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1 Introduction 2 Solar energetic particles

This paper aims to summarize the works presented during.1 M ultipoint observations of solar energetic
the Solar and Heliospheric (SH) parallel sessions of the particle events
33rd International Cosmic Ray Conference (ICRC) held topic of major interest during the last years, in coinci-
in Rio de Janeiro, Brazil in July 2013. Even though it gence with the rising phase of solar cycle 24 and the full-
tries to cover all the the major topics and results presentedun coverage provided by the STEREO miss(dn [1], has
during the conference, this paper is based in the subjegeen the study of the longitudinal dependences of Solar
tive author’s perspective and restricted to space linuiteti ~ Energetic Particle (SEP) event properties([2,15, 6,110, 7].
Only those papers presented during the conference andulti-point observations of SEP events combining the
submitted for publication in the conference proceedingawin STEREO and near-Earth spacecraft show that the
have been considered for this overview. At the time of writ-peak intensity and the total fluence during SEP events de-
ing these lines and according to the conference websiterease with increasing separation angle between the space-
(http://www.cbpf.br/~icrc2013/), 127 (out of a to- craft magnetic footpoint and the source Active Region
tal of 939) contributions were presented during the SH patAR). Following earlier studies (e.d.l[8]), this angulapde
rallel sessions of the ICRC 2013. These contributions werg@endence can be represented by a Gaussian distribution
divided in three sections, distributed as follows: [9, [6]. Some studies found east-west asymmetries in the
distribution, slightly broader for sources eastward froie t
e Experimental results: 71 contributions (29 oral, 42 SPacecraft footpoint [10] or an eastward shift of the dis-
poster) tribution centroid[[9], which has been interpreted in terms
of shock geometry, flux-tube corotation and interplanetary
) ] __ transport through the Parker topology of the interplaryetar
e Theory, models and simulations: 34 contributions magnetic field[[9, 10].
(15 oral, 19 poster) The physical mechanisms responsible for the broad azi-
muthal spread of energetic particles observed during some
e Methods, techniques and instrumentation: 22 contriSEP events remain under debate. Many of the events show-
butions (5 oral, 17 poster) ing broad angular spreads are accompanled t')y' shpck sig-
natures (e.g. [6]). Particle acceleration and injection at
bt_)road shock waves driven by Coronal Mass Ejections
(CMEs) propagating through the corona and the interplan-

ference evidences a decrease in the number of SH contﬁIary medium provide a suitable explanation for broad par-

X ; . : cle spreads during large gradual events showing clear as-
butions and in the relative number of SH papers with '®Sociation with fast CMEs, shocks and type Il radio-bursts.

spect to the.total .”“Tf?bef of contributions. While the SHHowever, STEREO observations have shown that the angu-
section is still a significant part of the ICRG-A3 % of |5 particle spread during impulsivéle-rich events (where
the papers), this tendency raises some concern for futurge acceleration is commonly assumed to take place at rel-
editions. , , , _ atively small source regions) can range from relatively nar
The paper is organized as follows: In section 2 we diStqyy to unexpectedly broad [II1,112]. Interplanetary medium
cuss the main contributions related to solar cosmic raygonditions can be disturbed e.g. by the presence of previ-
(solar energetic particles, ground level enhancememty, et oys CMEs, contributing to this variability. A well studied
Section 3 is devoted to models and observations of norexample of impulsive event showing broad particle spread
solar cosmic rays in the heliosphere, including amongs the the February 7, 201%He-rich event[[12[ 11], ob-
other topics modulation models and observations for galagerved by ACE and the two STEREO spacecraft, covering
tic cosmic rays, Forbush decreases and other energetic paf angular interval of 136in longitude. Results from Po-
ticle populations such as Jovian electrons. Papers relatagntial Field Source Surface (PFSS) models suggest that
to instrumentation and data access tools are discussed inagnetic field line spreading below the solar wind source
section 4. surface is unlikely the root cause for the broad particle dis

The comparison with the ICRC 2011 (204 SH papers pu
lished in proceedings) and with earlier editions of the con
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tribution [12,/11]. Perpendicular diffusion in the intempt @ 100% [
etary medium has been often proposed as a suitable mech-
anism to explain the particle spread, and particle trans-%
port simulations including this effect have been success-
fully used to explain ion and electron observations dur-
ing both, impulsive[[18].[14] and gradual [15] events. Cer-
tain observational features such as the long onset time de
lays for bad connected spacecraft [6] and the “reservoir ef-
fect” could be explained in terms of perpendicular diffu-

sion (e.g.[[16, 17]). Wang et al. [117] explained the observa- teor Loer Loge L Lo 1 Jen
tional features during the March 1, 1979 gradual SEP event

observed by IMP8 and the two Helios spacecraft, wherrjgyre1: Fraction of the time thafHe from impulsive
IMP8 was not connected to the shock, combining a shoCksp eyvents was detected by ACE/ULEIS and/or ACE/SIS.
acceleration scenario and perpendicular diffusion infhe | Points show values for individual 27-day Bartels rotations

terplanetary medium. Values of the perpendicular to P35lid red curve is a 7-rotation smoothing of these values.

rallel mean free path ratio used to explain the observationsrh dashed bl : £ th lid red
of multi-spacecraft SEP events strongly vary from event to h'? das i .u;]a cur\r/]e IS a COpYHO € sol rle m;urve
event, ranging from 0.04[17] to 0.15 [14] or even larger SN!ited to the right so that its rise will approximately matc

[15]. the rise at the start of cycle 24 (froin [19]).

