
30TH INTERNATIONAL COSMIC RAY CONFERENCE

Sun, Corona, and Transient Phenomena in the Heliosphere
BERNDT KLECKER

Max-Planck-Institut f̈ur extraterrestrische Physik, Garching, Germany
berndt.klecker@mpe.mpg.de

Abstract. This rapporteur paper addresses the sessions SH 1Sun and Corona(SH 1.2 – SH 1.7) and
SH 2Transient Phenomena in the Heliosphere(SH 2.1 – SH 2.4) of the 30th International Cosmic Ray
Conference (ICRC) that took place at Merida, Mexico during July 3 – 10, 2007. Session SH 1 includes
solar emissions from energetic photons and electrons to solar neutrons,and the acceleration and transport
of energetic charged particles at the Sun and in interplanetary space. Session SH 2 covers transient
phenomena in interplanetary space and includes the effects of coronalmass ejections, corotating and
merged interacting regions, and travelling interplanetary shocks.

Introduction

This rapporteur paper covers the sessions SH 1,
Sun and Corona (SH 1.2-1.7), and SH 2, Transient
Phenomena in the Heliosphere (SH 2.1-2.4). These
10 sessions are re-grouped into 9 topics, basically
following the structure of the individual sessions.
Table 1 shows a summary of the sessions and the
statistics of papers. It is evident from the total
number of 92 papers presented in these sessions,

Session Topic Oral Poster Total

SH 1.2 Photons+Electrons 4 2 6

SH 1.3 Solar neutrons 3 6 9

SH 1.4 SEP spectra 10 3 13

SH 1.5 Part. Accell. 3 1 4

SH 1.6 Interpl. Transp. 8 9 17

SH 1.7 CMEs 2 6 8

SH 2.1 Forbush decrease 13 10 23

SH 2.2 CIRs 1 3 4

SH 2.3 Prop. Interact. 2 5 7

SH 2.4 MIRs 0 1 1

Total 46 46 92

Table 1. Paper Statistics.

that this rapporteur paper cannot cover all sessions
completely. It is rather the intention to provide an
overview of the progress in this field and to con-

centrate on representative highlights, new findings,
and future perspectives.

Sun and Corona

Energetic Photons and Electrons

The electromagnetic emission provides direct in-
formation on the temporal profiles and energy
spectra of accelerated electrons and ions in so-
lar flares. Over the last years many missions be-
came available that provide detailed measurements
of the electromagnetic emission, including, for
example, CGRO, Coronas-F, GOES, INTEGRAL
RHESSI, SOHO, and TRACE. Several authors re-
ported at this conference new results using hard X-
ray andγ-ray data from theγ-ray spectrometer SPI
onboard INTEGRAL (International Gamma Ray
Astrophysics Laboratory) and from the SONG (So-
lar Neutrons and Gamma-rays) instrument of the
Coronas-F spacecraft. SPI covers hard X-rays and
γ-rays in the energy range∼ 20 keV to 8 MeV
[73], and SONG / CORONAS-F covers hard X-
rays andγ-rays in the energy range 0.03 – 100
MeV, neutrons in the energy range∼7-100 MeV
and high energy protons (> 70 MeV) and rela-
tivistic electrons (> 55 MeV) [1, 37, 38].

Struminsky et al. [65], using data from the An-
ticoincidence Subsystem (ACS) of SPI (hard X-
rays> 150 keV), analyzed the time profiles of sev-
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TRANSIENT PHENOMENA IN THE HELIOSPHERE

Fig. 1. The time profile of the ACS/SPI count rate (top),
and the radio emission at 245 MHz and 8.8 GHz (bot-
tom) for the December 5, 2006 event [65].

eral X-class flares in December 2006. They found
during the impulsive phase of these events multi-
ple peak structures in the hard X-ray emission (1),
consistent with several phases (A, B, C) related
to dominant continuum (A), dominantγ-ray line
emission (B), and decay (C) (s.a. [27]), with hard
X-ray emission in phases B and C., and effective
proton acceleration in C.

