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[1] Large solar energetic particle (SEP) events constitute a serious radiation hazard to astronauts and

spacecraft systems. It is essential to determine the highest particle intensities reached in SEP events,

especially at the energies that pose serious risks to human health and spacecraft performance. It has been

argued that the highest particle intensities measured during large SEP events occur in association with the

passage of shocks driven by coronal mass ejections known as the energetic storm particle (ESP)

component. Furthermore, it has been argued that the intensities measured early in the SEP events (known

as the prompt component) are bounded by a maximum intensity plateau that results from wave-particle

interactions that restrict the free streaming of particles (also called the ‘‘streaming limit’’). We analyze

proton intensities measured by the GOES spacecraft at the energy channels P5 (�39--82 MeV) and P7

(�110--500 MeV) during solar cycles 22 and 23 and examine whether the highest intensities were measured

during the prompt or the ESP components of the SEP events. We find three (one) SEP events in which the

highest proton intensities measured during the prompt component at the energy channel P5 (P7) exceeded

by a factor of 4 or more the previously determined ‘‘streaming limit’’. Arguments to explain intensities

during the prompt components exceeding this limit invoke interplanetary conditions that inhibit the

amplification of waves resonating with the streaming particles and/or the presence of interplanetary

structures able to confine and/or mirror energetic particles. We analyze these possibilities for each one of

these events.
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1. Introduction
[2] Energetic particle events generated by solar activity

pose serious threats to both spacecraft components and
operations as well as to astronauts in either extravehicular
activity or behind a protective shielding [Lanzerotti, 2004].
Solar energetic particle (SEP) events lead to high radiation
doses in short time intervals, having important effects on
technology used in interplanetary space. There is a gen-
eral agreement on the necessity to characterize the evolu-
tion of such events and to specify the highest particle
intensities reached during major SEP events, especially at
the energies that pose serious risks to human health (i.e.,
protons above �30 MeV) [Feynman and Gabriel, 2000].
[3] Reames [1999] proposed that the highest proton in-

tensities in large SEP events are reached in association

with the arrival of interplanetary shocks driven by the
coronal mass ejections (CMEs) that generate the particle
events. The particle intensity enhancements associated
with the passage of CME-driven shocks have been histor-
ically termed energetic storm particle (ESP) events, be-
cause of the close association with the geomagnetic storms
observed simultaneously when the shocks reach the
Earth’s magnetosphere [Bryant et al., 1962]. The ESP events
are due to both the fraction of shock-accelerated particles
trapped by wave-particle interactions near the propagat-
ing shock and the fraction of particles locally accelerated
by the shock when it arrives at the spacecraft [e.g., Lario
and Decker, 2002, and references therein].
[4] Reames and Ng [1998] suggested that energetic parti-

cle intensities measured early in a SEP event are bounded
by a maximum intensity plateau known as the ‘‘streaming
limit’’. The physical process of wave generation by par-
ticles streaming outward from an intense source near the
Sun was suggested as the mechanism providing a self-
regulation of the particle intensity [Ng and Reames, 1994].
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Energetic particles propagating along interplanetary mag-
netic field (IMF) lines reach a maximum intensity plateau
because the scattering processes produced by self-
generated waves restrict their streaming. Therefore,
according to this scenario, particle intensities measured
early in a large SEP event (known as the prompt compo-
nent of the SEP event) are bounded by a certain upper
limit. This streaming limit intensity can only be exceeded
when the source of particles (i.e., the propagating CME-
driven shock) reaches the spacecraft. In the case that the
source intensity rises above the level imposed by the
streaming limit, additional particles are diffusively
trapped near the expanding source. Thus, in this scenario,
added acceleration of particles at the traveling shock only
serves to increase the intensity at the ESP peak, but not
that measured on the early plateau. The consequence is
that this proposed streaming limit applies only to the
intensity of particles streaming from a distant source and
not to those accelerated locally or convected out from a
source.
[5] By analyzing the largest particle events observed by

the National Oceanic Atmospheric Administration
(NOAA) Geostationary Operational Environmental Satel-
lites (GOES) during solar cycle 22, Reames and Ng [1998]
determined, observationally, the streaming limit intensity
at several energy levels. The questions addressed in this
paper are whether this limit intensity has been exceeded
during the last two solar cycles and, if so, if it is possible to
discern the mechanisms that lead to the exceeding of this
limit.
[6] In the context of the scenario proposed by Reames