Mewaldt et al. [[2] presented observations of the July
23, 2012 SEP event which was associated with3900
km/s CME and was characterized by extreme SEP inte
sity. The event was associated with a slow mode shoc
and was a remarkable example of a “cosmic-ray mediate%_s TheMay 17, 2012 Ground L evel
shock” because SEP and magnetic pressure were compa- Enhancemeﬁt
rable in magnitude. The intense flux of energetic particles i
likely modified the plasma conditions so that the physical! € first (an up to now the only) Ground Level Enhance-
processes changed from those of a supersonically drivepent (GLE) of Solar Cycle 24, attracted considerable atten-

blast wave to those of a subsonically driven compressiondfon during the ICRC 2013. This event labeled as GLE71
y P was Associated with a M5.1 flare on May 17, 2012, start-

disturbance [4]. Numerical simulations of the acceleratio . X S e ;
process at cosmic ray modified shocks were presented §{9 at 1:25 UT, originating from NOAA A11476 active re-

: : gion located at N11W76. The event was accompanied by
E:sejl’e\ivzglgg I;::rlggllgéed the maximum momentum of the aCa fast halo CME £1500 km/s) and a type Il radio burst,
A comparison of.large “GOES class” SEP events duringS|gnature of a shock propagating through the corona. The

the early years of cycles 23 and 24 presented by [2], show%vem was observed by different stations of the world-wide

. . eutron monitor network, starting at 01:54 UT at Oulu neu-
that the total proton fluence during .the first 4.5 years Of?ron monitor [21] and by muon telescopés [22]. Accord-
cycle 23 was 2.6 times as great as in cycle 24. Therefor

h . ?ng to [21], the pitch-angle distribution obtained from mul
cycle 24 SEP activity appears to be considerably Weake{iﬁle neutron monitor data shows a gap at pitch angles 90

asare Othef indices S.UCh as sunspot number, flare size, a4fq strong anisotropy during the initial phase of the event.
geomagnetic storm size and frequency. After 2:30 UT the anisotropy becomes less evident. The
NM64 and “bare” (without lead) neutron monitors at South
. L . . Pole and the IceTop ice Cherenkov r rt of th
Bucik et al. [18] presented in-situ observationskde-rich Cc;_ecﬁbg h:utﬁﬁoogbgzrsat%& n?eaoéitree(;tc;hse (g\?e;tc,) V\Eitﬁ
events successively observed by STEREO-A and ACEjmq profiles characterized by a pulse-like enhancement
combined with PFSS models and EUV imaging, showingith a peak just after 2:00 UT followed by a broader en-
the existence of long Iastl_ng sources?blk. These regions  pancement (see Figufe 2). The yield function of the Polar
are the source of ‘recurringHe-rich SEP events”. Com- gareg peaks at lower energy than that of the NM64 tubes
parison of events from the same source consecutively onq |ceTop yield functions peak at still higher energies,
served by different spacecraft show no significant tempomerefore the combination of these measurements and the
ral variation in the’He enrichment. . appropriate yield functions provides spectral informatio
Data from the ULEIS and SIS instruments onboardThese measurements and the derived primary energy spec-
ACE show that up to now, théHe presence at 1 AU is  trum using were presented by [23]. Preliminary analysis of

significantly less frequent for cycle 24 compared with athe IceTop spectrum suggests a major steepening at high
similar period during cycle 23 19] (Figuké 1). These dataenergies.

also show that théHe variation is best correlated with the  Heber et al. [5] presented multipoint observations of this
sunspot number than with other solar activity parameters.event, which was detected by both STEREO spacecraft,
Kecskemety et al [20] used ACE/ULEIS data to inves-widely separated from the optimal connection. STEREO-
tigate the spectra and relative abundances of suprathermal observed an interplanetary shock followed by an In-
3He,*He, C, O and Fe ions during quiet-time periods in theterplanetary Coronal Mass Ejection (ICME) on May 18.
23rd and 24th solar cycles. The analysis indicates the pre©nly the well connected location (Earth) measured strong
ence of different ion acceleration processes during quieanisotropies during the early phase of the event. Poor
time periods. The comparison of results obtained for theanisotropies and long onset delays at both STEREO sug-
last two solar cycles showed clear differences both in theyest that perpendicular interplanetary transport plagsea r
ion energy spectra and in the energy dependence of relaant role. A remarkable unexplained feature is that in spite

soxf M
60% ¢,
20%

ho
20% |

Fractlon of Time

0% L

rJii_ve abundances, probably related to differences in the ac-
ﬁeleration conditions in the corona.