INTEGRAL/SPI observations of the time pro-
file of the neutron capture line at 2.223 MeV for the
October 28, 2003 X17.2/4B solar flare [27] have
been used to infer the density profile in the photo-
sphere. Assuming stochastic acceleration and us-
ing the time profile of the nuclear de-excitation
lines in the energy range 4.1-6.4 MeV (12C+16O)
as a proxy for the time history of initial neutron
production in the energy range 1 – 100 MeV, Troit-
skaia et al [66] inferred with their neutron prop-
agation code an increased photospheric density
(∼2 1017cm−3), consistent with previous results in
other flare events [67].

An extended source of gamma-emission pro-
duced by inverse-Compton scattering of cosmic-
ray electrons by the radiation field of the Sun was
studied by Orlando et al. [55]. They found consis-
tency between the model predictions and EGRET
observations at> 100 MeV. With the much
improved sensitivity (factor> 30) of GLAST
(Gamma-Ray Large Area Telescope) scheduled for

Fig. 2. Simulated neutron spectra for the September 7,
2005 event (top) and comparison with observations (bot-
tom) [76].

launch in 2008, the extended inverse–Comptonγ -
ray emission may be readily used in the future to
infer the cosmic ray electron spectra in the inner
heliosphere, close to the Sun.

Solar Neutrons

High energy solar neutrons provide direct infor-
mation on the mechanisms that accelerate parti-
cles at the Sun to high energies. Neutron obser-
vations have the advantage of not being affected
by propagation effects in turbulent magnetic fields,
propagating rectilinear from the acceleration site
at the Sun to the point of observation at Earth or
in interplanetary space. High-energy neutrons are
measured by neutron monitor (NM) stations
distributed around the Earth and, since solar cy-
cle 23, by a number of neutron telescopes (SNT)
(e.g.[46]). The large number of X-class flares in
2005 and 2006 provided the unique opportunity
to search systematically for high energy neutron
signatures using SNTs, however, significant count-
ing rates were only observed in association with
the X17.0 flare on September 7, 2005 [47]. This
event was studied in detail by several authors using
both γ-ray and neutron observations [19, 64, 76].
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Fig. 3. Simulated neutron spectra for spectral slopes of
2, 3 add 4 and measurement [64].

Watanabe et al. [76] derived a power law index
of γ = −3.1 (Fig. 2) for the energy spectrum of
the injected neutrons by fitting the time profile of
the neutron counting rate observed by the Chacal-
taya NM, assuming power law injection spectra,
and an injection time profile as observed for the 4.4
MeV γ-ray line emission by the INTEGRAL satel-
lite. Then, using the neutron spectrum and Hua’s
loop model [22] they derived a power law index of
-3.6 for the spectrum of accelerated ions.

SNT measurements with their ability to deter-
mine the energy of the neutrons provide an inde-
pendent method to derive the energy spectra of
energetic neutrons at the Sun. The energy depen-
dent response of SNTs allows to infer the injection
spectrum directly, comparing the counting rates in
different energy channels with Monte Carlo simu-
lations. Sako et al. [64] obtained for the September
7, 2005 event with this method for the injected neu-
tron spectrum a value ofγ ∼ −3 (Fig. 3), compat-
ible with the results of Watanabe et al. [76], shown
in Fig. 2.

The simultaneous detection of high-energy
neutrons and protons with energies exceeding 10
GeV [53]in association with the April 15, 2001
flare puts interesting constraints on acceleration
models.

Fig. 4. 3He spectra during quiet times (left) and GCR
spectra (right) for several time periods between 1998
and 2007, covering solar maximum and solar minimum
conditions [80].

