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Abstract— The solar cosmic ray Ground Level Enhancement
(GLE) on January 20, 2005, is ranked among the largest in fifty
years, with gigantic count rate increases by factors of more than
50 at the south polar neutron monitor stations. At the ICRC 2005
in Pune, India, many contributions dealt with this outstanding
solar event. At that time not all observational data were available,
e.g. the measurements of the neutron monitor station Terre
Adelie. Because Terre Adelie, located in the south polar region,
also observed a giant increase of 4’500%, its data are of key
importance in the analysis of this GLE. We re-evaluated the
characteristics of the solar particle flux near Earth by including
the updated data records. The paper presents an update of the
analysis.

I. INTRODUCTION

Between January 15 and 20, 2005, the solar active region
NOAA 10720 produced five powerful solar flares. In associ-
ation with this major solar activity several pronounced varia-
tions in the ground-level cosmic ray intensity were observed.
After a sudden storm commencement (ssc) on January 17,
2005, at 0748 UT the worldwide network of neutron monitors
(NM) recorded a Forbush decrease (Fd). Three days later, on
January 20, 2005, i.e. still during the Fd, NOAA AR 10720
produced its fifth flare, an X7.1 solar burst with onset time
at 0636 UT and peak time at 0952 UT. The flare position
on the Sun was at 14◦N, 67◦W near the west limb, and
therefore the Earth was well connected to the flare site along
the heliospheric magnetic field (HMF) lines. Less than 15
minutes after the observation of the X-ray flare onset, the
first relativistic solar particles arrived near Earth and a solar
cosmic ray ground level enhancement (GLE) was recorded by
the worldwide network of NM stations. This GLE is ranked
among the largest in years with gigantic count rate increases
at the south polar NM stations: McMurdo (almost 3000 %),
South Pole (more than 5000 %), and Terre Adelie (more than
4500 %).

As a result of these gigantic increases many groups in-
vestigated the event and many contributions were presented
at the last ICRC in Pune. However, at the time of the Pune
conference not all observation data were available, e.g. the data
of the south polar station Terre Adelie. Its location makes Terre
Adelie a key station in the analysis of this event. Including the
updated data records we re-evaluated the characteristics of the
solar particle flux near Earth. For this analysis the data of 44
neutron monitor stations were available.

In this paper we present the results of the re-evaluation of
the neutron monitor data and discuss specific critical aspects
of the analysis.

II. MEASUREMENTS

Fig. 1 shows the GLE on January 20, 2005, as observed
by the NMs at South Pole, Terre Adelie, Inuvik, Barentsburg,
and Jungfraujoch during the time interval 0600 – 0900 UT.
The data of the NM station Terre Adelie shows a similar fast
increase in the count rate as of the South Pole NM station,
but with a faster decrease. The onset time of the south polar
NM stations was at ∼0648 UT. This is 2–7 minutes before the
onset times of the other NM stations of the worldwide network.
This difference in onset times implies a very anisotropic solar
cosmic ray flux near Earth during the initial phase of the
event. The maximum count rate at the south polar stations
was reached quickly (only 5–7 minutes after the onset),
whereas most of the other NM stations had the first maximum
between 0700–0710 UT. The NM stations Fort Smith, Irkutsk,
Jungfraujoch, Lomnický Štı́t, Newark, Novosibirsk, and Sanae
showed in addition a significant preincrease before 0657 UT.
After the first maximum many NM stations (e.g. Barentsburg)
observed a second peak that was longer in duration than the
first one. The north polar stations Barentsburg and Thule
did not reach their maximum in the counting rate before
∼0730 UT. This illustrates clearly the complexity of this event.
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Fig. 1. Relative neutron monitor count rates for January 20, 2005, 0600–
0900 UT.



III. ANALYSIS OF NEUTRON MONITOR DATA

Measurements of solar protons by NMs during solar flares
are essential in understanding the acceleration of protons at or
near the Sun and the transport processes of the solar cosmic
rays in the heliosphere. However, great care must be taken in
the analysis of the NM data to deduce the GLE parameters, i.e.
apparent source position, pitch angle distribution, and rigidity
spectrum of the protons near Earth.

