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Abstract

Nearly 70 Ground Level Enhancements (GLEs) of cosmic rays have been recorded by the worldwide neutron monitor network since
the 1950s depicting a big variety of energy spectra of solar energetic particles (SEP). Here we studied a statistical relation between the
event-integrated intensity of GLEs (calculated as count-rate relative excess, averaged over all available polar neutron monitors, and
expressed in percent-hours) and the hardness of the solar particle energy spectra. For each event the integral omnidirectional event-
integrated fluences of particles with energy above 30 MeV (F 30) and above 200 MeV (F 200) were computed using the reconstructed spec-
tra, and the ratio between the two fluences was considered as a simple index of the event’s hardness. We also provided a justification of
the spectrum estimate in the form of the Band-function, using direct PAMELA data for GLE 71 (17-May-2012). We found that, while
there is no clear relation between the intensity and the hardness for weak events, all strong events with the intensity greater 100 %*h are
characterized by a very hard spectrum. This implies that a hard spectrum can be securely assumed for all extreme GLE events, e.g., those
studied using cosmogenic isotope data in the past.
� 2016 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Strong energy releases may sporadically occur on the
Sun, leading to transient phenomena in the interplanetary
space. In particular, solar energetic particle (SEP) events
may take place with short but very intensive (by orders
of magnitude) increases of the flux of energetic particles.
Such events are caused by high fluxes of solar energetic
http://dx.doi.org/10.1016/j.asr.2016.08.043
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particles (SEPs) accelerated in the solar corona and inter-
planetary space by shocks driven by coronal mass ejec-
tions, and by solar flares to energies sufficiently high to
be able to penetrate into the Earth’s atmosphere, where
they initiate atmospheric cascades whose nucleonic compo-
nent can be registered by ground-level detectors (e.g., Shea
and Smart, 2000; Andriopoulou et al., 2011), that is called
a Ground Level Enhancement (GLE). Such events were
firstly identified using ground-based ionization chambers
(Forbush, 1946) and since the 1950s they are monitored
by the neutron monitor (NM) network. The first and the
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1 The 5-min resolution data for the Leeds NM were interpolated from a
graph of the original data with 15-min resolution (E. Eroshenko, personal
communication 2016).
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strongest GLE detected by the NM network took place on
23-Feb-1956 and recorded as GLE number 5. GLE events
are numbered consequently since then. The most recent
officially accepted GLE was on 17-May-2012, numbered
as GLE 71. Several weak events (Thakur et al., 2014;
Belov et al., 2015) have been detected by a few polar
NMs even after that date, called sub-GLE events. How-
ever, since they were very weak they are not of interest
for this study. All the GLEs, starting from number 5 are
archived at the International GLE database http://gle.
oulu.fi (Usoskin et al., 2015).

A NM is an energy-integrated device which cannot mea-
sure the differential energy spectrum of primary cosmic-ray
particles. However, for many applications it is important to
know the spectrum. The use of the world-wide NM net-
work makes it possible to assess the integral spectrum,
but still an assumption on the spectra shape is needed. First
descriptions were based on the assumption that a GLE
spectrum can be described by an exponential over rigidity
(Freier and Webber, 1963) or a power law with an expo-
nential roll-off (Ellison and Ramaty, 1985). However, these
simple approximations often do not work well, especially
for high energies above several GeV (Shea and Smart,
2012). As an alternative, the Band-function (Band et al.,
1993) was proposed as a suitable model to parameterize
the event-integrated fluence (Tylka and Dietrich, 2009).
The Band-function describes the integral rigidity spectrum
by a double power law in rigidity with a smooth exponen-
tial junction inbetween (Usoskin et al., 2011). This approx-
imation describes the integral spectrum by a double power
law in rigidity with a smooth roll over in-between. A
tremendous work has been performed by Tylka and
Dietrich (2008, 2009) to make a Band-function fit to almost
all (59) GLE events, using both NM data for high-energy
tail and in-situ space-borne measurements for the lower
part of the spectrum. We based our present analysis on
the result of this extensive work, updated recently (Allan
Tylka, personal communication 2015).

