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Abstract—The most energetic particles accelerated in solar eruptive events are protons and nuclei with
energies that may reach a few tens of GeV. They can be detected on the Earth through the secondaries they
produce when interacting with the atmosphere. Solar energetic particle events where this happens are called
Ground-Level Enhancements (GLEs). Their study is relevant on the one hand because the high particle
energies pose particularly strong challenges to the understanding of the acceleration processes. On the other
hand, the secondary particles constitute a source of radiation in the atmosphere that may temporarily exceed
the permanent dose rate from galactic cosmic rays. This makes the monitoring of radiation doses received by
aircrew from GLEs one issue of space weather services for civil aviation. This study addresses the time
profiles of GLEs, in the search for commonalities that can be used to constrain models of acceleration
and propagation and to forecast the evolution of an ongoing event. We investigate historical GLEs
(1971-2012) with the worldwide network of neutron monitors, comparing the rise and the decay as observed
by the neutron monitor with the strongest response. The sample comprises 23 events. We evaluate statistical
correlations between rise time and decay time inferred from fits to the time profiles and compute a nor-
malised median GLE time profile. An empirical correlation reported in earlier work between the observed
rise times and decay times of the neutron monitor count rate profiles is confirmed. We find indications of a
statistical relationship between the rise times and the parent eruptive activity. We discuss ideas on the mech-
anisms behind the correlation of rise and decay times and on its usefulness for space weather services.

Keywords: Sun: particle emission / Solar-terrestrial relations / Space weather: radiation doses

1 Introduction (Biitikofer, 2018). These relativistic nucleons, called cosmic
rays, have either a galactic or a solar origin. Galactic cosmic
rays are registered at all times by neutron monitors, with slow
variations of their intensity over time induced by the varying
magnetic fields of the Sun and the Earth. On the other hand,
the contribution from relativistic solar protons is only seen dur-
ing rare events called ground-level enhancements or ground-
level events (GLEs). Seventy-three GLEs have been detected
between 1942 and 2021.

Besides their astrophysical interest, cosmic rays are relevant
to space weather, since the secondaries produced in the atmo-
sphere are the source of enhanced radiation doses at flight alti-
tudes. For this reason, the radiation doses received by aircrew
are monitored. A real-time space weather service was estab-
lished under the auspices of the International Civil Aviation
Organization (ICAO) in 2019, which among other space
weather disturbances covers the monitoring and real-time
“Corresponding author: 1udwig. klein@obspm. fr assessment of radiation doses.

The Sun accelerates electrons, protons, and ions to
suprathermal energies in a variety of transient events, ranging
from small flares to coronal mass ejections (CMEs). On rare
occasions, the particle energies become relativistic, which
means some GeV to a few tens of GeV for nucleons. These par-
ticles are of particular astrophysical interest because they chal-
lenge our understanding of the acceleration process.

Relativistic nucleons can be detected on the Earth through
the cascades of secondary particles that they trigger in the atmo-
sphere (reviews in Lopate, 2006; Belov et al., 2010). Neutron
monitors on the Earth are the standard equipment to measure
the cascades triggered by particles with energies above a few
hundred of MeV, depending on the geographical location
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The time profile of a GLE is usually simple, with a rise to
levels that were found to range from just above the galactic cos-
mic ray level to several tens of that level. The count rate rises
within a duration of a few minutes to several hours, and then
generally decays on longer time scales. Detailed studies of
GLE time profiles revealed a close correlation between the rise
time and the decay time, with a two to three times longer decay
than rise (Moraal et al., 2015; Strauss et al., 2017). But Moraal,
McCracken and coworkers (McCracken et al., 2008, 2012;
Moraal & McCracken, 2012) also found that in some cases, typ-
ically when the parent active region on the Sun was not too far
from the root of a Parker spiral through the Earth, rather impul-
sive and sometimes very strong initial peaks occurred with the
rise and initial decay on minute time-scales.

In this article, we re-visit the time profile of GLEs, in an
attempt to derive general features that could be used in space
weather applications. The relationship between decay time
and rise time established by Moraal et al. (2015) and Strauss
et al. (2017) is a hint that this should be possible. To this end
we present, after a short description of neutron monitor data
and their analysis in Section 2, the evaluation of a median
GLE time profile (Sect. 3) and a statistical analysis of rise
and decay times (Sect. 4). In Section 5, we search for statistical
relationships between the GLE times and the parent eruptive
solar activity. The results are discussed with respect to a phys-
ical interpretation and possible space weather applications in
Section 6.

2 Observations and data analysis

The time histories of neutron monitor count rates during his-
torical GLEs are publicly available at the GLE database at the
University of Oulu' and the Neutron Monitor Database
(NMDB) hosted by the University of Kiel>. The GLE database
has more events, but many historical GLEs were only observed
with a cadence of 5 min, while GLEs of solar cycle 23 onwards
are provided with 1-minute integration by NMDB. In the first
step of our analysis, we selected GLEs using time profiles with
5-minute integration.