2.2 3Herich events
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Figure3: Background-subtracted proton spectra measured
during two different time intervals of GLE 71 (time given
informat YYYYMMDD HHMM UT). Data from different
instruments are combined: red squares - PAMELA, blue
I Il circles - GOES 13 EPEAD cpflux, green triangles - GOES
13 EPEAD p17ew, light squares - GOES 13 HEPAD, yel-
| T H low squares - ERNE HED, brown line - neutron monitor
network, brown rhombs - balloon data (from [24]).
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energy particles takes place when the shock is below 4 so-
lar radii due to the highest level of Alén turbulence and
R O large Alfvenic Mach number, and the highest energy parti-
. : cles are produced around 2 solar radii, being able to acce-
- lerate particles up to a maximum energy of 10 GeV for a
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Figure2: Observations of GLE 71. From top to bottom: 2.4 SEP anisotropies
GOES-13 proton channels, IceTop rates and South- Poleeske et al,[[30] presented several cases of peculiar 1.8-
bare and NM64 neutron monitor rates, ratio of Bare/NM6412 MeV proton anisotropies measured by the Low Energy
monitor, estimated parameters of primary spectrum fromfelescope (LET) onboard STEREO, including a loss cone
Polar Bare analysis as amplitude JO and expovemf[a distribution during July 24,2012 (showing a pl’OﬂOUﬂCGd
power law in momentum (froni [23]). deficit of particles at pitch-angle 18)) and a trapped dis-
tribution (peaking at pitch-angle 99 starting on May 5,
2013. SEP Pitch-angle distributions are extremely vakiabl
of the worse magnetic connection, the nearly-relativisticfor the study of particle transport (rigidity/velocity dep-
electron onset was observed earlier at STEREO B than &ence of pitch-angle diffusion coefficient), to trace mag-
STEREO A. netic topology during particle propagation (loss-cone dis
The PAMELA instrument fills the gap between 100 tributions, trapped distributions, etc.) or to identifywne
MeV/n and several GeV/n, providing very valuable for the particle injections overlapping with previous events.(i.e
study of the most energetic SEP events. Bazilevskaya eduring multiple solar eruptions [31]) which are not evident
al [24] presented combined spectra for the GLE 71 andn the intensity versus time profiles.
other SEP events using PAMELA, GOES, SOHO/ERNE,
neutron monitor and balloon data (Figlile 3). The discrepz'5 Solar Neutrons
ancy between PAMELA and neutron monitor measureSolar neutrons carry clean information on the ion acceler-
ments during the early phase of GLE 71 is explained byation process which cannot be provided by gamma, or en-
the strong anisotropy of the first arriving solar protons€rgetic proton measurements.The SEDA-FIB (Space En-
Both instruments reach excellent agreement during late¥ironment Data Acquisition using the FIBer detector) in-
phases of the event. PAMELA measured protons up to strument began collecting data at the International Space
GeV and He nuclei up to 1.5 GeV/h [25]. Velocity dis- Station (ISS) in August 20009. It can determine both the
persion analysis combining PAMELA, Wind and neutron energy and arrival direction of solar neutrons. SEDA-FIB
monitor observations, yields an effective propagatiompat observed for the first time solar neutrons likely originated
length of 164+ 0.04 AU and a solar release time of 1:41 from M-class solar flares that occurred on March 7, June 7,
UT, meaning that the ions were released when the CMBeptember 24 and November 3 of 2011 and January 23 of
height was at 3.9 solar radii [25]. While this delay supports2012 [32]. The X17.0 East-limb solar flare of September
a shock acceleration scenario, the results of velocity dif37, 2005 released high-energy neutrons that were detected
persion analysis technique should we taken with care (e.§py the Solar Neutron Telescope at Sierra Negra, Mexico
[26], [27,[28]) and the issue of shock versus flare accelefd33]. The neutrons detected had at least 1 GeV energy
ation contributions during SEP events remains controverand the inferred spectral index which best fits the neutron
sial. According to the shock-acceleration model for SEPdlux is around 3, in agreement with previous works. As
presented by [29], the most efficient acceleration of highthe neutrons are essentially unaltered during the intefpla
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etary propagation, the resulting spectrum corresponds wel
to the source spectrum.

2.6 TheA.D. 775 event S 1 GeV
Miyake et al.[34] studied measurementstt€ content in ]

Japanese tree rings from A.D. 550 to 1100 with 1 to 2-year =, M
resolution, and they found two rap¥dC increases corre- 2 \'36

sponding to A.D. 775 and A.D. 993 (see al50l[35} 36]). \

These increases are very unlikely explained by supernova ‘¢ \

explosions because there is no historical observational ‘3 \:{

record of a supernova during that period nor a consistent G 4 \

supernova remnant. A short Gamma Ray Burst (GRB) is & b

also an unlikely explanation because the estimated rate of & \\

occurrence of short GRBs is too low (one event ifi53 2 |

10° years) to produce two events (A.D. 775 and A.D. 993) 2 \i

in a relatively small time interval. The authors concluded g 9

that these increases are most probably related to extreme 5 \

SEP events. A superflare is also the most likely explana- = S e a.
tion of the A.D. 775 according td [37]. The same work ) o A0 S8 g gaa
postulates that a large comet colliding with the sun could %’ —a— A<O

produce shock-accelerated GeV cosmic rays in the solar O . L

corona and/or solar wind, and possibly account for extreme
SEP events like the A.D. 775 event (see also [38]). A com-
parable event in the modern era could have devastating con- HCS tilt angle (degrees)
sequences for power grids and satellite electronics.

0 10 20 30 40 50 60 70 80 90

Figure5: Response of the proton differential intensity at

3 Non-solar Cosmic Raysin the heliosphere Earth (at E =1 QeV) to changing vaIue; .of the tilt ang!e

_ _ _ of the heliospheric current sheet for positive and negative
3.1 Cosmic Ray modulation: observationsand polarity cycles, under the assumption of ideal drifts (from

transport models [46]).

The PAMELA (Payload for Antimatter Matter Exploration
and Light Nuclei Astrophysics) instrumernt [41] has pro-
vided multiple measurements of Cosmic Rays at 1 AU durstrongly decrease with increasing tilt angle fox 0 peri-
ing the last solar minimum, which are highly valuable for ods. For very large values of the tilt angle, cosmic rays do
modulation studies. This experiment is onboard the Resursot effectively follow the HCS (due to diffusion) and the
DK1 satellite launched in 2006, and comprises a time-ofintensity becomes independent of the tilt anglel [46] (Fig-
flight system, a silicon micro-strip magnetic spectrometerure[3).
an electromagnetic calorimeter, an anticoincidence syste  The observations during the last solar minimum de-
a shower tail catcher scintillator and a neutron detectoscribed above, suggest that the modulation during the last
[42]. Due to its complex design, PAMELA requires sophis-declining solar activity and solar minimum period (2006-
ticated data reduction techniques (background eliminatio 2009) was unusual and clearly different from previous
efficiency correction, incident energy reconstructiog,)et A < 0 polarity minima. Solar modulation models indicate
The temporal evolution of proton and helium spectra meathat at the same level of solar activity, the proton spec-
sured by PAMELA during 2006-2009 were presented bytrum for the next solar minimum could be higher than in
[42] and a preliminary electron and positron measurement2009 and may therefore set a new recaord [44, 47]. Up to
during the same period were presented by [43]. Several anow the sunspot area during solar cycle 24 is much lower
thors have recently reported that high rigidity cosmic raysthan during recent solar cycles, comparable to the Glais-
reached record intensities during the last solar minimurberg minimum in the first decades of the last century (but
(e.g. [39[40]). The highest modulated spectra between 10§till much greater than in the Maunder and even Dalton
MeV and 50 GeV of galactic protons (and other cosmicminima), while the galactic cosmic ray intensity is slightl
rays) were recorded by PAMELA in late 2009 [44] (Fig- higher than in previous solar cycles [48] (see als0([49,.50])
ure[4). During previous < 0 polarity cycles, proton spec- According to [50], the weak cosmic ray modulation during
tra were always lower than f@k > O cycles at energies be- the current 24th solar cycle is connected to several anoma-
low few-GeV, as expected from drift models. The reasonlies which have arisen on the Sun and in a heliosphere dur-
is that duringA > 0 cycles it is easier for low energy posi- ing recent years, in particular the weakening of solar mag-
tive particles to enter the inner heliosphere mainly thfoug netic fields.
the polar regions of the heliosphere than infar 0 cy- Krainev et al. [[51] used a simple modulation model to
cles when they enter mainly through the equatorial regiorstudy the time and energy behavior of the galactic cosmic
This is evident when comparindy> 0 andA < 0 periods  ray intensity during the last three solar activity minima.
with the same activity level, after removing the time lag They separated the contributions of the main processes con-
between sunspot number and the cosmic ray variation atttibuting to the modulation (drifts, diffusion, conveatio
AU [45]. Galactic proton intensities are relative insesit and adiabatic losses) and studied how they are influenced
to changing values of the tilt angle of the heliospheric curby changes in different heliospheric parameters. Accord-
rent sheet duringh > 0 intervals, while proton intensities ing to their model, the additional flux of low energy par-
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Figure4: Cosmic Ray proton spectra observed during solar minimumutadion periods of 1965, 1976-77, 1987, 1996-
97 and 2009. Note that the spectra for all previous A cycles (in blue) are consistently higher than forghe 0 cycles
(in red) at energies below a few GeV, except for the 2009 spectfrom [44]).