Energetic Charged Particle Spectra,
Composition and Charge States

The energy spectra, elemental, and isotopic abun-
dances, and ionic charge composition of solar
energetic particles (SEP) carry fundamental in-
formation on the source region and their accel-
eration and propagation processes. These sig-
natures, together with signatures on the electro-
magnetic emission, have been used in the past to
classify SEP events as impulsive and gradual. In
this scenario the3He- and heavy ion-rich impul-
sive SEP events were related to flares, showing
also high ionic charge states of Fe. The gradual
SEP events were related to coronal mass ejection
(CME) driven coronal and interplanetary shocks
with elemental abundances and ionic charge states
similar (although not identical) to those in the so-
lar wind (e.g. [60]). However, new results from
instruments with improved collecting power and
resolution onboard several spacecraft (e.g WIND,
SAMPEX, SOHO, ACE) have shown that this
two–class picture was oversimplified (for recent re-
views see, e.g., [7, 28]). The new composition and
ionic charge measurements show that enrichments
in 3He at∼1 MeV/nuc are also common in inter-
planetary shock accelerated populations [12], sug-
gesting a suprathermal population from previous

227



TRANSIENT PHENOMENA IN THE HELIOSPHERE

Fig.5. Energy spectra of O and Fe, and Fe/O-ratio in the
8 December, 2006 SEP event [10].

‘impulsive’ events [44] as the source. The obser-
vation that during solar maximum3He in the en-
ergy range 0.2-16 MeV/nuc was observed at 1AU
>60% of the time [79], and that this component is
dominated at low energies even during solar min-
imum by a solar component from unresolved im-
pulsive3He-rich SEP events (Fig.4, [80]), strongly
supports this view. At high energies, on the other
hand, enrichments of heavy ions are often observed
in large events, with high charge states at high en-
ergies [58].

There are presently basically two different sce-
narios discussed to explain the new complexity of
observations that deviate from the simple two-class
picture. Scenario 1 assumes direct injection of par-
ticles from the flare acceleration process (e.g. [6],
[31] , and references therein), with or without fur-
ther acceleration by a coronal shock. In Scenario
2 these new findings are interpreted as the inter-
play of shock geometry and different seed popula-
tions, i.e. solar wind and flare suprathermals, the
latter with their higher energy being preferentially
injected at a perpendicular shock [69, 70]. These
scenarios are now heavily debated and were also
discussed in several papers at this conference.

Cane et al. [8] presented an update of Sce-
nario 1 that could qualitatively explain the new ob-
servations by invoking three phases of particle ac-
celeration and two conditions for detecting these
particles in interplanetary space. The three phases
being the flare impulsive phase (1), the flare late

Fig.6. Energy spectra of O and Fe, and Fe/O-ratio in the
14 December, 2006 SEP event [10].

phase (2), and shock acceleration (3). The two con-
ditions needed are open field lines and magnetic
connection between the point of observation and
the acceleration site. In the scenario put forward
by Tylka et al. [69] high Fe abundances and high
charge states of Fe at energies> 10 MeV/nuc are
explained by the combined effect of two seed pop-
ulations (coronal and heavy ion rich flare material,
the latter with a high mean charge of Fe) and higher
injection efficiency of the already pre-accelerated
flare population at a perpendicular shock [69, 70].

Cohen et al. [10] tested the different scenar-
ios with two large events from the same active re-
gion, observed in December 2006 with ACE and
STEREO, originating at∼E70 and∼W25, respec-
tively. Both events were accompanied by quasi-
parallel interplanetary shocks arriving at 1 AU on
December 8 and 14, respectively. These two large
SEP events showed significantly different heavy
ion abundance signatures (Fig.5 and Fig.6), with
high Fe/O–ratios at high energies for the second
event originating at∼W25. Assuming the same ac-
celeration conditions in these two events, the large
difference of the Fe/O ratio would be more consis-
tent with Scenario 1, because condition 2 of Sce-
nario 1, i.e. good connection to the acceleration
site, is more likely to be fulfilled for event 2 origi-
nating at W25.

