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Are GLEs fundamentally different from other SEP events?  
(Is there a distinct GLE process?)

• A separate interplanetary process, separate 
from the shock that accelerates the lower 
energy particles.

• A separate flare component with greater 
energies, more impulsive behavior.

• Ground Level Enhancement events are 
morphologically different from others.  Is 
there an accompanying spectral signature.
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Model for two phases of particle accelertion

7.2. Source of the Particles in Pulses P1 and P2

[50] On the basis of the above discussion, we now
advance a GLE model that consists of two separate pop-
ulations of solar cosmic rays, as previously outlined by
McCracken and Moraal [2007] and Moraal et al. [2007],
and similar to those advanced by Shea and Smart [1998]
and Li and Zank [2005] in respect of the lower-energy
(<100 MeV) SEP events. We take the view that any model
of the GLE must benefit from, and be compatible with the
model for the SEP events. As discussed in section 1, two
distinct classes of SEP events are recognized: (1) impulsive
events originating low in the corona and (2) gradual events
occurring at a height of !5 solar radii in the outer corona.

The following discussion builds onto that existing model.
Nevertheless, we note that the complexities of the solar
environment and the static and dynamic characteristics of
the HMF may mean that other models may be advanced in
the future, either based on the observations herein or as a
consequence of GLEs observed in the future.
[51] As discussed in section 5, the HXR and gamma ray

data obtained by RHESSI and CORONAS-F, the concurrent
observation of a strong type-III radio burst commencing at
>300 MHz; and the velocity dispersion and anisotropy of
the P1 pulse at Earth have led us to suggest that the P1
population was accelerated in the lower corona, and a
portion of the population was released immediately into
the open magnetic field at !0638 ST (Figure 13). As
mentioned above, the field strength of the coronal magnetic
field decreases rapidly with radial distance, and we therefore
propose that adiabatic focusing along the open field lines
resulted in pitch angles of, say, <10! by the time these
particles had reached 2.5 Rs, the conventional lower bound-
ary of the HMF. Thus these P1 particles would then
propagate to Earth from this point onward with little
scattering (see Figure 12), while experiencing further
adiabatic focusing, resulting in the highly anisotropic,
velocity dispersed P1 pulse at Earth. As discussed previ-
ously, only a few neutron monitors would observe such a
narrowly focused pulse.
[52] In section 5 we estimated that pulse P1 took 15 min

to travel a distance of 1.76 ± 0.1 AU to Earth. This sets an
upper limit for the P2 propagation time; depending on the
angular extent of the CME, as discussed in the next
paragraph. Pulse P2 commenced at Earth at !0658 UT,
and a propagation time of "15 min indicates that the P2
particles started to leave the Sun at or after 0643 ST. Unlike
P1, there was no synchronous enhancement in the high-
energy gamma ray emissions (i.e., no increase observed at
Earth at !0652 UT), showing that the P2 population had no
direct magnetic connection to the higher densities in the
lower corona.
[53] Simnett and Roelof [2005] used the RHESSI data to

estimate that the CME associated with the flare of 20
January 2005 lifted off at 0632 ST, and was traveling with
a sky plane speed of !2500 km/s, while Gopalswamy et al.
[2005] give a speed of 3675 km/s. In a detailed analysis,
Grechnev et al. [2008] concluded that the sky plane speed
was in the range 2000–2600 km/s, and that the CME was at
4.4 Rs at 0646 ST. On the basis of these estimates, and the
estimated P2 departure time at or after 0643 ST, the leading
edge of the CME would have been at or above the range
3.3–3.8 Rs when the first P2 particles departed for Earth.
Mann et al. [2003] have shown that the Alfvén velocity, VA,
drops from >1000 km/s in the vicinity of a large sunspot
group to a minimum of !200 km/s, in some circumstances,
at 1.5 Rs. It then increases steadily to !700 km/s, and then
falls off steadily again for increasing distance from the Sun.
For a CME velocity !2500–3500 km/s, the Alfvén Mach
number would have been #5, and efficient acceleration of
ions would occur in a shock developing in this region.
[54] On the basis of all the GLEs observed during solar

cycle 23, and the concurrent images of the corona made by
the SOHO spacecraft, Gopalswamy et al. [2005] have
shown that GLEs are always associated with a coronal mass
ejection (CME). They only used the data from one neutron