The most distinctive feature of GLE events is the hard-
ness of their energy/rigidity spectra (Shea and Smart,
2000). As a measure of the intensity of a SEP event, the
event-integrated fluence of SEPs with energy above
30 MeV is often used. Although it is intuitively expected
that all GLE events should have a hard spectrum, that is
not true. For example, GLE 24 (Aug 1972) was moderately
strong but it provided the largest fluence (omnidirectional
flux integrated over the total duration of the event) of SEPs
with energy above 30 MeV (called henceforth F 30), greater
than that of the strongest GLE 5 in February 1956 (Belov
et al., 2005). The former event had a very soft spectrum,
while the latter – a very hard one. All other GLEs have a
wide variety of spectra between these two cases. We note
that, while ground based NMs are sensitive to relatively
high energy part of the SEP spectrum, for many applica-
tion in atmospheric sciences, climate, dosimetry, etc., it is
important to know the fluence of lower energy particles,
with energy above 30 MeV, F 30. In particular, strong SEP
events can lead to essential changes in the polar atmo-
sphere and even affect regional climate (see, e.g.,
Mironova et al., 2015).

Over the last decades, the lower-energy part of the SEP
spectrum, which cannot be assessed by NMs, was evalu-
ated from satellite-borne data (Vainio et al., 2009;
Bazilevskaya et al., 2014). On the other hand, when one
goes back in time, strong SEP/GLE events can be esti-
mated from indirect proxies – cosmogenic radionuclides
produced by cosmic rays in the atmosphere and stored in
natural archives, such as tree trunks or ice cores (Beer
et al., 2012). Looking for spikes in cosmogenic data, one
may find extreme SEP events in the past (e.g., Miyake
et al., 2012; Usoskin and Kovaltsov, 2012). It has been
recently estimated that production of cosmogenic nuclides
can be used as a measure of SEP fluence with energy above
200 MeV, called F 200 (Kovaltsov et al., 2014). However,
while cosmogenic proxy are somewhat more sensitive to
SEP comparing to the ground-based NMs, they are still
incapable to evaluate the low-energy range of the SEP spec-
trum, which is most important for atmospheric processes,
viz. F 30. Accordingly, it would be useful to know wether
GLE data can provide at least a first order estimate for
the low-energy fluence of SEP when the higher-energy flu-
ence F 200 is known.

Different aspects of the GLE event statistic have been
studied earlier (see, e.g. Cliver, 2006; Belov et al., 2010).
Here we perform a statistical analysis searching for a rela-
tion between the event-integrated intensity of GLE events
and the hardness of their spectra, using the full database
of GLEs for the last 60 years.

2. Analysis

2.1. GLE strength

It is common to characterize the strength of a GLE as
the peak intensity in percentage of the increase above the
GCR background (e.g., Andriopoulou et al., 2011). For
example, the event of 23-Feb-1956 (GLE 5) was character-
ized by the highest 5116% increase in pseudo1 5-min data of
the Leeds NM. However, for some purposes it is more use-
ful to study the integral intensity of the events, so that the
same GLE 5 had the largest increase of �5300 %*h in
Ottawa NM, while it was 4450 %*h in Leeds station (see
Fig. 1). The event-integrated intensity I is defined as the
integral of the excess above the GCR background over
the entire duration of the event (see the shaded area in
Fig. 1) and is given here in units of %*h. It corresponds
to the total fluence of SEPs with energy sufficient to cause
an atmospheric cascade (several hundred MeV). We note
that, while the peak intensity is important for the problem
related to particle acceleration and transport in the inter-
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Fig. 1. Percentage increase measured by two NMs, Leeds and Ottawa,
during the GLE 5. While Leeds NM registered the highest peak increase
(5116% in pseudo 5-min data), Ottawa NM detected the most intense
integral response (5300 %*h).

Table 1
Parameters of the studied GLE events. The columns provide: GLE
number and date, the GLE strength (event-integrated intensity), the ratio
of F 30=F 200, and the number of polar sea-level NMs used to calculate the
strength I (see text for details).