However, the characteristics of the CME driven
shocks close to the Sun (i.e. quasi-parallel or
quasi-perpendicular) are not (yet) observable and
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Fig.7. Energy spectra following the arrival of a shock on
October 29, 2003. At high energies the spectra show the
typical M/Q-dependent roll-over [48].

thus Scenario 2 cannot be excluded from this mea-
surement. The first measurements of SEPs with
STEREO in December 2007, demonstrating the
excellent performance of the STEREO instrumen-
tation and the very good agreement with data from
ACE [49, 75], showed that more conclusive re-
sults may become available in the near future when
measurements of the same SEP event with several
spacecraft will become available at separation dis-
tances sufficiently large to test the influence of dif-
ferent connection longitudes.

Energy Spectra and Composition

The new instruments with high sensitivity avail-
able during solar cycle twenty three provide SEP
energy spectra for many elements over the wide en-
ergy range of∼0.1 – 100 MeV/nuc. These ob-
servations revealed that most large (gradual) SEP
events have power law spectra at low energies, with
spectral breaks at high energies that often can be
approximated by

dJ/dE = kE−γ exp(−E/E0),

whereE is the kinetic energy per nucleon,k and
γ are constants andE0 generally depends on the

Fig. 8. Plot of The interplanetary wave indexq (P(k)∼
k−q), deduced from the Q/M-dependence of E0, assum-
ing that the spectral brakes are governed by diffusion
processes [48].

mass (M) and charge (Q) of the ions as

E0 = E0p ×

(

Q

M

)β

,

and E0p is the e-folding energy of protons (e.g.
[68], and references therein).

Fig.7 [48] shows as an example the energy
spectra of H – Fe ions for the October 29, 2003 in-
terplanetary shock related SEP event. It is obvious
that the e-folding energy depends strongly on M/Q.
In a statistical study of 11 large events Mewaldt
et al [48] investigated the Q/M dependence ofE0

and correlated the Q/M power-law exponentβ with
various parameters. They found thatβ is correlated
with the proton fluence at>10 MeV and the low-
energy power-law slopeγ, and anti-correlated with
the Fe/O-ratio at 10-30 MeV/nuc.

Assuming that the location of the spectral
breaks in fluence spectra is governed by diffu-
sion processes [9], and that the diffusion coeffi-
cient scales with particle rigidity (R) as RαQ/M
power-law indexβ can be related to the local turbu-
lence spectrum of the magnetic field P (k)∼ k−q,
assumed to be a power law in wave numberk.
Fig. 8 shows the power-law index of the wave tur-
bulence as a function of the Fe/O-ratio. This re-
sult indicates that there is additional turbulence
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Fig. 9. Observed Fe ionic charge (filled circles) and cal-
culated spectrum of Fe at 0.05 AU (injection spectrum,
dashed line) and at 1 AU after interplanetary transport
(solid line), assuming a constant interplanetary scatter-
ing mean free path ofλ=0.8 AU [26].

(flat turbulence spectra with q∼0) near the inter-
planetary shock in those events with small Fe/O-
ratio and large proton fluence, consistent with
the scenario of additional proton-generated waves
near the shock that are scattering the heavy ions
[54]. These additional wave turbulence has, in-
deed, been observed in some events with partic-
ularly high intensity of low-energy ions near the
interplanetary shock (e.g. [2]).

Charge States

Within the last∼10 years measurements with im-
proved instrumentation on the SAMPEX, SOHO
and ACE spacecraft provided ionic charge states
in SEP events over an extended energy range from
∼0.1 to 80 MeV/nuc (for Fe). These measure-
ments revealed that heavy ion charge states gen-
erally depend on energy and they showed a large
variability of the energy dependence, most pro-
nounced for Fe ions (see e.g. [29] for a recent re-
view). The ionic charge states show significantly
different signatures for interplanetary shock related
events and3He- and Fe-rich events. Whereas in all
3He-rich events observed so far the ionic charge
increased from∼14–16 at 180–250 keV/nuc to
∼ 16 − 20 at 350 − 550 keV/nuc [50]. Klecker
et al. [30] reported at this conference the results

