee that the correct one
has been found. Moreover, when coupled with other questionable assumptions,
such as neglecting the magnetic field and/or reducing the system to cylindrical
or spherical symmetry, the initial configuration may be significantly different in
reality. It is likely, for example, that magnetic pressure is responsible for driving
the expansion of the so-called “over-expanding” ICMEs observed by Ulysses at
high heliographic latitudes (Gosling et al., 1994b; Gosling et al., 1998). Thus the
one-dimensional, gas-dynamic simulations that used enhanced density to mimic
the initial high pressure were probably not accurate initial configurations, even
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though the dynamic evolution of the ejecta, and the development of associated
disturbances are undoubtedly qualitatively correct.

Nevertheless 1-D gasdynamic simulations continue to be useful tools in prob-
ing the large-scale dynamics associated with ICME evolution. For example, they
have been applied to the evolution of ICMEs at large heliocentric distances (Riley
and Gosling, 1998), the acceleration of ICMEs near the Sun (Gosling and Riley,
1996), and the relationship between density and temperature within ICMEs and its
implications for the polytropic index of the plasma (Riley et al., 2001).

5.2. MODELING ICMES FROM THE SOLAR SURFACE TO EARTH

As we have noted, modeling the solar environment below the critical points is more
complicated because information can now travel in both directions. Nevertheless
several groups are modeling the Sun’s extended Corona from 1RS to 1 AU, and
beyond. Wu et al. (1999), for example, generated a CME from the eruption of a
helmet streamer using an ad hoc increase in the azimuthal component of the mag-
netic field. The University of Michigan group (e.g., Groth et al., 2000; Manchester
et al., 2004; Roussev et al., 2004) have developed a finite-volume, AMR scheme
to study the evolution of ICMEs from the Sun to Earth. The CME is “initiated” in
one of several ways. Groth et al. (2000) applied a localized density enhancement at
the solar surface, essentially mimicking a pressure pulse. In contrast, Manchester
et al. (2004) superimposed the magnetic and density solutions of the 3-D Gib-
son and Low (1998) flux rope within the coronal streamer belt; the CME is then
being driven by the resulting force imbalance. Roussev et al. (2004) used data
from the Wilcox Solar Observatory to mimic the May 2, 1998 CME. The team
at SAIC have focused more on the underlying mechanisms that are believed to
lead to CME eruption. Linker and Mikić (1997), for example, initiated an eruption
through differential rotation and followed its evolution out to 1 AU. More recently,
in collaboration with SEC/NOAA, they used the process of flux cancellation (see
Klecker et al., 2006, this volume) to simulate the eruption and evolution of an
ICME all the way from the solar surface to 5 AU (Odstrcil et al., 2002; Riley et al.,
2003). In spite of the idealized nature of the eruption process and ambient solar
wind, the solutions are remarkably rich and complex. The results were used by
Riley et al. (2003) to interpret the plasma and magnetic field signatures of an ICME
observed by both ACE and Ulysses, which were aligned in longitude, but separated
significantly in radial distance and latitude. These simulations also suggested that a
jetted outflow, driven by post-eruptive reconnection underneath the flux rope occurs
and may remain intact out to 1 AU and beyond (Riley et al., 2002).

To illustrate the general features of these global MHD models, in Figure 14
we summarize the evolution of a flux rope as it propagates through the inner
heliosphere. Notice how the ejecta becomes progressively more distorted with
increasing heliocentric distance. By ∼ 5 AU is has been squeezed so much at
low latitudes that it has evolved into two lobes, connected by a thin band of com-
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Figure 14. Evolution of a flux rope propagating through the inner heliosphere. The panels extend
±60◦ in latitude and from left to right, extend in heliocentric distance from the Sun to 0.6 AU, 1.2
AU, and 5 AU. The contours denote radial velocity (color); density (red lines); and magnetic field
(black lines). Adapted from Riley et al. (2003).

pressed field. Models incorporating a more realistic solar wind (e.g. Odstrcil and
Pizzo, 1999) show even more pronounced effects. An interesting, but relatively
misunderstood phenomenon is the “pancakingŠŠ of the ejecta as it moves away
from the Sun. This has typically been interpreted as the result of the fast ejecta
ploughing into slower ambient solar wind and becoming compressed. While this
effect undoubtedly makes a contribution, the distortion is dominated by a much
simpler kinematic process related to the spherical expansion of the solar wind
(Riley and Crooker, 2004).