The solar proton flux in interplanetary space is usually taken
to be approximately symmetrical with respect to the HMF
direction. According to the method by Smart et al. [1] and
Debrunner and Lockwood [2], the response of a NM at sea
level to the anisotropic solar protons within a small angle about
the vertical direction of incidence at the top of the atmosphere
as a function of time, ∆N(t), can be expressed by

∆N(t) =
∞∑

Pc

S(P )I(P, t)F (δ(P ), t)∆P (1)

where
∆N(t) is the increase in the count rate due to

solar protons measured in units of the
average count rate of the same type of NM
located at the equator and at sea level

Pc, P are the effective vertical geomagnetic
cutoff rigidity and the particle rigidity,
respectively

S(P ) is the specific yield function [3]

I(P, t) is the solar particle intensity in interplan-
etary space near Earth

F (δ(P ), t) is the pitch angle distribution of solar
particles

δ(P ) is the angular distance between the arrival
direction of vertical incidence at the spe-
cific NM location outside the geomagne-
tosphere (asymptotic direction) and direc-
tion of the apparent source position (≈ the
direction of the HMF near Earth)

For the solar particle intensity near Earth, a power-law
dependence on rigidity was adopted:

I(P, t) = A(t) · P−γ(t)P (2)

Using a trial and error procedure, the apparent source
position and the functions I(P, t) and F (δ(P ), t) can be deter-
mined by minimizing the differences between the calculated
and the observed NM increases, ∆N(t), for the selected set
of NM data.

For the evaluation of the asymptotic directions, i.e. the
directions of incidence of cosmic ray particles outside the
magnetosphere, and the cutoff rigidities for each NM location
including effects of local time position and geomagnetic
activity, the GEANT4 program MAGNETOCOSMICS [4] was
used. The geomagnetic field was specified by the IGRF 10th

generation (valid for 1900.0-2010.0) [5] for the internal field
and by the Tsyganenko89 magnetic field model [6] for the
magnetic field caused by external sources.

For the correction of high altitude NM data to sea level, Mc-
Cracken [7] proposed a method with two attenuation lengths
for galactic cosmic rays, λg, and for the solar cosmic ray
component, λs. McCracken found that for NM stations at
high latitude and for a typical solar cosmic ray spectrum the
attenuation for solar cosmic ray particles, λs, is ∼100 g/cm2

(λg ∼ 140 g/cm2). During the GLE on January 20, 2005, the
spectrum was extremely hard during the onset and afterwards
became very soft. Therefore λs was probably >100 g/cm2

during the first minutes of the event and λs <100 g/cm2 soon
after the onset. For the South Pole NM station (2820 m asl)
the relative count rate increase corrected to sea level would
change by ∼40% if λs = 90 g/cm2 is used instead of λs =
100 g/cm2. Due to this great uncertainty in the correction of
high altitude NM data to sea level, we did not include the
data of mountain NMs in our analysis to determine the GLE
parameters.

The result of the GLE analysis by using the data of the
worldwide NM network is highly dependent on the accuracy
of the specific yield function that accounts for the shower of
secondary cosmic ray particles in the Earth’s atmosphere and
the detection of the secondary nucleons by a NM. In Fig. 2 the
differential response functions of a sea level NM for vertical
incidence are plotted as a function of rigidity for different
spectral indices γ. The response function is determined by
folding the yield function with the appropriate cosmic ray
spectra. From Fig. 2 it is evident that small changes in the
effective cutoff rigidity around the maximum of the response
function can considerably affect the count rate of a NM e.g.
when Pc ∼ 1–2 GV and γ ∼ 7. An inaccuracy in the
asymptotic directions in the rigidity range around 1–2 GV will
have a strong influence on the calculated count rate increase
mainly when the solar cosmic ray flux is very anisotropic and
when the greatest fraction of the contribution to the count rate
of the NM is around 1–2 GV.

Fig. 2. Response functions, dN/dP , for vertical incidence of a sea level
NM as a function of rigidity for different solar cosmic ray proton spectra.
The spectra are represented by a power-law function with spectral index γ.

Fig. 3 shows a world map with the asymptotic directions of
cosmic ray particles with vertical incidence at the NM stations



Fig. 3. World map with asymptotic directions at the magnetopause for cosmic ray particles with vertical incidence at the NM stations: Kiel, Larc, Moscow,
Newark, Oulu, and Yakutsk for the time interval 0653-0655 UT on January 20, 2005. Plotted are only the asymptotic directions in the rigidity band 3.0 GV
down to the main cutoff. x: Indicates the apparent source position. The contours for angular distances from this source position are plotted for 30◦, 60◦, and
90◦. ∆: Indicates the direction of the HMF near Earth as based on the ACE measurements.