of a statistical study of the ionic charge of Fe
in 35 IP shock related events. They showed that in
32 out of these 35 events the ionic charge of Fe
did not vary significantly with energy in the en-
ergy range 0.18 – 0.43 MeV/nuc, with an average
ionic charge of Fe of∼10 – 11 at∼0.2 MeV/nuc,
similar to typical charge states in the solar wind
[32] or at suprathermal energies [5]. The large in-
crease of the mean ionic charge in the energy range
∼0.1–0.5 MeV/nuc as observed in3He- and Fe-
rich events can be explained by additional ioniza-
tion in a dense environment in the low corona (e.g.
[25; 33]. For a quantitative comparison of the mea-
sured charge spectra with acceleration models, the
energy loss by adiabatic deceleration during trans-
port to 1 AU has to be taken into account [25], that
shifts the charge spectra to lower energies. It was
shown by Kartavykh et al. [26] at this conference
that this energy loss is significant, even for propa-
gation conditions equivalent to a large scattering
mean free pathλ ∼ 0.8 AU, and that for a sat-
isfactory fit of the measured charge spectra of Fe
contributions from two regions with different tem-
perature and acceleration conditions are necessary
(Fig.9, [14, 26]).

SEP Acceleration and Transport

The observed characteristics of SEP events as de-
scribed in the previous chapters provide the bound-
ary conditions for modelling the acceleration pro-
cess. It is now generally accepted that there are
several different processes involved, e.g. accelera-
tion processes that involve either stochastic accel-
eration by plasma wave turbulence (second order
Fermi process), acceleration by travelling coronal
or interplanetary shocks (generally referred to as
shock acceleration, a first order Fermi process),
or electric fields. Several papers at the confer-
ence discussed these processes. One set of models
tries to reproduce heavy ion energy spectra as ob-
served in interplanetary space by modelling accel-
eration by CME-driven interplanetary shocks [42].
Other models evaluate spectra as expected from
the acceleration by stochastic non-Gaussian elec-
tric fields [82], and compare the energy as expected
from stochastic acceleration, acceleration at a neu-
tral current sheet and shock acceleration [57].

An important aspect for the comparison of the
timing of X-rays andγ-rays with the observations
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Fig. 10. Ratio L/∆z, or field line lengthening factor, at
a resolution scale ofδz=109 cm, for fast and slow solar
wind [59].

of electrons and ions in interplanetary space is to
infer their injection time profile at the Sun. The
standard technique to deduce the onsets of SEP so-
lar injection times is to plot the arrival timestarr

tarr = tSRT + Lspiral/v

(e.g. [28] and references therein), assuming an
energy-independent solar release timetSRT and
for the first particles scatter-free propagation along
the average Parker-spiral interplanetary magnetic
field of lengthLspiral. Ragot and Kahler [59] in-
vestigated the lengthening of the magnetic field
lines due to turbulence on various length scales and
found that the length of the field lines can be con-
siderably increased, in slow solar wind at 1 AU
and for turbulence scales of 109 cm by about 50%
(Fig.10). This effect could change travel delays
considerably, for example for 10 MeV protons in
slow solar wind by∼20 min. In their simulations
they do not get field lines shorter than Lspiral, in
contrast to the results of Pei et al. [56].

At higher energies the relative timing of high
energy protons inferred from neutral pion decay
and the observation of relativistic protons with
neutron monitors on Earth is not as severely influ-
enced by propagation effects. Timing results for

the large GLE events on October 28, 2003 and Jan-
uary 20, 2005 showed that in these events the high
energy particle population responsible for theγ-
rays and neutrons at the Sun and for the GLE onset
on Earth belonged to the same population, acceler-
ated in close connection to the flare process [39].

The only way to avoid ambiguities introduced
by the implicit assumption that the first arriving
particles do not encounter any scattering, is to
solve the full transport equation, and to use the
intensity-time and anisotropy-time profiles to infer
the injection time profile ([14], [43]).

