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Abstract

In this work we analyze the ground-level enhancement of the cosmic-ray intensity due to solar energetic particles as observed on 29
September 1989, by using two pairs of standard and lead-free neutron monitors. This enables one to separate spectral and anisotropy
effects. This has been done previously by several authors for other events, but in this paper we make use of the large size and long dura-
tion of this event, as well as the fact that it is perhaps the best-observed one in the whole data base since 1942. It is shown that the method
is more sensitive than the standard method that uses neutron monitors at different locations. The analysis provides a prototype for what
can potentially be achieved by a new generation of mini neutron monitors.
� 2015 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Ground-level enhancements are the most energetic solar
particle events observed at Earth. In the 73 years since
1942, 71 of them were registered, mainly by neutron mon-
itors. Many studies have been done using the available data
(see, e.g., Shea and Smart, 1994; Miroshnichenko et al.,
2000; McCracken et al., 2012).

Recently, Moraal and Caballero-Lopez (2014) analyzed
GLE 42 of 29 September 1989 using all available data
(from more than 50 neutron monitors), and inferred the
spectral shape of the solar cosmic-ray spectrum during this
event. These authors also compared the temporal profile of
this GLE with GLE 69 of 20 January 2005.

A distinctive feature of a GLE relative to the intensity
of galactic cosmic rays is its anisotropy, which depends on

the nature of the source that produced the particles, and
on the propagation characteristics. This anisotropy can
mask the spectral shape of the intensity. Therefore, if
one compares the increases observed by two neutron mon-
itors, the anisotropy must first be subtracted before spec-
tral information can be inferred. This procedure can be
done by the fitting technique developed by Ruffolo et al.
(2006), in which the axis of symmetry of the event is deter-
mined from a network of neutron monitors with the same
spectral sensitivity, so that the differences are solely due to
anisotropy effects.

The method does have its uncertainties and limited res-
olution. Therefore, alternative techniques have been
employed where the anisotropy effect is less important for
the determination of the spectral shape. For example, if
one analyzes a GLE based on data from two very nearby
stations at different altitudes they have different spectral
sensitivity, but it is likely that their asymptotic cones are
so near to one another that the anisotropy effect will be
small. In this way De Koning (1994) analyzed three pairs
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of nearby mountain–sea level stations to obtain the spectral
power-law index for GLE 42.

Even this method has limited accuracy due to the fact
that nearby detectors are still subject to different atmo-
spheric and environmental conditions, which affects their
spectral sensitivity, in particular their short-term fluctua-
tions which causes a noisy signal.

A third method to separate the anisotropy effects from
the spectral sensitivity is to employ the ratio of increase
of two cosmic-ray detectors with different rigidity response
functions, but in the same location, literally in the same
building or enclosure. In the case of a pair of neutron mon-
itors, this eliminates all pressure, temperature and other
environmental uncertainties, and the need for their correc-
tion. Hence, the method is much more sensitive to small
anisotropies. This is the case for lead-free neutron monitors
(LFNM) alongside standard NM64 neutron monitors as at
the South Pole and Sanae stations. The Sanae LFNM was
installed in 1971. Several studies have used this approach,
such as Stoker (1981), Bieber and Evenson (1991), Bieber
et al. (2013) and Moraal and Caballero-Lopez (2014).
The Moraal and Caballero-Lopez study was for GLE 42
on 29 September 1989, and its distinguishing feature was
that it was so large (up to 300% increase), that it was
long-lived, and perhaps the best-observed GLE in the
entire data base. Hence it serves as the best example for a
case of study to demonstrate the sensitivity of the method,
and it provides a guideline for how to employ mini neutron
monitors (Krüger et al., 2008; Krüger and Moraal, 2010;
Aiemsa et al., 2015) with different spectral sensitivity in
future for this analysis.

The basic data set, as observed by the pairs of neutron
monitors at South Pole and at Sanae, is shown in Fig. 1.
The overall characteristics are: (1) The South Pole increases
are larger than those at Sanae, which is due to the fact that
South Pole is at 2820 m altitude, while Sanae is at 856 m.

(2) The LFNMs show a larger increase than the NM64
NMs, because they are more sensitive to lower energy par-
ticles (see, e.g., Fig. 20 of Moraal and Caballero-Lopez,
2014). (3) The statistical fluctuations (noisiness of the lines)
reflects the counting rates of the individual counters. The
large excursions on the South Pole detectors, which are
absent at Sanae are analyzed in this paper. Fig. 2 shows
the ratios of these pairs of detectors. It shows that, despite
significant statistical fluctuations, from about 16:20
onwards the ratio of the Sanae detectors is persistently
lower than for South Pole. The Sanae ratio also contains
significant fluctuations that are absent at South Pole. We
interpret this in terms of small anisotropy effects.

2. Counting rate and anisotropy analysis

Following the standard procedure of many previous
papers (e.g., Shea and Smart, 1982; Humble et al., 1991;
Duldig et al., 1993), the counting rate of a detector due
to solar energetic particles arriving at the top of the atmo-
sphere, can be written as:

NsðPc; x; t;~aÞ ¼
Z 1

Pc

SðP ; xÞF ðtÞAð~a; PÞjsðP ; tÞdP ; ð1Þ

where:
~a is the unit vector from which particles arrive at the

detector, F ðtÞ is the temporal injection profile of solar par-
ticles, jsðP ; tÞ is the primary spectrum (as function of rigid-
ity, P, and time) and Að~a; P Þ is the angular dependence of
solar flux arriving at Earth (anisotropy), which is a func-
tion of the central angle, a, between the axis of symmetry
of the arriving particle distribution and the asymptotic
cone of acceptance for each neutron monitor. We note that
a can be function of P due to different amounts of geomag-
netic bending.
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Fig. 1. Fractional increases observed at South Pole and Sanae stations
during GLE 42 of 29 September 1989.
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Fig. 2. Ratio of the fractional increases observed with LFNMs with
respect to NM64s at South Pole and Sanae stations during GLE 42 of 29
September 1989.
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