ticles in 2009 with respect to 1987 is due mainly to en-etary magnetic field during 1996-2012. They found an
hanced diffusion rather than drift. The 2D time-dependeninverse lineal correlation between them, which becomes
modulation model presented by [52] is in good agreeweaker close to the solar maximum. The dependence of dl
ment with observations at 1 AU (IMP 8) and along Voy-on B can be represented by a power ldwi] BY.
ager 1 and Ulysses trajectories, over multiple solar cycles The steady state 3D modulation model for protons pre-
(1985-2009). This model includes time-dependence in theented by/[55] was used to study the unusually quiet recent
diffusion and drift coefficients. The analysis of the tempo-A < 0 solar minimum. Temporal variations of the tilt angle
ral variations during the recent solar minimum using thisof the heliospheric current sheet and the heliospheric mag-
model suggests that solar-cycle-related changes in diffuretic field magnitude alone are not sufficient to explain the
sion coefficients (due to the changes in magnetic field magsbservations and temporal variations of the diffusion co-
nitude and variance) are more important than the changesfficients are required. The analysis suggests that the pro-
in the drift coefficient (due to the tilt angle variationshd  ton mean free paths had to increase (the turbulence had to
model failed to reproduce step-like increases or decreasegeaken) with time below 3 GeV in order to reproduce
in the cosmic ray intensities during solar maximum, indi-the high fluxes observed by PAMELA. Both, diffusion and
cating that the variations of magnetic field measured at Hrifts had a comparable contribution to the observed inten-
AU cannot be simply transported to the outer heliospheresity increase at 1 GeV from November 2006 to Decem-
but a more realistic scenario including merging of the propber 2009 and there is a complicated interplay of all these
agating barriers in the form of global interaction regiamis i effects. The diffusion effect dominates in the low energy
required in order to reproduce such observations. part. Similar analysis was presented for electrond by [56],
According to [53], the analysis of neutron monitor, showing that in spite of the exceptional conditions dur-
space and balloon-borne cosmic ray measurements, sugg the last solar minimum, drift effects and charge-sign-
gests that after 1980 an energy dependence of the modependent modulation becomes evident when comparing
ulation of lower energy galactic cosmic rays became evielectrons and protons (Figurk 6). As found for protons be-
dent, with softer energy spectrum at minima of solar activiow 3 GeV, the electron mean free paths below 500 MV
ity. The spectrum became steeper in each subsequent mimiere required to increase from 2006 onward in order to
mum for solar cycles 21/22, 22/23, and 23/24 and no sucheach observed intensities at the end of 2009. The impor-
behavior was observed at higher energy. Kalinin ef al. [47}ance of drift effects in charge-dependent modulation was
used a simple modulation model to study the unusually sofalso highlighted by([57], which compared out-of ecliptic
cosmic ray spectrum during the last solar minimum (seeJlysses observations and simulation results from the two-
also [51]). They were able to reproduce the main observadimensional HelMod Montecarlo simulation model.
tional features of the galactic cosmic rays during the solar Strauss et al.[[58] presented a new hybrid model to
minima between cycles 21/22 and 22/23 assuming an effestudy galactic cosmic ray modulation. It combines a three-
tive size of the modulation region withi,ox= 125 AU and  dimensional magneto-hydrodynamic model to define the
an exponent for the rigidity dependence of the diffusion coheliosphere and a stochastic differential equation cosmic
efficientsR= 1. In order to reproduce the unusually soft en-ray transport model. The authors used this model to inves-
ergy dependence for the last minimum (2009), the size ofigate the modulation along the Voyager 1 trajectory, us-
the modulation region needs to be reduced{s=90AU  ing different scenarios for the radial dependence of the pa-
and the rigidity dependence indexfRo= 0.9. Alania et al. rallel mean free path. They concluded that modulation con-
[54] investigated the relationship between the cosmic rayinues beyond the Heliopause and predicted that Voyager 1
intensity changesll and the magnitude of the interplan- should continue measuring a small positive radial gradient
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Figure6: PAMELA ~ 750 MV protons and preliminary

electrons normalized to July 2006, as a function of timegjgyre7: Computed modulated electron spectra at Earth
illustrating the charge-sign dependent modulation (fromgpg gifferent heliocentric locations (from 5 to 119 AU and
[56)). polar angle 60, corresponding to the Voyager 1 trajectory),