Figure 13. Schematic representation of the model pro-
posed for the P1 and P2 pulses on 20 January 2005. (top)
The situation at !0638 ST. The first accelerated population
is trapped in the dark colored loop region adjacent to open
magnetic field, and some of the solar cosmic rays are
escaping immediately onto open field lines. They suffer
little scattering but strong adiabatic focusing and arrive at
Earth rapidly as the highly anisotropic pulse P1. The
remainder of the solar cosmic rays from this acceleration
episode are trapped in the sunspot magnetic fields. At the
mirror points some collide with coronal atoms, emitting
>90 MeV g rays. (bottom) The situation at or after
!0643 ST, on a much enlarged scale. A coronal mass
ejection launched by the flare has developed a strong
supercritical shock. Cosmic rays accelerated in the shock are
beginning to be injected into the HMF in a less anisotropic
manner over a wide range of heliolongitudes. The majority
suffer considerable pitch angle scattering, arriving at Earth
as the slowly rising, mildly anisotropic pulse P2.
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observed by many more detectors, including the first
neutron monitors, and more features of the GLE phenom-
enon became apparent. The occurrence of ‘‘impact zones’’
was recognized, indicating that the radiation was initially
anisotropic [Firor, 1954]. The onset times on stations
dispersed around the world differed by up to 10 min. The
decay was well described by a diffusion process when a
reflecting boundary was assumed at !1.5 AU [Meyer et al.,
1956]. The diffusion model was further reinforced by the
observation that the decay of the GLEs known at that time
varied strongly from event to event, the decay time constant
being much shorter when the parent flare was on the
western portion of the solar disk [McCracken and Palmeira,
1960].
[4] Using the concept of asymptotic cones of acceptance,

computed using a sixth-order expansion of the geomagnetic
field, McCracken [1962a, 1962b] showed that several GLEs
were strongly anisotropic when the parent flare occurred on
the western third of the solar disk. In those cases, the
anisotropic radiation arrived at Earth from a direction some
50!W of the Earth-Sun line, in good agreement with the
prediction of the spiral nature of the HMF by Parker [1958].
For the very short-lived GLE of 4 May 1960 the intensity
rose rapidly to a maximum, and the rigidity spectrum was
relatively hard. Within the poor time resolution and poor
statistics available from many of the detectors (0.25 or 1 h),
McCracken showed that the initial anisotropy decayed over
a period of !1 h. He also showed that for a parent flare on
the eastern two-thirds of the solar disk the risetime of the
GLE was considerably slower, the radiation was only mildly
anisotropic (<20%), and the rigidity spectrum was relatively
soft.
[5] On the basis of these observations, the present-day

model of the GLE was largely complete. The model states
that cosmic rays generated on the western third of the solar
disk travel to Earth rapidly along the Parker spiral magnetic
field, while experiencing both pitch angle scattering and
adiabatic focusing, and arrive at Earth as an anisotropic
beam from the prevailing direction of the HMF. Irregular-

ities and Alfvén waves in the HMF continue to scatter the
cosmic rays so that they attain isotropy some 0.5 to 2 h later.
In the case of production near the central solar meridian,
there is no direct access, and the cosmic rays only reach
Earth after diffusing across the HMF. As a consequence, the
intensity rises more slowly to a maximum, it is only mildly
anisotropic, the higher rigidities have largely left the inner
solar system, and the radiation reaching Earth has a soft
rigidity spectrum.
[6] The larger NM64 neutron monitors, developed in the

1960s, and the use of higher-resolution data acquisition
systems led to the recognition that occasionally a GLE
originating near the western limb of the Sun was extremely
short-lived. This was most clearly demonstrated by the GLE
of 4 May 1960 [McCracken, 1962b] and 7 May 1978 [Shea
and Smart, 1982]. In both cases the rigidity spectra were
harder than for the typical longer-lived GLE, and the
intensity was extremely anisotropic. It was assumed that
these were the limiting cases of a continuum of time scales,
as a result of the scattering properties of the HMF varying
over a rather large range. Later, Shea and Smart [1996]
drew attention to the fact that occasionally one or two, out
of say 30 neutron monitors, would see a rapidly rising and
falling, short-lived precursor spike prior to the commence-
ment of a conventional GLE at many more neutron mon-
itors, an example being shown in Figure 1 for the GLE of 22
October 1989. They recognized that the spike was due to an
extremely strong anisotropy, indicating little scattering,
while the same event observed at other stations in the
worldwide network was much less anisotropic, indicating
relatively strong scattering. They issued a challenge for
others to explain the coexistence of this weak and strong
scattering, something that has remained unanswered to this
day. Similarly, Lovell et al. [1998] showed that two separate
pulses were observed for the lower rigidities in the GLE of
29 September 1989, while only the first (short-lived and
highly anisotropic) pulse was seen at "6GV. The commu-
nity has regarded these precursor events as being due to a
fortuitous magnetic connection of the Earth to the Sun,