GLE Date I (%*h) F 30=F 200 N

5 23-Feb-1956 5202 ± 104 11.0 ± 2.1 2
8 04-May-1960 58 ± 14 8.6 ± 1.9 9
10 12-Nov-1960 677 ± 25 44.7 ± 8.4 14
11 15-Nov-1960 552 ± 106 51.0 ± 10.0 15
13 18-Jul-1961 51 ± 5 42.9 ± 12.5 13
16 28-Jan-1967 110 ± 3 18.1 ± 5.5 19
19 18-Nov-1968 6 ± 1 79.3 ± 22.3 15
21 30-Mar-1969 81 ± 7 18.6 ± 6.2 18
22 24-Jan-1971 25 ± 2 91.9 ± 23.1 20
23 01-Sep-1971 88 ± 6 17.8 ± 4.7 18
24 04-Aug-1972 35 ± 2 488.1 ± 118.2 16
25 07-Aug-1972 20 ± 2 87.8 ± 24.6 17
26 29-Apr-1973 6 ± 1 30.9 ± 10.2 12
27 30-Apr-1976 6 ± 1 36.0 ± 7.3 13
28 19-Sep-1977 4 ± 1 63.0 ± 13.2 9
29 24-Sep-1977 52 ± 8 17.1 ± 4.2 11
30 22-Nov-1977 37 ± 3 29.3 ± 6.7 12
31 07-May-1978 28 ± 7 31.4 ± 5.9 12
32 23-Sep-1978 24 ± 1 166.3 ± 51.6 13
36 12-Oct-1981 63 ± 4 130.9 ± 24.2 11
37 26-Nov-1982 16 ± 2 40.5 ± 8.4 11
38 08-Dec-1982 44 ± 3 48.6 ± 12.1 12
39 16-Feb-1984 16 ± 4 23.4 ± 4.4 13
41 16-Aug-1989 57 ± 3 54.6 ± 12.8 12
42 29-Sep-1989 1189 ± 60 41.5 ± 3.2 15
43 19-Oct-1989 411 ± 15 42.1 ± 4.2 13
44 22-Oct-1989 72 ± 5 61.8 ± 16.3 13
45 24-Oct-1989 576 ± 27 22.9 ± 6.0 13
46 15-Nov-1989 3 ± 0 15.5 ± 3.2 5
47 21-May-1990 33 ± 2 28.3 ± 8.0 14
48 24-May-1990 56 ± 4 18.9 ± 5.1 14
49 26-May-1990 27 ± 2 12.1 ± 2.7 13
52 15-Jun-1991 49 ± 4 44.1 ± 11.4 11
53 25-Jun-1992 5 ± 1 62.8 ± 12.9 10
55 06-Nov-1997 48 ± 2 40.0 ± 11.3 9
56 02-May-1998 4 ± 1 26.7 ± 5.7 4
59 14-Jul-2000 92 ± 5 79.5 ± 9.2 11
60 15-Apr-2001 170 ± 15 17.6 ± 4.2 13
61 18-Apr-2001 26 ± 4 32.0 ± 7.4 13
62 04-Nov-2001 14 ± 1 186.6 ± 7.9 11
63 26-Dec-2001 7 ± 2 51.7 ± 11.0 11
64 24-Aug-2002 8 ± 1 56.6 ± 13.0 11
65 28-Oct-2003 110 ± 7 125.6 ± 11.7 14
66 29-Oct-2003 36 ± 4 49.3 ± 3.3 14
67 02-Nov-2003 13 ± 3 100.6 ± 20.9 11
69 20-Jan-2005 385 ± 55 14.1 ± 2.7 14
70 13-Dec-2006 62 ± 4 26.1 ± 6.8 15
71 17-May-2012 10 ± 1 22.8 ± 5.5 11
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planetary medium, the total fluence is more relevant for the
terrestrial effect (Usoskin et al., 2011). Moreover, the inte-
gral intensity is much more robustly defined than the peak
intensity for the following reasons (e.g., Dorman, 2004):
the peak intensity may be distorted for greatest events by
the dead-time of the NM (for example, a NM with long
dead-time of 1.2 ms can lost �40% of counts for a
50-fold increase of the counting rate), but this is small
for the event-integrated intensity; the peak intensity
depends on the time resolution, while the intensity is
non-dependent on it; the peak intensity, especially at the
impulsive phase of the event may depend on exact location
of NM.

The values of I were computed for GLEs 5 throughout
71 using data collected at the International GLE database
http://gle.oulu.fi. The relative increase of GLE vs. the
GCR background depends on the local geomagnetic rigid-
ity cutoff and the altitude of the NM location. Here we con-
sider as the strength of the GLE, the value of I averaged
over 30 polar sea-level NMs, in order to consider a homo-
geneous response of the NM network to each event. For
each event we considered all the NMs with the geomagnetic
cutoff rigidity <1.5 GV and the altitude less than 200 m
above the sea level. The <1.5 GV limit is smooth because
of the long-term variations of the cutoff rigidity (Kudela
and Bobik, 2004). The list of GLEs with their strengths
and the number of the used NMs is given in Table 1. Typ-
ical values of I vary a few %*h to 5300 %*h. Events with
the values of I less than 3 %*h are not listed. We arbitrarily
divide events into weak (I < 100 %*h) and strong
(I > 100 %*h).
2.2. Energy spectrum