5.3. MODELING ICMES AT HIGH HELIOGRAPHIC LATITUDES

One of the fundamental discoveries of the Ulysses mission was a new class of
ICMEs in the solar wind (Gosling et al., 1994b). While at latitudes above 35◦S, dur-
ing its initial poleward excursion, Ulysses became immersed in quiescent, tenuous,
high-speed solar wind and observed CME profiles that were fundamentally differ-
ent from those at low latitudes. They appeared to have begun life as high-pressure
pulses that coasted out with the fast ambient solar wind, driving forward and re-
verse shocks ahead and behind them, respectively. As with their lower-latitude
counterparts, some contained flux ropes while others did not. It is likely that most -
if not all - of these events were high-latitude extensions of larger-scale structures. In
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fact at least 3 events were observed at different latitudes by two spacecraft (Ham-
mond et al., 1995; Gosling et al., 1995b; Riley et al., 2002). Thus the cartoons
presented by Gosling et al. (1994b) and the simulation results by Cargill et al.
(2000) suggesting isolated “bubbles” are almost certainly oversimplifications of
structures that are considerably more complex in reality. Two- and 3-D simulations
(Riley et al., 1997; Odstrcil and Pizzo, 1999) have highlighted the role of the ambi-
ent solar wind in interacting with, and deforming the ejecta as it moves away from
the Sun.

5.4. MODELING ICMES IN THE OUTER HELIOSPHERE

J. D. RICHARDSON

Zank and Mueller (2003) have modeled the effect of a large GMIR on the structure
of the heliosphere. Figure 15 shows a simulation of the disruption of the heliosheath
due to a GMIR propagating across the termination shock. The collision of the
GMIR shock complex with the termination shock sets up a spatially enormous
asymmetric ringing of the termination shock as it oscillates back and forth while
gradually settling back into its original location. The maximum extent of the ter-
mination shock excursions in the upwind direction is about 3 AU when it is driven
outward and 5 AU when it overshoots on its recovery inward. The oscillation lasts
for ∼670 days. The oscillation is complicated by the overall structure of the GMIR
prior to collision, which results in a long interaction time with the termination
shock.

A space-time plot along the stagnation axis is shown in Figure 15. In the su-
personic solar wind, the forward shock in the upwind and downwind directions
propagates at an approximately constant speed, and the weaker reverse shock trails.
The forward shock transmitted through the termination shock slows dramatically
and the termination shock is driven outward. As is seen at the edge of the inner
heliosheath, the termination shock then recovers to move inward, and shortly there-
after encounters the reduced ram pressure of the reverse shock. This causes the
termination shock to accelerate inward and heat the solar wind even more. As a
result, a region of strongly heated subsonic solar wind is produced and convects
slowly away from the termination shock. In the upwind direction, the GMIR prop-
agates very slowly into the shocked LISM. A reverse shock follows the leading
forward shock into the LISM, and in principle, both may be responsible for the
radio emission observed occasionally by the Voyager spacecraft. This scenario is
repeated to a greater or lesser extent for every solar wind structure colliding with
the shock. Since the recovery time from the GMIR collision is much longer (∼670
days) than the observed time between MIRs (about 90 days), the heliosheath should
be in a continuously disturbed state.
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Figure 15. Space-timeplot of the plasma temperature along the stagnation axis (upwind and down-
wind directions) illustrating the response of the termination shock and heliopause to a shock of global
extent.

6. Conclusions

ICMEs have now been observed directly at high heliographic latitudes and large
distances from the Sun. Results of these observations are summarized by von
Steiger and Richardson (2006, this volume).

At high latitudes ICMEs are limited to a very small number of the overex-
panding kind embedded in the polar high-speed streams during solar minimum.
Conversely, at solar maximum ICMEs are observed at all heliographic latitudes.
Still, the ICME rate is peaked at low latitudes even then, which has been interpreted
as a sign of superradial expansion of the solar wind also at solar maximum.