An important parameter in these models is the
pitch angle diffusion coefficient (Dµµ) and its rela-
tion to the fluctuations of the magnetic field in the
solar wind. Dr̈oge et al. [15] used numerical so-
lutions of the focused transport equation with dif-
fusion coefficients based on dynamical quasilinear
theory (DQLT). The inclusion of the dissipation
range and dynamical effects in DQLT lead to large
differences of theµ-dependence of Dµµ compared
to QLT, distinctly different for protons and elec-
trons at energies less than a few MeV (e.g. [13],
and references therein). This results at low en-
ergies, compared to QLT, in a significantly larger
scattering mean free path for electrons and only
moderate changes for protons, consistent with ob-
servations (Fig.11). The model calculations show
that the parallel transport of solar particles in im-
pulsive events can be explained well by DQLT
and slab / 2D decomposition of magnetic fluctu-
ations (typically∼20% slab,∼80% 2D fluctua-
tions). However, the electron pitch angle distri-
butions are typically not consistent with forms of
Dµµ predicted by DQLT, suggesting the impor-
tance of non-linear effects that need further inves-
tigation [15].

Coronal Mass Ejections

The near-Earth observations with several space-
craft including Wind, SOHO and ACE resulted
during the last∼10 years in a large number of ob-
servations of coronal mass ejections (CME) and
interplanetary coronal mass ejections (ICMEs),
where ICMEs are the interplanetary manifestations
of coronal mass ejections observed by corono-
graphs near the Sun. Fig.12 shows a schematic pic-
ture of the three-dimensional structure of an ICME
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Fig. 11. Mean free path obtained from particle obser-
vations and predictions for protons and electrons from
DQLT [15].

and upstream shock, indicating some of the in-situ
signatures (magnetic field, plasma, bi-directional
electrons) of this structure. There are a large num-
ber of plasma and magnetic field signatures and ef-
fects associated with CMEs and ICMEs (e.g. [83],
and references therein), some of them have been
discussed in sessions SH 1.7, SH 2.1, and SH 2.3
at this conference as summarized below.

The effects associated with CMEs and ICMEs
include the generation of coronal and interplan-
etary shocks [20], which may accelerate parti-
cles [34], geomagnetic storms, when the ICME
is interacting with the magnetosphere of the Earth
[81], and short-term decreases in the galactic cos-
mic ray intensity (Forbush decrease, see next sec-
tion). Some properties of ICMEs as observed in
the ecliptic and at high latitudes have been summa-
rized by Richardson and Cane [61]. Fig. 13 shows
as an example (from top to bottom) the ICME rate
near Earth, the monthly sunspot number, the per-
centage of magnetic clouds, the ICME and mean
ICME speed, and the ICME rate at Ulysses. The
results show that the average ICME rate at Ulysses
is comparable to that at Earth (∼ 2/solar rotation),
despite the variations in spacecraft latitude.

The correlation between expansion speed and
radial speed of CMEs was investigated by Muñoz
et al. [52]. Using limb CMEs where both the radial

Fig. 12. Schematic of the three-dimensional structure of
an ICME with upstream interplanetary shock, relating
plasma and magnetic field signatures (from [83]).

speed (Vrad) and the expansion speed (Vexp) can
be directly determined they showed that for CMEs
with an opening cone of< 90◦ the empirical re-
lation Vrad = 0.88 Vexp found by DalLago et al.
[11] can be generalized by introducing the angular
width or cone angle, providing an estimate of the
expansion speed for off-limb CMEs.

A subset of ICMEs characterized by enhanced
magnetic field strength and with a smooth rota-
tion of the magnetic field direction is referred to
as magnetic clouds. The topology of the mag-
netic field inside the magnetic cloud can be in-
ferred from a comparison of the in-situ measure-
ments of the magnetic field and plasma parameters
with a model. One basic structure usually assumed
for these models is a large loop (flux rope), locally
described by a cylinder with circular cross section,
with the magnetic field lines wrapped around the
axis of the flux rope (see schematic in Fig.12).
Vandas et al. [72] showed the results of a gener-
alization of these models introducing an elliptical
cross section of the ICME. This generalization re-
sulted for several cases in a considerably improved
fit of the magnetic field measurements.
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Fig. 13. (From top): ICME rate per solar rotation at the
Earth, monthly sunspot number, fraction of ICMEs that
are magnetic clouds, mean ICME and solar wind speeds,
and the ICME rate at Ulysses [61].