Kiel, Larc, Moscow, Newark, Oulu, and Yakutsk for the time
0654 UT. The average apparent source position during the
initial and main phase of the event is also indicated, and
contours are drawn for angular distances of 30◦, 60◦, and
90◦ from the apparent source position. In the analysis of
the GLE on January 20, 2005, the NM stations displayed in
Fig. 3 often show a larger difference between the observed
relative count rate increase, ∆Nobs, and the calculated relative
count rate increase, ∆Ncalc, than the other NM stations used
in the analysis. As can be seen from Fig. 3, the asymptotic
directions of these NM stations run close along the contour
line for angular distance 90◦. During the initial phase of a
GLE it can be expected that the solar cosmic ray particles
arrive only from the forward direction, i.e. pitch angle ≤90◦.
For the NM stations shown in Fig. 3, a change in the apparent
source position or uncertainty in the asymptotic directions can
therefore be crucial for ∆Ncalc. Moreover, most of these NM
stations have a cutoff rigidity close to 2 GV.

For the determination of ∆Ncalc in this analysis, only
solar cosmic ray particles with vertical incidence at the NM
location have been considered. However, the contribution of
off-vertical flux at the top of the atmosphere can be important
for NM stations at low latitudes and during GLEs with a hard
solar cosmic ray spectrum. Fig. 4 shows the angles between
the asymptotic directions and the direction of anisotropy in
function of rigidity for the Kiel NM station for January 20,
2005, 0753–0755 UT for vertical direction of incidence and
for directions of incidence with zenith angle 30◦ and azimuth
angles 0◦, 90◦, 180◦, and 270◦. For the Kiel NM there is
a clear difference between the asymptotic directions for the
off-vertical and for the vertical directions of incidence at low
rigidities, i.e. near the maximum of the response function for
vertical incidence.

Kudela et al. [8] investigated the influence of different
geomagnetic field models in the determination of the low
energy cosmic ray transmissivity through the magnetosphere

and the asymptotic directions during enhanced geomagnetic
activity levels. The results of this analysis showed quite a
large geomagnetic field model dependence on the asymptotic
directions during times with a strongly disturbed magneto-
sphere. During the GLE on January 20, 2005, the geomagnetic
disturbance index Kp was 2, i.e. the geomagnetosphere was
only weakly disturbed.

A further influence on the results of the analysis can be
the effect of the magnetosheath on the asymptotic directions.
However, our investigations [9] show no significant effect on
the results for the GLE on January 20, 2005.

Fig. 4. Angle between asymptotic direction and the direction of anisotropy
in function of rigidity for the Kiel NM station for January 20, 2005, 0754 UT.
Black line: Vertical direction of incidence. Grey lines: Direction of incidence
with zenith angle 30◦ and azimuth 0◦, 90◦, 180◦, and 270◦. Dotted line:
Angular distance 90◦ from direction of anisotropy.

As an example of the results obtained according to our
procedure, Fig. 5 shows ∆Ncalc versus ∆Nobs in the time
interval 0653–0655 UT. In this time interval, as well as during
the initial and the main phase, the difference ∆Nobs−∆Ncalc

of the NM stations Kiel, Larc, Moscow, and Newark was
clearly positive. The NM stations Inuvik and Oulu showed
the same trend, but here this effect was less pronounced.
On the other hand the two NM stations Thule and Yakutsk
had a negative ∆Nobs − ∆Ncalc. The NM station Norilsk



showed both behaviors: intervals where ∆Nobs > ∆Ncalc and
intervals where ∆Nobs < ∆Ncalc.

Fig. 5. Calculated relative count rate increase vs. observed relative increase
of the NM stations during the GLE on January 20, 2005, for the time interval
0653–0655 UT.

Lockwood et al. [10] proposed a method of determining
the solar cosmic ray spectrum by using the data of two NM
stations as close as possible in location but with different
altitudes. However, this method is advisable only for a pair of
NM stations at high latitude as the yield functions of a high
altitude and a sea level NM differ mainly at low rigidities.
In Fig. 3 of [10] the spectral index of a solar proton power-
law rigidity spectrum is plotted in function of the ratio of
the relative count rate increases for the Mt. Washington and
Durham NM stations. In the context of this work we also
determined the spectral index with this method.