compared with observations from Voyager 1 (2010) and

Changes of the parallel mean free path values inside the hEom PAMELA (2009). The heliopause spectrum (upper
liopause affect the modulation beyond the heliopause (dug0lid line) is specified at the heliopause, positioned in the
to cosmic ray mobility across the heliopause), therefore sgnodel at 122 AU (from([60]).
lar cycle effects may have measurable effects in this region
Changing only the parallel mean free path has almost no o ] )
effect in the amount of modulation beyond the heliopausenterplanetary magnetic field lines [63]. The observation
which according to the model results, is described mainlyof Jovian electrons during periods when this connection is
by the parallel-to-perpendicular mean free path ratios Thi Not possible suggest a relevant role of perpendicular-diffu
result is explained due to the fact that cosmic rays have t§ion in the interplanetary medium. An alternative explana-
diffuse perpendicular to interstellar magnetic field liires ~ tion is that Jovian electrons could be confined inside mag-
order to penetrate the heliosphere. netic traps co-rotating with the Sun, and reach the Earth or
A heliopause spectrum for cosmic ray electrons at 1228 TEREO during bad connection periods|[64]. A prelimi-
AU, over an energy range from 1 MeV to 50 GeV was hary electron spectra observed by SOHO/EPHIN between
presented by[[59] and [60]. This spectrum can be con0.2-5.0 MeV can be approximated by a double power-law
sidered the lowest possible limit for the Local Interstella With a break around 0.5 MeV [63].
Spectrum (LIS) and was obtained combining a 3D energy-
dependent numerical modulation model, Voyager 1 obseR-3 Forbush decreases
vations of 6-120 MeV electrons in the outer heliosphereSeveral papers studied the magnitude of Forbush De-
and PAMELA observations of-200 MeV electrons at 1 creases (FDs) as a function of the cosmic ray rigidity. Ko-
AU. This LIS has a double power law form in energy, with jima et al. [68] used data from 17 different neutron moni-
exponent -1.55 for energies below 1 GeV and -3.15 for entor stations and the large area multidirectional muon tele-
ergies above 5 GeV. This steeper spectrum at high energissope of GRAPES-3 at Ooty, India, to study the extent of
is required to reproduce the electron spectrum observed byDs at different rigidities (rigidity spectrum) for 26 FDs
PAMELA in 2009 (FigurdT). The spectral break betweenduring 2000-2011. The average primary rigidity depen-
0.8 and 2 GeV is consistent with previous results [61]. Thedence shows a double power-law behavior with exponent
model reproduces the large amount of modulation of galaed.65 for the neutron monitor stations (rigidity interval-1
tic electrons below 100 MeV in the inner heliosheath. At32 GV) and -1.26 for the muon telescope (64-92 GV).
low energies the Jovian electrons are the dominant contrkravtcova and Sdovnov_[69] studied the cosmic ray rigi-
bution to the electron spectrum observed inside 20 AU. Adity spectrum and anisotropy during a FD in March 2012.
12 MeV, the upper limit for galactic electrons at 1 AU is The spectrum from 7 to 50 GV during different time inter-

2.5.10 ! electrons/(rh s sr MeV) [59] (FiguréB). vals can be reproduced by a power law in rigidity with ex-
) ponents varying from -0.86 to -1.00. Ahluwalia et al.|[70]
3.2 Jovian Electrons obtained the hourly rigidity spectrum for a FD observed in

As mentioned above, in absence of SEP events, Jupitdlay 2005 using data from neutron monitors and multidi-
is a dominant source of electrons observed in the nearectional muon telescopes. This FD was caused by a halo
Earth space around 10 MeV. These electrons show a 1&ME observed on May 13, 2005 and extended to rigidities
month periodicity corresponding to the synodic period of <200 GV. The timelines for neutron monitors show that
Jupiter. Superposed to this periodicity, Co-rotatingriate the FD onset happened shortly after a storm sudden com-
tion Regions (CIR) cause flux depressions (27-day variamencement, while the onset observed at higher rigidities
tions). Modeling efforts can reproduce the basic observaby muon telescopes was delayedbg hours. The calcu-
tional features of these periodicities [62]. Apart from the lated rigidity spectrum has an exponent -1.05, in agreement
orbital motion of Jupiter with respect to the Earth, vary-with the force field theory. The evolution of the exponent
ing solar wind speed defines the fraction of Earths orbitstudied with hourly resolution shows a value -1 near the
where direct connection with Jupiter is possible along theminimum of FD which becomes softer during the recov-
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characteristics of the associated CMEs and ICMEs. They
found a clearer correlation between FD amplitude and

——=Jovian

ol O Voyager 1 1 CME speed and acceleration for those events associated
o Soenario 2 /; with halo CMEs. Cosmic ray anisotropy detected using
@ Scenario 3 & global neutron monitor data [74] or directional muon tele-

scope datd [745] show changes several hours before the ar-
rival of interplanetary disturbances and the subsequent ge
omagnetic storm, which provides a valuable signature for
space weather forecasting (see also [76]). Muon detectors
with directional capabilities provide muon anisotropyalat
during heliospheric disturbances, which yield uniqueiinfo
mation about the structure and dynamics of these events
[[75].

Kryakunova et al.[[77] studied the recurrent cosmic ray
Radial distance (AU) decreases caused by high speed streams originating from
coronal holes during 2007. This period was ideal for the

; . ; ._study of this kind of decrease because solar activity was
Figure8: Computed radial dependence of 12 MeV galactlcvery low and there was only a limited number of CME-

electrons shown for three scenarios, together with Voyage'r

. . . elated FDs. They found that the magnitude of the de-
1 observations (6-14 MeV) of galactic and Jovian electrong,reases was correlated with the interplanetary magnetic

since 1977. This radial prOfiIe is dominated by Jovian eIeCﬁe|d parameters (magnitude and critical cosmic ray rigi_
trons up to 20 AU, depending on which scenario is pickeddity) but not with the solar wind speed.