Transient Phenomena in the
Heliosphere

Transient phenomena in the heliosphere were the
topics of session SH 2.1 to 2.4 at this confer-
ence, covering Forbush decreases, the effects of
CMEs (SH 2.1), corotating interaction regions
(SH 2.2), propagating interaction regions / inter-
planetary shocks (SH 2.3) and merged interaction
regions (SH 2.4).

ICMEs and Modulation

Transient decreases in the cosmic ray count rate
lasting typically several days were first observed
by Forbush [18]. There are two basic types: non-
recurrent decreases caused by transient interplane-
tary events that are related to interplanetary coro-
nal mass ejections and interplanetary shocks, and
recurrent decreases related to corotating interac-
tion regions (CIRs) [62],[77]. The non-recurrent
decreases are characterized by a rapid reduction
(on the time scale of hours) in cosmic ray inten-

Fig. 14. Schematic of an ICME between Sun an Earth,
illustrating the deflection of galactic cosmic rays, thus
causing a Forbush decrease (from the prsentation of [3].)

sity, followed by a slow recovery, typically lasting
about several days at 1 AU. The maximum reduc-
tion as observed by the worldwide neutron mon-
itor stations is∼ 3 - 20%, depending on energy
(or latitude) (e.g. [78], and references therein). A
schematic illustrating the deflection of cosmic rays
by a CME between Sun and Earth, thus causing a
Forbush decrease is shown in Fig.14 [3].

In session SH 2.1 several characteristics of the
Forbush decreases (FD) have been discussed, in-
cluding their correlation with solar activity [23]
and interplanetary shocks [74], the energy depen-
dence of the recovery time scale [71], and long
term solar modulation of galactic cosmic rays [40].
Lara et al. [40] found during the A> 0 cycle of so-
lar activity (the northern polar magnetic field point-
ing outward) a better correlation of the modulation
of cosmic rays with high latitude CMEs than with
low latitude CMEs, in agreement with cosmic ray
transport theory that predicts for the A>0 cycle in-
ward drift of GCRs from the polar regions [24].

Muon hodoscopes, providing muon measure-
ments at GeV energies as a function of zenith and
azimuth angles with a typical resolution of 1◦-2◦,
allow to reconstruct the 2-D dynamics of the For-
bush decrease. As an example, Fig.15 shows the
development of the muon anisotropy at E> 2.3
GeV after the event on December 14, 2006 as mea-
sured with the URAGAN hodoscope (cutoff rigid-
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Fig. 15. 2D-dynamics of the muon flux during the For-
bush decrease of December 14, 2006 [3].

ity 2.4 GV). The colour code represents excess and
deficit of muons from a certain direction [3].

Furthermore, the galactic cosmic ray den-
sity and anisotropy information inferred from the
ground-based muon detector network can be used
to infer ICME geometry and orientation. Using an
expanding and convecting cylinder model for the
ICME and following the approach of Bieber and
Evenson [4], it was demonstrated by Kuwabara
et al. [35] that this method resulted for several
ICMEs observed during 2003 to 2005 in simi-
lar values for ICME orientation and geometry as
the analysis of the in-situ determined plasma and
magnetic field parameters. This suggests that the
cosmic ray based method may be used in the fu-
ture in a near real time analysis for space weather
forecasting systems, as intended, for example,
with new muon telescopes as MuSTAnG (Muon
Spaceweather Telescope for Anisotropies at Greif-
swald) [21].

It was also demonstrated that high-energy in-
struments like the Milagro TeV ground-levelγ-ray
telescope [63] or IceTop, an air shower array un-

der construction at the South Pole [36] can detect
Forbush decreases and thus provide information on
complex interplanetary disturbances in the helio-
sphere.