Here we used energy/rigidity spectra of each GLE event
as reconstructed by Tylka and Dietrich (2009) from
both satellite-borne and ground-based NM data and
updated using the newest data (Allan Tylka, personal
communication, 2015). The omnidirectional event-
integrated fluence for each event is parameterized using
the Band function, see formalism in (Tylka and Dietrich,
2009; Kovaltsov et al., 2014). For each event we computed,
using the spectrum reconstructions, the ratio of two
fluences, F 30 ¼ Jð> 30 MeVÞ and F 200 ¼ Jð> 200 MeVÞ,
which is listed in Table 1. The error bars of the ratio were
estimated from the propagated uncertainties of the Band-
function fits (Tylka and Dietrich, 2009). We note that the
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highest ratio of �480 appears for GLE 24, where the fit
appeared unphysical below 10 MeV, giving a spectrum ris-
ing in energy and therefore the parameters of the Band-
function fitting were estimated omitting the 10 MeV point
(Allan Tylka, personal communication, 2015). We also
note that the source region for GLE 24 was near the central
meridian. Accordingly, the event might have included a
lower-energy energetic storm particle (ESP) event, caused
by the CME-driven shock’s arrival at Earth. In this case,
the streaming-limit does not apply. For other near-central-
meridian events with clear ESP phases (19-Oct-1989,
24-Aug-1998, 14-Jul-2000, 4-Nov-2001, 28-Oct-2003)
Tylka and Dietrich (2009) provided separate fits for the
‘‘GLE” and ‘‘ESP” phases. We used the sum of the two
components to estimate the total fluence of SEP particles
for such events.

2.3. GLE 71 with PAMELA data

Here we perform a test of correctness of the Band-
function fit to the SEP spectrum using direct space-borne
measurements. For some GLEs during the last decade,
direct measurements of SEP energy spectra could have
been made with space-borne magnetic spectrometers such
as PAMELA (Payload for Antimatter Matter Exploration
and Light-nuclei Astrophysics) mission (Adriani et al.,
2011a), installed onboard the low orbiting satellite
Resurs-DK1 with a quasi-polar (inclination 70�) elliptical
orbit (height 350–600 km). PAMELA is in operation since
Summer 2006 and continuously measures all energetic
(>80 MeV) particles in space. Thus, it could potentially
measure SEP spectra for two GLE events analyzed here,
viz. GLE 70 (13-Dec-2006) and 71 (17-May-2012). No
other events can be studied using direct spectral measure-
ments. If more events are measured they will be analyzed
in a due course. However, as any low orbiting satellite,
PAMELA can measure SEP only for a fraction of time,
when it is in the polar part of its orbit, since SEPs are
shielded by the geomagnetic field in the lower latitude part
of the orbit.

For the GLE 70 PAMELA detected only the initial
phase of the event, until about 10 UT of 13-Dec-2006, fol-
lowed by a nearly 24-h long data gap, making it impossible
to study the event-integrated fluence (Adriani et al., 2011b).

Measurements of GLE 71 were significantly better: spec-
tra were measured about 1=6 of the time, in the wide energy
range with roughly half an hour cadence (polar passes of
the orbit) (Bazilevskaya et al., 2013). Thus, the spectrum
can be interpolated between the measured points to evalu-
ate the total spectral fluence of the SEPs during the event.
The differential energy fluence of the GLE 71, as measured
by PAMELA and reconstructed from NMs, is shown in
Fig. 2. One can see that the two spectra agree quite well
in the energy range below 1 GeV, but the errors increase
for the PAMELA data beyond 1 GeV mostly because of
the uncertain contribution of GCR. We note that
PAMELA data were not used in the construction of the
Band-function fit for this event. Unfortunately, the
PAMELA spectrum does not go down to 30 MeV, and
we cannot obtain the F 30 fluence directly from this data,
but considering the lower bound of the energy range for
PAMELA data (about 80 MeV), we can assess the ratio
of F 80=F 200. It appears 6:15� 0:9 for direct PAMELA data
and 6:02� 1:38 for the parameterized spectrum.