Differential intensities (particles m?s'sr! MeV‘1)

whereas galactic electrons dominate clearly from 80 The BESS-Polar | balloon-borne experiment![78] al-
AU (from [59]). lows precise identification of cosmic ray helium isotopes,
providing for the first time measurements of isotopic
0 i w w ‘ ‘ j fluxes. BESS-Polar | measurements during December 13-
» \//\ — 21, 2004 show that the fluxes of cosmic prototse and
S \/ / f‘He in the ;.2-2.5 GV r|g|d|ty ranges varled similarly dur-
R / ing this period (probably coincident with the recovery of
61 Galgary ) a decrease caused by a magnetic cloud or a co-rotating in-
_ Haome - / teraction region[[79]). The time variations are more pro-
z ® nounced than those observed at higher rigidities by the
g s I M CLIMAX neutron monitor, consistent with changes of so-
A [ Hﬁ IVM lar activity that should affect low-rigidity particles nmer
§ {RH‘H{% @Hﬁ e @){H strongly.
g 0 i mﬁﬂﬂ M 3.4 27-day variations and other cosmic ray
4 05/05 07/05 09/05 11/05 13/05 15/05 17/05 19/05 21/05 pa' | 0d| C| t | es

Date, Year 2005
Gil and Alania [80] investigated the temporal behavior of

Figure9: Timelines of the cosmic ray intensity smoothed the galactic (k:)osmic drayhintin?ity, iOIe.lr wki)nd pa(amcaltzrs,
unspot number and other heliospheric observational data
over 73 hours (upper panel) for Calgary, Rome andfneasured at 1 AU during 2009-2013. Using harmonic anal-

Haleakala neutron monitors and the power-law exponer\tz : SO ;
L ) sis, they found a quasi-periodicity of three to four Cagrin
of the rigidity spectrum during the 5-25 May 2005 Forbushtq, rotation period. They proposed that this recurrence is

decrease. (from [70]) related to a similar cycle on the topological structure of
the solar magnetic field and is consequence of the com-
] ] bination of the turbulent solar dynamo and the differen-
ery phase (Figurel9). The authors attributed the changega| rotation of the sun. A study of the harmonics of the
of the exponent to changes in the interplanetary magnetio7.day variations of the galactic cosmic rays, solar wind
field turbulence. This relationship was found during sevyelocity and interplanetary magnetic field during the last
eral FDs and is expected due to the rigidity-dependence afplar minimum (2007-2009) was presented byl [81]. The
the the parallel diffusion coefficienk(0 R?~"), wherev  quasi-periodic changes found, show the existence of a sta-
is the exponent of the power spectral density of the interple a 26-27 day periodicity. Similar changes were observed
planetary magnetic field ([71] and references therein).  for the cosmic ray intensity during 2007-2008, but during
A number of papers studied FD observations from a2009 the cosmic ray intensity showed a gradual increase
Space Weather perspective. For instance| [72] analyzegf the period up to 33-36 days. The authors attributed
magnetic cloud properties, geoeffectiveness and cosmithis change to the influence of high-latitude changes at
ray muon decreases during 2009-2011. The percentage @fe Sun in coincidence with the onset of the new cycle.
Magnetic Clouds (MCs) followed by intense or moder-The solar wind and magnetic field observations are insen-
ate geomagnetic storms (geoeffectiveness) is 52.9%, muditive to these changes because they reflect only changes
lower than previous cycles. They concluded that MCs thain source regions located near the solar equator, while cos-
drive fast shocks are more geoeffective and cause largenic rays are affected by global changes in the 3-D helio-
cosmic ray muon decreases. Parnahaj et al. [73] presentegphere. Wawrzynczak and Alan[a[71] studied the tempo-
a statistical study of the relation between the amplituderal variation of the galactic cosmic ray intensity from June
of FDs, the associated geomagnetic activity and differen14 to September 13, 1994. This period is dominated by the
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second harmonic of the 27-day variationsléd day peri- 1 e
odicity). These variations are likely correlated with dami ¢ (a)
periodic changes in the interplanetary magnetic field turbu 08 r—¢
lence levels. -
Gil and Alania [82] presented a 3-D theoretical model 0.6 &
of the 27-day variations of the galactic cosmic ray inten-
sity in connection with solar wind parameters for different
epochs of the solar activity cycle. The variations of the in 0.4 ¢
situ measurements of solar wind speed and magnetic field -$ ;
magnitude included in the model can explain the observa- \
tional result. The rigidity spectrum of the 27-day cosmic .
ray variation is hard (power law exponent -0.8) near the so- W
lar maximum and softer (-1.3) at solar minimum. The same
authors studied the temporal variations of the rigiditycspe 0.2
trum exponent for the period 1970-2004 and found period- 1 2 3
icities of 142.9+ 1.6 and 35.7 1.7 Carrington rotations A [AU]
(10.6 and 2.6 years, respectively). Shorter periodicities
26.6 + 1.2 and 14.5+ 0.7 Carrington rotations (2.0 and 0.8 5
1.1 years, respectively) are found when considering only (b)
the data period 1976-1982. 07
Laurenza et al[[83] studied the tilt angle of the helio- :
spheric current sheet (which characterizes the drift &ffec
on CRs) using the empirical mode decomposition tech- 0.6
nigue. They found a 5-6 year periodicity in the cosmic
ray intensity and the tilt angle which is not present in the ;@4
sunspot area. They suggested that this tilt-angle periodic 0.5
ity is responsible for the peaked-flat maximum feature ob- M
served in the cosmic ray intensity during odd-even num- 04 —
bered cycles. T :

G, [%/AU]