and Ng [1998], the following two factors may account for
the possible exceeding of this empirically determined limit
during the prompt component of major SEP events:
[7] 1. The level of wave amplification may have not been

high enough to limit the streaming of energetic particles.
This level is determined by the conditions in the solar
wind plasma where particles propagate. Reames et al.
[2001a] suggested that plasma regions with a high plasma
bp parameter (computed as the ratio between the solar
wind thermal proton energy density to the magnetic
energy density) favor the rapid growth of waves because
the intensity of ambient MHD waves in this region is
already large. By contrast, low-bp plasma regions, where
the ambient wave intensity is much lower, favor the free
streaming of particles [Reames et al., 2001a]. Thus, propa-
gation of energetic particles in a low-bp region may not
generate sufficiently intense waves to restrict the particle
streaming, and hence increase the probability of observing
particle intensities exceeding the ‘‘streaming limit’’ deter-
mined under nominal transport conditions.
[8] 2. Interplanetary plasma structures may modify the

propagation of particles along IMF lines by confining,
trapping or mirroring the energetic particles. Kallenrode
and Cliver [2001a] analyzed the SEP events that contribute
the most to the total fluence measured in a solar cycle and
concluded that ‘‘interplanetary circumstances’’ (such as

the existence of two converging shocks propagating in the
interplanetary medium) may lead to the observation of
long-lasting high particle intensities. Particle mirroring
(and possible reacceleration) between two propagating
shocks or particle confinement in the IMF lines distorted
by the presence of the interplanetary counterpart of cor-
onal mass ejections (ICMEs) were suggested as the mech-
anisms to produce these enhanced intensities as the
converging structures move across the observer
[Kallenrode and Cliver, 2001b; Kallenrode, 2002]. Reflection
of energetic particles by solar wind plasma structures
formed beyond the spacecraft location (such as interplan-
etary shocks and/or ICMEs) has also been suggested as a
possible mechanism for the production of enhanced in-
tensities observed at 1 AU [Bieber et al., 2002].
[9] In this paper we examine proton observations col-

lected at 1 AU in large SEP events during solar cycles 22
and 23. We explore the highest particle intensities mea-
sured in these two solar cycles and in particular those
intensities exceeding the previously determined ‘‘stream-
ing limit’’. Since only the largest SEP events in a solar
cycle reach the highest intensities, the number of events
used by Reames and Ng [1998] to establish this streaming
limit was very limited, especially at the highest-energy
channel used in their study (i.e., �110--500 MeV protons;
see their Figure 4). Because of both the short flight time of
the energetic particles constituting the prompt component
of a SEP event (from their source near the Sun up to 1 AU)
and our inability to predict large SEP events before their
onset, the values of the proton intensities established as
streaming limit by Reames and Ng [1998] were proposed as
a measure of the minimal radiation hazard that astronauts
have to tolerate before the arrival of CME-driven shocks
and their associated ESP components [Reames, 1999; Neal
et al., 2005]. The study of the events exceeding the previ-
ously determined streaming limit allows us to determine
both the highest intensities reached in a solar cycle (and
hence the highest radiation hazards) and the mechanisms
leading to these high intensities. We find three (one) SEP
events where the �39--82 MeV (�110--500 MeV) proton
intensity measured at the prompt component exceeded by
a factor of 4 or more this previously determined streaming
limit. We analyze the mechanisms proposed to explain the
exceeding of this limit in these events by studying either
(1) the possible inhibition of wave generation or (2) the
existence of interplanetary structures able to confine en-
ergetic particles as they move across the observer.

2. Solar Cycle Observations
[10] Figure 1 shows hourly averages of the proton in-

tensities measured by the energetic particle sensor (EPS)
[Sauer, 1993a] on board GOES-6 (green trace), GOES-7
(blue traces), GOES-8 (red traces) and GOES-11 (black
traces) in the energy channels P5 (Figure 1a) and P7
(Figure 1b), the number of X-ray flares per day classified
as M- or X-class and reported in the Solar Geophysical
Data (available at www.swpc.noaa.gov) (Figure 1c), and
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