Figure 1. An example of an anomalous impulsive increase at the onset of the GLE of 22 October 1989
(after Shea and Smart [1996] with permission from American Institute of Physics). The impulsive
increase was only seen by McMurdo, South Pole, Calgary, and Magadan. The GLE observed by more
than 20 other neutron monitors was similar to the increase seen by Thule.
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Impulsive, beam-like 
phase from flare

Delayed, gradual, 
isotropic phase



What might we expect if we 
have a separate GLE process?

• A hardening of the spectrum above normal SEP energies.

• “Power laws” for GLEs with softer spectra for most SEPs.

Ideally, soft at low E with an upward break before ~500 MeV.

• High-E flare signature at the right energies with the right duration 
and the right time.



What do we need for this 
assessment?

• Full spectral coverage.  Historically, we have 
measured the lower energies via s/c and 
deduce the higher energies from the NM data.

• Exposure to the full duration of the event to 
observe the rise and decay of GLE 
“component.”



PAMELA Study Objective
• A major objective: produce event-

integrated spectra of major SEP 
events.

• PAMELA spans the energy range of 
interplanetary space missions and 
neutron monitors—a nagging gap in 
spectral coverage.

• Are there spectral signatures of 
two components to Ground Level 
Enhancements?

Climax/Milagro

IMP-8



Data Details
• PAMELA measurements take place at high latitudes in 

low Earth orbit.  Data intervals are fragmented into “polar 
passes.”  Incomplete coverage.

• Corrections were performed for live time and exposure 
factor (time above cutoff rigidity).

• Spectra are event-averaged, including any anisotropic or 
beamed phase with appropriate solid angle correction.



Spectral Fitting Process

• Data were fit to both a single power law and an Ellison-Ramaty spectrum 
(1986), Φ(E)=N0 (E/ 80 MeV) –γ e–E/Ec 

• An F-test was performed on each spectrum.
➪Unless statistics are poor, each event requires an “exponential” roll over

2006 
December 

13

GLE 70



Statistical Cross Correlation

• In fitting the spectra, a cross 
correlation between the power 
law index and the cutoff 
energy is unavoidable.  Care 
must be exercised in 
interpreting error bars for 
either parameter.

• This does not affect the results 
of the F-test.

2006 December 13



GLE71

GLE? No NM signal.

sub-GLE

sub-GLE



Example of Indeterminate Spectral Shape  
Insufficient statistics 

Only slight improvement introducing cutoff energy



Date γ Cutoff Energy (MeV)

March	21,	2011 1.7 94

June	7,	2011 1.4 87

September	6,	2011 1.5 102

September	7,	2011 1.7 177

November	4,	2011 1.2 91

January	23,	2012 5.1 132

January	27,	2012 2.6 147

March	13,	2012 0.9 55

May	17,	2012 2.5 583

July	7,	2012 1.5 99

July	8,	2012 1.8 153

July	19,	2012 3.1 86

July	23,	2012 0.0 34

April	11,	2013 1.7 99



May	22,	2013 2.1 119

September	30,	2013 2.0 53

October	28,	2013 1.4 114

November	2,	2013 1.1 122

January	6,	2014 2.0 280

January	7,	2014 3.4 166

February	25,	2014 1.7 124

April	18,	2014 1.4 98

September	1,	2014 0.4 82

September	10,	2014 1.0 69



Summary of Spectrum Fits



Conclusions
1. In each case where statistics allow, pure power-law spectra are 

consistently rejected.
2. SEP spectra, over the current PAMELA mission database, exhibit a terminus 

to the spectrum, indicative of the limits of the acceleration process.
3. For interplanetary shocks, such a terminus will result from the three-

dimensionality of the shock front (curvature), limited acceleration time and/or 
vanishing amplitude in the wave spectrum (κ increases rapidly at some large 
heliocentric radius), releasing the particles from the shock.

4. Cutoff energies fall above and below the GLE threshold (~1 GV).  Three 
GLEs are among the group, but also some events falling above 1 GV that 
were not registered as GLEs, but might have.

5. From the spectrum perspective, we see no qualitative distinction between 
those events that are GLEs, those that could be, or those that are not.



Lee (2005)