Corotating Interaction Regions

Corotating interaction regions (CIRs) form when
high speed solar wind from coronal holes inter-
acts with the preceding slow solar wind. Forward
and reverse shocks accelerate ions to∼MeV ener-
gies with peak intensities at several AU, where the
forward and reverse shocks are thought to form.
Fig.16 shows as an example energetic ions in the
energy range∼0.1-2.2 MeV at∼1 AU observed
with the two STEREO spacecraft (panel 2, from
top), and solar wind parameters for a series of
CIRs in early 2007 [51].The figure shows the CIR-
related intensity increase of energetic ions, and, at
the lowest energy, short-duration spikes originat-
ing presumably at the Earth’ bow s shock [51].

The composition as observed in CIR acceler-
ated ions indicates contributions from two sources,
the solar wind and pick up ions. However, there
are several puzzling observations that so far could
not be satisfactorily explained (e.g. [45], and refer-
ences therein). These observations include anoma-
lies of the elemental abundances; for example, He,
C, and Ne abundances, relative to oxygen, are sig-
nificantly larger than in the solar wind and the C/O-
ratios in CIRs vary by a factor of∼2-3 with solar
wind velocity. Another puzzle is the strong non
field aligned transport at times of maximum inten-
sity near 1 AU, compatible with large perpendicu-
lar diffusion [17].

With STEREO new multi-spacecraft mea-
surements of CIR energy spectra, composition,
and anisotropies covering the energy range from
suprathermal energies to∼10 MeV/nuc are now
becoming available [41], that will help to solve
some of the puzzles in the near future.

CIRs also act as a diffusive barrier for the trans-
port of particles into the inner heliosphere. Long-
term modulation of GCRs observed by IMP-8 for
four solar cycles showed that recurrent cosmic ray
depressions due to CIRs are larger in A>0 solar
cycles than in A<0 solar cycles, inconsistent with
the expectation that the cosmic rays entering the in-
ner heliosphere during the A<0 solar cycle along
the heliospheric current sheet will be more strongly
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Fig.16. A series of CIR events as observed by STEREO (top panel) andACE in early 2007 [51].

modulated. [62]. It was also shown that Jovian
electrons in the energy range∼2.5-10 MeV as ob-
served by Ulysses at heliographic latitudes<30◦

were efficiently modulated by CIRs [16].

Summary and Outlook

In Sessions SH 1 and SH 2 of the 30th ICRC at
Merida, Mexico that are covered in this Rappor-
teur paper a number of exiting results have been
presented as summarized above. Where will we go
next?

With the solar activity expected to pick up be-
tween this and the next ICRC in 2009, we expect
to get both, remote-sensing and in-situ multi-
spacecraft measurements of flares, CMEs and in-
terplanetary shocks. New observations with the
two STEREO spacecraft and other missions near
L1 (e.g. ACE, SOHO) will enable us for the first
time to tackle the problem of a 3-D reconstruction
of CMEs. The new measurements, combined with
modelling of the propagation of CMEs and ICMEs,
and of particle acceleration will certainly improve

our understanding of these energetic phenomena in
the inner solar system.
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ICRC, Mérida, Ḿexico, 2007, Vol. 1, p. 83.
[31] K.L. Klein and G. Trottet, Space Science Rev.

95 (2001) 215.
[32] Y.K. Ko et al., J. Geophys. Res. 104 (1999)

17005.
[33] L. Kocharov et al., Astron. Astrophys. 357

(2000) 716.
[34] J. Kota, Proceedings of the 30th ICRC,
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p. 147.

[60] D.V. Reames, Space Science Rev. 90 (1999)
413.

[61] I.G. Richardson and H.V. Cane, Proceedings
of the 30th ICRC, Ḿerida, Ḿexico, 2007,
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ICRC, Mérida, Ḿexico, 2007, Vol. 1, p. 355.

[64] T. Sako et al., Proceedings of the 30th ICRC,
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