Neutron monitor count rates depend on the mass of air
above the instrument, which determines the absorption of the
cascade triggered by the primary energetic particle (see Hatton,
1971; Biitikofer, 2018, and references therein). The count
rates, therefore, have to be corrected, and this is done for each
station by multiplying the raw count rate with a factor
exp ((P — P)/A), based on an empirically well-established lin-
ear correlation between the logarithm of the raw count rate and
the pressure P measured at the same time. The pressure P is the
average pressure determined at each neutron monitor station. To
compare the count rates of different neutron monitors, one has
to correct them to a common level, such as sea level. The quan-
tity 4, called the attenuation length, describes the absorption of
the cascade. Since the interaction of the primary particle with
the atmosphere is energy-dependent, the attenuation length
depends on the energy spectrum of the incoming energetic par-
ticles. The attenuation length used at each neutron monitor is
determined empirically from the correlation over long time

! https://gle.oulu.fi/
2 https://www.nmdb.eu

intervals (weeks and more) between the logarithm of the raw
count rate and the atmospheric pressure. It hence refers to the
galactic cosmic ray spectrum. The empirical values in use at
high-latitude stations range from 136 to 141 hPa in the southern
hemisphere and from 133 to 139 hPa in the northern hemi-
sphere’. It is well known that the energy spectra of GLEs are
steeper so that the attenuation length is shorter. Following
McCracken (1962) we correct the raw count rates of the individ-
ual neutron monitors to sea level, using the method of two atten-
uation lengths.

The galactic background is determined either as an aver-
age level before the GLE or by a linear or parabolic fit to the
count rate time histories before and after the GLEs, along the
procedure of Usoskin et al. (2020). The standard pressure
correction of each neutron monitor is used in this evaluation.
The fractional count rate increase at sea level due to the GLE

then reads
o[ ()

N, designates the total count rate before pressure correction,
the index G designates the galactic component, i.e. the back-
ground. The raw background count rates are recalculated from
the constant, linear or parabolic fit of the galactic background
determined from the data corrected for each neutron monitor.
P = 1013.25 hPa is the average pressure at sea level. The
attenuation length 4 is defined by

(2)
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McCracken (1962) gives the attenuation lengths Ag = 135 hPa
for the galactic contribution and Ag = 98.1 hPa for the GLE part
of the energetic particle spectrum. For a constant background,
equation (1) corresponds to equation 6.5 of Biitikofer (2018)
and to equation 11 of McCracken (1962). A constant solar
attenuation length does not capture the variety of spectral slopes
observed in the different GLEs. Duggal (1979) compiled values
in the range (98-104) hPa for nine GLEs, and Ahluwalia and
Xue (1993) evaluated 104 hPa for high-latitude neutron moni-
tors in the 1989 Sep 29 GLE, with a linear increase with
increasing vertical cutoff rigidity. In addition to variations
between GLEs, the energy spectrum and therefore the attenua-
tion length vary during a given GLE, which is not captured by
simple models. We use McCracken’s value as a standard param-
eter that should give a more realistic result for the solar compo-
nent than the use of the galactic attenuation length.

The time profiles of the count rates corrected to sea level are
examined, and the neutron monitor with the strongest peak
response is selected for further analysis, which is the one with
the closest viewing direction to the interplanetary magnetic
field. Only GLEs with peak fractional excess of at least 10%
above the background level are considered. The selected neu-
tron monitors and the GLE parameters are listed in Table 1.
These neutron monitors are usually at high latitudes, where
the low-energy cutoff of the energetic particle spectrum is deter-
mined by the atmospheric cutoff, rather than by the magnetic

3 https://www.nmdb.eu/station/ — click on the station name, then
Detailed station information.
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Table 1. GLEs used in the present study. All times are universal time.

Date (number)

Neutron monitor (cadence)

@

&)

Start time (threshold)

Start time (extrapolated)

Peak time (5 min)

2012 May 17 (71)
2006 Dec 13 (70)
2005 Jan 20 (69)
2003 Nov 02 (67)
2001 Apr 15 (60)
2000 Jul 14 (59)
1997 Nov 06 (55)
1991 Jun 15 (52)
1990 May 24 (48)
1990 May 21 (47)
1989 Nov 15 (46)
1989 Oct 24 (45)
1989 Oct 22 (44)
1989 Oct 19 (43)
1989 Sep 29 (42)
1989 Aug 16 (41)
1984 Feb 16 (39)
1982 Dec 07 (38)
1978 May 07 (31)
1977 Nov 22 (30)
1976 Apr 30 (27)
1971 Sep 01 (23)
1971 Jan 24 (22)