&1 [%]
%
g

3.5 Longterm cosmic ray anisotropies 0.3 +
Munakata et all[84] analyzed the long-term variations of 350 400 450 500 550
the three-dimensional anisotropy of galactic cosmic rays Vg [km/s]

during the period 1971-2011, observed by neutron mon-

}EI(ZSO((;O\;?”QE Eétoec?cx ggsmagz df:r?sftn‘%% rg;\//s) ?Q]irthe Figure10: Results derived from muon anisotropy data: (a)
goya mu ponding pnmary - scatter plot between the parallel mean free pgtand the

cosmic rays). The free-space harmonic vector of the diur=

nal anisotropy clearly shows a phase shift from 18 h |oladial gradienG; . (b) Scatter plot between the solar wind

cal solar time duringA < O intervals to earlier hours dur- SP€e€dVsw and the parallel anisotropg. In each panel,

ing A > 0 solar minima. This shifting is more prominent the solid circles with the solid regression line represkat t

at high rigidities (muon data). The anisotropy component/early mean values il > 0 solar polarity epoch (1992-
perpendicular to the magnetic field is significantly larger1999) while the open circles with the dotted regression line
for the muon data (high rigidity) than for neutron monitors represent yearly mean valuesAn< 0 (2001-2012) (from
(low rigidity), while the parallel anisotropy components [85]).

are comparable for both datasets. This rigidity dependence

of the perpendicular anisotropy is likely the origin of the

larger phase shift observed in the muon diurnal anisotropynd is slightly shifted from the location of the solar disk
The same authors found a clear correlation of the magnin the sky due to the deflection in the cosmic ray trajec-
tude of the parallel anisotropy with the solar wind velocity tory caused by the solar, interplanetary and Earth's mag-
The radial density gradient anticorrelates with the pafall netic fields. ARGO-YBJ measurements during the period
mean free path (derived from the values of the anisotropy2008-2012 provided a continuous monitoring of the cos-
with systematic higher values of the radial gradient duringmic ray shadow of the Sun on a quarterly-basis. The au-
A < 0 periods. These result were confirmed byl [85] (Fig-thors concluded that the shadow appears clearly at the be-
ure[10, who analyzed the long-term variation (1992-2012)inning of 2008 and progressively becomes less evident as
of the first order anisotropy provided by the Global Muon the solar maximum approaches. They found a clear anti-

Detector Network (GMDN) on hourly basis. correlation between the cosmic ray deficit and the sunspot
) number and solar radio-flux at 10.7 cm. The anticorrela-
3.6 Cosmicray shadow of the Sun tion between the cosmic ray shadow and the solar activ-

Observations of high-energy cosmic rays at TeV energiegty levels was also found by [87], who studied the evolu-
using detectors with directional capabilities such as thdion of the cosmic ray shadow for the period 2000-2009 us-
ARGO-YBJ experiment in Tibet [86] and the Tibet air ing the Tiber air shower array (Figurel11). They concluded
shower array/[87] found that the distribution of arrival di- that the shadow reaches a maximum size at the solar min-
rections show a deficit corresponding to the location ofimum (2009) and almost disappears near the solar maxi-
the Sun. This deficit in the cosmic ray flux caused by themum (2000), when the solar magnetic fields are stronger
Sun acting as an obstacle is called cosmic ray “shadowéind have more complexity. Montecarlo simulations of the
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cosmic particle propagation in the coronal magnetic fieldity to solar neutrons than current Solar Neutron Telescopes
using PFSS models are in progress and can help to undesuch as SONTEL, operating in Sierra Negra since 2003
stand the relation between the solar magnetic field varig95]. A new concept of relatively inexpensive and portable

tions and the strength, shape and shifting of the cosmic ragnini neutron monitors was presented pby|[96]. These units

shadow. are manufactured as already-calibrated units that are not
_ dismantled in transport which may affect their efficiencies
3.7 Thunderstorm-related particles Due to the extreme increase in the price ofiHe isotope,

During recent years several observational studies havthese units as well as other new neutron monitor stations
linked energetic particle detection at ground level and(e.g. [97’;) have reverted to tH8BF3 counter tubes instead
thundercloud and/or a lightnings (e.g.[88] and referencesf using®He tubes.
therein). Measurements of the atmospheric electric field Orlando and Strong [98] presented the StellarICs (Stel-
and observations of the Tibet Air Shower Array[[89] reg-lar and solar Inverse Compton emission) software pack-
istered since February 2010 show evidences of energetiage for calculating the gamma-ray emission from Inverse-
particle increases with the passage of thunderclolids. [90Fompton (IC) scattering by cosmic-ray leptons in the he-
presented observations of thermal neutron variations metiesphere and in the photospheres of stars (and the Sun). It
sured at ground by unshielded scintillation neutron detedncludes a set of cosmic-ray spectra and a formulation of
tors. They studied the variations of the amplitude of Fortheir modulation, but it can be used for any user-defined
bush decreases as a function of different absorber thicknodulation model and lepton spectra. The software is used
ness above the detector, obtaining a clear anti-correlatioin the Fermi-LAT Science Tools as a standard model for
which could be potentially useful for neutron spectroscopythe solar IC emission. It is publicly available, stays under
studies. The same paper pointed out the importance of takentinuous development and it will be especially useful for
ing precautions against electromagnetic noise when studgvaluating Fermi-LAT data.
ing neutron variations during thunderstorms, the authors Labrador et al.[[99] presented an indirect method de-
studied the counting rates during thunderstorms and no eveloped by Sollit et al.[T100] for estimating mean ionic
idences of the “thunderstorm neutrons” effect were foundcharge states for SEP events from energy-dependent de-
during two summer periods of data recorded. cay timescales derived from the exponential decays of SEP
intensities. This indirect method could provide very im-