Accordingly, we conclude that the Band-function
parametrization used here is in good agreement with direct
measurements of SEPs for the only event, GLE 71, where
such a comparison is possible.
3. Discussion

We show in Fig. 3 the F 30=F 200 ratio as a function of the
GLE strength for the analyzed events. One can see that for
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weak GLE events (I < 100 %*h) the ratio takes a wide
range of values, from 10 to 200 (even more for the GLE
24). This implies that these GLEs can be with different
hardness of the spectrum – from very hard to very soft.
Interestingly, very weak GLEs (I < 10 %*h) are harder
than moderate events (10 < I < 100 %*h). On the other
hand, all strong events (I > 100 %*h) are characterized
by a hard spectrum – the ratio is limited to the range
20–50. The greatest GLE 5 has a ratio of about ten,
implying a very hard spectrum.

Fig. 4 depicts the two fluences as function of the GLE
strength. The F 30 fluence (panel A), while increasing with
I, shows only insignificant correlation (correlation coeffi-
cient 0:16� 0:15). Interestingly, except for GLE 24 (see
Section 2.2), the F 30 fluence does not exceed the value of

3 � 109 particles/cm2. This may be related to a saturation,
e.g., the streaming limit (Reames and Ng, 2010; Reames,
2013) caused by a possible resonance interaction between
the particle flux and the plasma waves at the interplanetary
shock so that there is a limit for the flux of SEPs acceler-
ated at one instance. We note that our empirical limit is
close to a realistic maximum F 30 fluence related to the
streaming limit, estimated by McCracken et al. (2001) as
(6–8) � 109 cm�2.

On the other hand, the F 200 fluence (panel B) varies
almost linearly with the value of I, having a Pearson’s lin-

ear correlation coefficient to be 0:87þ0:03
�0:04. We note that the

best correlation (0:988þ0:003
�0:004) is obtained between the GLE
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Fig. 4. Fluences F 30, F 200 and F 800 (panels A through C, respectively) as a
function of the GLE strength I .
strength I and fluence F 800 (panel C), viz. above
800 MeV. The F 200 fluence shows no sign of saturation,
probably, because the 200 MeV protons do not reach the
streaming limit because of the falling spectrum. Accord-
ingly, this may lead to ‘hardening’ of the SEP spectrum
for strong events so that F 200 continues to increase with
the event strength, while F 30 is saturated at the level of
(6–8) � 109 particles per cm2. The expected in this case ratio

6 � 109=F 200 is shown in Fig. 5 as the red dotted line. One
can see that it agrees with the observed ‘hardening’ of the
spectrum. Although such a saturation was not directly
observed for the F 200 fluence, it may likely reach the
streaming limit for extreme events, such as the one of 775
AD, which is recognized as the strongest SEP event over
the last millennia (Usoskin and Kovaltsov, 2012;
Mekhaldi et al., 2015).

Thus, for the strongest events, the higher-energy tail of
the spectrum may increase while the lower-energy part of
the spectrum is saturated, leading to the observed harden-
ing of the spectrum.
4. Summary

We studied here the energy spectra of 59 out of 71 GLEs
for which there are reconstructions of the event-integrated
spectra in the form of Band-functions in a wide energy
range. Using the direct space-borne PAMELA data for
GLE 71 (17-May-2012) we confirmed in Section 2.2 the
use of the Band-function reconstructions. As the strength
of each GLE event we considered the event-integrated
response of polar sea-level NMs to SEP, above the GCR
background. As a measure of the hardness of the energy
spectrum we considered the ratio of F 30=F 200.

We have shown that all the strong GLE events (the
strength I > 100 %*h) are characterized by a hard spec-
trum with the F 30=F 200 ratio being 10–50. Moreover, there
seems to be a saturation, most likely due to the streaming
limit, of the F 30 fluence at the level of (6–8) � 109



786 E. Asvestari et al. / Advances in Space Research 60 (2017) 781–787
particle/cm2 so that it does not exceed this level with
increasing the strength of the event. This implies that stron-
gest GLE-like events have very hard spectrum in the energy
range below several hundred MeV, and that we do not
expect to see an extreme GLE event with a soft spectrum
in the energy range of tens-hundreds MeV.

This has a practical application for historical SEP events
studied using cosmogenic isotope records (e.g., Usoskin
and Kovaltsov, 2012). As discussed by Kovaltsov et al.
(2014), cosmogenic isotope data allows reconstructions of
the F 200 while a lower-energy range (several tens of MeV)
is important for terrestrial effects (ionization of the polar
atmosphere or radiation hazards). Accordingly, it is a rea-
sonable assumption that all strong SEP events identified in
cosmogenic isotope data, such as the famous event of 775
AD, which was the strongest know over ten millennia
(Miyake et al., 2012; Usoskin et al., 2013) have very hard
spectra (cf., Mekhaldi et al., 2015).
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