IV. RESULTS

The results of the GLE analysis using NM data are sum-
marized in the Figs. 6–8. Fig. 6 shows the apparent source
position and the direction of the HMF in function of time.
As the cosmic ray particles are expected to follow the field
lines of the HMF, the apparent source position should be
close to the HMF direction near Earth. In the initial and
the main phase, the apparent source was close to the HMF
direction. Later during the event the computed apparent source
differs more from the HMF direction. As the cosmic ray flux
becomes more and more isotropic, the determination of the
apparent source position becomes more difficult and therefore
inaccurate. The decreasing anisotropy can be seen from Fig. 7,
which shows the pitch angle distribution for the initial phase

(0649–0653 UT), the main phase (0655–0701 UT), and the
decay phase (0715–0800 UT). The amplitude, A, and the
spectral indices, γ, of the solar particle intensity near Earth
are plotted in function of time in Fig. 8. The spectrum of the
solar cosmic ray flux was extremely hard immediately after the
onset (0649–0651 UT). This is due to the fact that the most
energetic cosmic ray particles arrive at Earth before the less
energetic particles. However already in the next time interval
(0651–0653 UT) and the following ∼10 minutes, the rigidity
spectrum became very soft. After 0700 UT the spectrum again
became somewhat harder according to our analysis. In Fig. 8
the spectral indices derived by the method of Lockwood et al.
[10] are also plotted. During the initial and the main phase, the
spectral indices derived from the two analysis methods seem
to be equivalent, whereas during the decay phase the spectrum
derived by the method of Lockwood et al. [10] is somewhat
softer. It must be mentioned that Lockwood et al. limited their
method to spectral indices in the range from 3 to 7. Zazyan
and Chilingarian [11] obtained a spectral index of ∼5 with
the method of Lockwood et al. [10] by using the NM data
of the stations at Mt. Aragats and at Nor Amberd during the
maximum increase at these locations at 0715 UT. The spectral
indices determined by Bieber et al. [12] during the GLE using
the data of the two NMs at South Pole show a similar time
evolution during the event as in our investigations. However,
the spectrum by Bieber et al. [12] is clearly harder. Plainaki et
al. [13] also determined the GLE parameters during this event
by using the data of 41 NM stations of the worldwide network.
The development in time of the spectral index in their analysis
is almost identical to the results presented in this work.

06:30 06:45 07:00 07:15 07:30 07:45 08:00
20 January 2005 [UT]

180

210

240

270

300

330

360

ge
og

r.
 L

on
gi

tu
de

-90

-75

-60

-45

-30

-15

0

ge
og

r.
 L

at
itu

de

Apparent Source
HMF
Apparent Source
HMF

Fig. 6. Apparent source positions and direction of the HMF (dotted lines)
vs. time.

V. CONCLUSIONS

On January 20, 2005, almost at the end of the solar cycle
23, a giant solar cosmic ray GLE was observed by the
worldwide network of NMs. As for several previous major
GLEs, this event also occurred during a Fd. Because the
measurements of the worldwide network showed significant
differences in the intensity-time profiles, the determination of
the GLE parameters has proved rather difficult. The initial
pulse appears to be a pencil beam of particles, although soon
after the start of the event a bi-directional flux was also
present. The rigidity spectrum changed from very hard at the
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Fig. 8. Parameters of the solar particle rigidity spectrum vs. time. Amplitude
A (top) and spectral indices γ (bottom) for the assumed power law in rigidity.

beginning of the GLE to a very soft spectrum within ∼10
minutes. However, it seems that after 0700 UT the spectrum
was again somewhat harder. This may indicate a possible
second population of solar cosmic rays in a second phase of
the event [14]–[16]. In Figure 9 the directional solar proton
flux, J‖, in the presumed source direction, is plotted for the
initial, the main, and the decay phases in the energy range
>1 GeV from this analysis of the NM data, and in the range
15–500 MeV from measurements by the GOES-11 satellite.
The solar cosmic ray spectra obtained by the NM data and by
GOES-11 are consistent in the intensity; however there is a
clear difference in the slope of the spectra of the two energy
ranges.

Fig. 9. Solar cosmic ray spectra (J‖) near Earth during initial, main, and
decay phases of the GLE on January 20, 2005. Energy range 15 MeV–
500 MeV by GOES-11 satellite. Energy range >1000 MeV from GLE analysis
of neutron monitor data.
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