) portant information on e.g. the longitudinal dependence
4 Instrumentation and data accesstools of charge states during SEP events observed from multi-
New ground-based experiments were presented during tHde locations, however the initial analysis of a sample of
ICRC 2013, some of them are primarily intended for high-STEREO and ACE SEP events shows that the method can
energy cosmic ray studies but provide capabilities for Sobe only applied for a limited number of cases.
lar and Heliospheric Science and Space Weather studies. SEPServer[[101] is a collaborative project to pro-
The HAWC (High Altitude Water Cherenkov Array) in- Vide access to state-of-the-art observations and analy-
strument being installed at Sierra Negra, Mexico, 41005is tools for the scientific community on SEP events.
m above sea level, consists of 300 large cylindrical wate® SEP event catalog based on Ulysses observations
Cherenkov detectors covering an area of 22080Iowill ~ from 1996 to the end of the mission was presented by
start operating at the end of 2013. Although its primary[101]. Different characteristics of these events were de-
goal is the detection of high energy gammas, it will alsotermined and compared with simulation-based analysis
be sensitive to solar events (GLEs, Forbush decreases, s§id remote sensing observations. The catalog will be
lar neutrons and solar gamma rays), offering high energﬁva”able to the community for further analysis through
time and angular resolution. Forbush decreases detected bytp://server.sepserver.eu.
the HAWC-VAMOS engineering array and by the HAWC- ~ The Standard Radiation Environment Monitors (SREMs)
30 array (HAWC first step, with 30 water Cherenkov de-flying on several European Space Agency (ESA) missions
tectors) in March 2012 [91] and in April 2013 [92] were provide the largest amount of space radiation data for ESA
presented and compared with neutron monitor data. Obsdd02]. A database providing electron, proton and cosmic
vations of the March 2012 Forbush decrease by the LAG@ay data for six SREMs units from 2002 until now and
(Large Aperture Gamma ray bursts Observatory) experia repository providing documentation, response matrices
ment were presented by [93]. LAGO is a network of wa-and analysis software are available for registered users.
ter Cherenkov detectors (WCDs) located in different Latin ~ Several papers used data from the Global Muon De-
American countries. The experiment is designed for théector Network (GMDN) [[72) 103, 104, 105, 106] and
detection of the highest energy component of GRBs buthe Neutron monitor database (NMDB) [74, 77, 1007,]108,
can be used to study the solar modulation of galactic co1,[109]. These instrument networks are providing cos-
mic rays and other transient effects. The SciCRT (SciBamic ray measurements at ground level, very useful for
for the Cosmic Ray Telescope) project [65! 66] 67] is athe study of Forbush decreases, cosmic ray modulation
solar neutron and cosmic ray muon hodoscope that wilknd GLEs. The NMDB is now providing neutron moni-
soon start measurements at Sierra Negra (Mexico), 460®r data to the scientific community with open data ac-
m above sea level. The instrument consists of 14848 sciesshttp://www.nmndb. eu/)) on aroutine basis and with
tillator bars. A wavelength shifting fiber is inserted in kac increasing geographic coverage (eld.l [97]) resulting in a
scintillator bar and the scintillation signals are detddtg ~ wide data visibility which boosts scientific productivity o
multi anode photo multiplier tube. Coincidence of the topneutron monitor data.
and bottom layers are used as muon trigger, while neutrons Buetikofer et al.[[110] presented a critical review of the
do not trigger the anticoincidence and are identified by rereliability of GLE analysis based on neutron monitor data.
coil protons produced inside the detector. SCiCRT will of-The authors concluded that the GLE characteristics for
fer high angular resolution and four times more sensitivan individual GLE published in the literature by different
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GSE latitude (deg.)
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Figure1l: Yearly variation of the cosmic ray shadow of the Sun obsgate3 TeV from 2000 to 2009. Each panel shows
the two-dimensional contour map of the cosmic-ray flux deificthe GSE coordinates (frorn [B7]).

o 0655-0700 UT can be derived from instruments not initially intended for

particle detection. Oh et al._[111] presented a technique
to quantify the number of cosmic ray traces registered by
SOHO/EIT imaging data. This method provides an estima-
tion of the cosmic ray flux and permits the identification of
Forbush decreases, SEP events and the long term cosmic
ray variations with the solar activity cycle. Upcoming mis-
sions currently in preparation such as Solar Orbiter and So-
lar Probe Plus intend to revolutionize our understanding of
the particle acceleration processes at the Sun and in the he-
liosphere. The Integrated Science Investigation of the Sun
o1 o 100 (1S1S) experiment onboard the upcoming Solar Probe Plus
Rigidity [GV] mission, planned for launch in 2018, which will approach
LORS ‘ ‘ ‘ ‘ to 10 solar radii of the Sun was presented by [112]. The
091 0655-0700 4 instruments part of ISIS will cover the energy range from
08|} 1 0.02 to>100 MeV/nucleon for all the major ion species
07k |} E and 0.03 to 3 MeV for electrons, being also able to de-
o6l |4 i tect energetic neutral atoms, neutrons and gammas. These
osl |t i measurements will enable the study of the the seed popu-
‘ lations, acceleration and particle transport processtgin
heliosphere.
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Figure12: Solar cosmic ray spectra (top) and pitch anglecosmic ray intensities recorded at 1 AU since the space age.

distributions (bottom) during the main phase of GLE69 as! "€ highest modulated proton spectrum between 100 MeV
derived from neutron monitor data by different groups. ~ @nd 50 GeV was recorded at the end of 2009. These ob-

servations suggest that the modulation during the last sola
minimum was unusual compared with previduis: 0 po-
, , ) . larity minima and is being intensively studied using sophis
groups can show important discrepancies, raising & Worg.ated modulation models combined with observations in
of caution in 'ghe validity of quantitative results (se_e Figu _the inner and outer heliosphere. The study of the differ-
[@2). These differences are present even for stations usinght contributions to the modulation is complicated due to
the same yield function and their origin has not been yetnhe interplay between different processes, but enhanced
identified. A more detailed eXChange of information on thediffusion due to tempora' Changes in the diﬁusion Coefﬁ_
different GLE analysis procedures used by different groupgient (meaning a turbulence weakening) could have played
is highly recommended. a major role in this cosmic ray enhancement. Measure-
As mentioned in previous sections, space-based irments from the exceptional location of Voyager 1, with
strumentation (STEREO, Voyager, PAMELA, ACE and its recently confirmed crossing of the heliopause [113],
SOHO among others) are an essential contribution for theombined with models and observations at 1 AU provide
study of cosmic rays in the heliosphere, particularly in theunique insights for the study of the modulation processes.
low energy part of the spectrum not accessible for ground- The new cycle (now reaching the maximum), has also
based instruments. Indirect measurements of cosmic rayghown considerable weaker activity up to now, compared
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with previous cycles. This is evidenced by different paramRefer ences
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