Preliminary comparisons of ICMEs observed at Ulysses with the corresponding
CME observations from Yokoh, SOHO, and GOES suggest that CMEs with a 3-
part structure at the Sun may be more likely to be associated with magnetic clouds
in the outer heliosphere.

At large heliocentric distances, ICMEs propagate with speeds comparable to
the speed of the ambient solar wind. The proton density and the magnitude of the
IMF within ICMEs decrease slightly faster than in the surrounding solar wind,
which suggests that ICMEs continue to expand as they are convected into the
outer heliosphere. Temperatures inside ICMEs decrease more slowly than in the
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solar wind. This suggests that the ICMEs are preferentially heated compared to the
surrounding solar wind plasma. The nature of the process or processes by which
this heating might occur is an important question for the future.

Like their counterparts near the solar equator, ICMEs at high latitudes are asso-
ciated with energetic particle variations. But in contrast to in-ecliptic observations
at 1 AU, where low-energy particle intensities usually decrease during the passage
of an ICME, at high heliographic latitudes and in high-speed solar wind streams,
Ulysses observed low-energy particle intensity enhancements. At larger heliocen-
tric distances, the Voyager and Pioneer spacecraft continued to observe low energy
particle enhancements. A variety of causes have been suggested for these intensity
enhancements, ranging from confinement of SEPs to local acceleration at shocks.
The detailed spatial structure of these events should provide insight into relevant
physical processes.

The majority of ICMEs observed by Ulysses during the high-inclination phase
of its mission were associated with cosmic ray decreases. But a significant number
of events did not appear to involve any variation in cosmic ray intensity. There
was no obvious correlation between the characteristics of cosmic ray decreases
observed at Ulysses and latitudes at which the ICMEs occurred, but Cane et al.
(1994) have suggested that the amplitude of these events may be correlated with
heliocentric distance. Cosmic ray decreases have also been observed at Pioneer
and Voyager in associated with ICMEs farther from the sun. As more of these
observations become available, it should become possible to characterize the radial
and temporal variations of these events.

The largest variations in the intensity of energetic particles and cosmic rays
were associated with the large global transient events of 1982 and 1991. Similar
but smaller variations were associated with the Bastille Day and September events
of 2000 (Bieber et al., 2001;Burlaga et al., 2003b; Wang et al., 2001). While the
relationship between these large global transient events and ICMEs seems firmly
established, the details of this relationship remain to be determined. In particular,
it is not known why these events are associated with some clusters of ICMEs and
not with others, nor is it known why the largest of these events were restricted
to particular solar maxima. The rate of ICMEs observed in the outer heliosphere
did not appear to be significantly higher during solar maximum than it was during
other portions of the solar cycle (Wang and Richardson, 2004). This suggests that
the formation of large global transient events may be associated with some change
in the character of CIRs and ICMEs rather than a simple change in frequency.

Models of the evolution of ICMEs have increased in realism, and can now ad-
dress many of the physical processes associated the evolution of flux-rope ICMEs
beyond the critical point. Predicting the path of future research is clearly specu-
lation, but one challenge will undoubtedly involve the ability to self-consistently
model ICMEs with a range of properties. Another question involves the differ-
ence between slow and fast ICMEs and whether they are generated by the same
mechanism, or whether two (or more) mechanisms are responsible. Currently, self-
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consistent models can only produce flux-rope ICMEs. Additional work will be
required to explore the underlying differences between these and ICMEs that do
not contain a flux rope. In particular, is it an observational selection effect or are
there intrinsically different mechanisms for producing each type?

In summary, observations from high heliographic latitudes and large distances
from the Sun have finally begun to provide a picture of the structure, evolution,
and distribution of ICMEs in these regions of the heliosphere. At the same time,
models have advanced to the point where it may be possible to interpret this picture.
We may finally be in a position to address outstanding questions related to the
dynamics and evolution of ICMEs in the outer heliosphere, the physical processes
associated with energetic particle enhancements, and the nature and relative im-
portance of the diffusion boundary and other processes associated with cosmic ray
modulation.
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