OULU (1 min)
OULU (1 min)
TERA (1 min)
MCMU (1 min)
NAIN (1 min)
THUL (5 min)
OULU (5 min)
TERA (5 min)
HBRT (1 min)
THUL (2 min)
TERA (1 min)
TERA (5 min)
MCMU (2 min)
TERA (5 min)
INVK (5 min)
CAPS (5 min)
SOPO (2 min)
KERG (5 min)
KERG (5 min)
GSBY (5 min)
INVK (5 min)
TXBY (5 min)
MCMU (2 min)

(3) ) (5)
01:59 01:43 + 6 min 02:09
02:51 02:50 £ 21 s 03:05
06:49 06:48 =1 06:55
17:32 17:26 = 2 min 17:47
13:57 13:56 = 24 s 14:32
10:32 - 10:40
12:32 12:10 = 6 min 13:15
08:42 08:41 £52s 09:20
21:04 21:02 £ 31 s 21:11
22:33 22:26 = 2 min 22:44
07:05 06:57 £ 8 min 07:11
18:27 18:22 £ 53 s 20:15
17:55 17:55+6s 18:06
13:17 13:13 £ 88 s 16:20
11:42 11:42 = 11 s 13:25
01:32 01:10 = 4 min 03:35
09:01 09:02+2s 09:12
23:52 - 24:00
03:32 - 03:40
10:12 10:07 + 39 s 10:35
21:22 - 21:35
20:07 19:48 + 6 min 22:15
23:35 23:33 £37 s 23:50

field of the Earth. Typical cutoff rigidities of the worldwide net-
work of neutron monitors have been evaluated by Shea and
Smart (2001). The atmospheric cutoff of 433 MeV (Mishev
& Poluianov, 2021) corresponds to a magnetic rigidity of 1.0
GV for protons. In some GLEs, the strongest response was
observed at sites with higher cutoff rigidity, such as Hobart
(1.9 GV) on 1990 May 24 and Kerguelen (1.1 GV) on 1978
May 07 and 1982 Dec 07. The GLEs on 2003 Oct 28 and 29
are not listed in Table 1, because they occurred on top of a com-
plex background that we could not determine satisfyingly.

3 A normalised GLE time profile

We first assess the common and particular aspects of GLEs
by constructing a normalised time profile. The onset time #; of
each GLE is evaluated in two ways. A GLE threshold is set to
be three standard deviations above the background. The first
estimate of the start time is the midpoint between the latest
instant where the count rate is below the GLE threshold and
the following instant. Even if individual count rates may have
exceeded the threshold before, they are not considered as part
of the GLE, because they are isolated points. This estimate of
the onset time is in column 3 of Table 1. The second estimate
is based on a linear fit to the logarithm of the count rate in
the early rise phase. This can in general only be computed for
GLEs observed with a time resolution of 1 or 2 min. The start
time is the intersection of the backward-extrapolated fit with the
pre-event background. This estimate of the start time is listed in
column 4, together with the statistical uncertainty of the fit. The
peak time 7, (col. 5) is extracted from the 5-minute data or,
when 1-minute data are used, from smoothed data over
five points. This is to employ a consistent definition between
the different datasets and to reduce the sensitivity of the

determination to statistical count rate fluctuations. The time to
maximum Aty = t, — 1 is defined as the difference between
peak time and start time (cols. 3 or 4 and 5). The start time
derived from the extrapolation of the early rise of the curve
(col. 4) is used when available. The time to maximum and
the peak excess count rate at sea level are listed in columns 2
and 3 of Table 2, where the entries are ordered by increasing
time to a maximum. A unified time axis of GLEs is built by
referring the time of each GLE to its start time and normalising
by the time to maximum: #, = (¢ — £,)/At,,,. The count rate excess
is normalised to its peak value in the 5-min data (hence:
smoothed data if the 1-min cadence is used; this can lead to nor-
malised 1-min count rates that exceed unity, e.g. on 2005 Jan
20). The normalised fractional count rate excess is plotted in
Figure 1 as a function of the normalised time for all GLEs of
Table 1. The top panel shows the individual GLEs, the bottom
panel the median profile plus and minus the mean absolute devi-
ation of the median. Since the steps of the normalised time are
different for different GLEs, the normalised times of the individ-
ual GLEs were linearly interpolated onto a common time axis.
The median GLE profile, which has a maximum near 0.92, was
normalised to unity, and the mean absolute deviations were
increased accordingly.

The figure shows that the time profiles of GLEs display a
large amount of similarity. The normalised GLE time profiles
define an overall median curve with a decay that is longer than
the normalised time to maximum in agreement with a visual
inspection. Events with a symmetric time profile, like 2005
Jan 20 and 1989 Oct 22, have shorter relative decay than aver-
age but do not show up as a distinct population in the plot. An
event with particularly long normalised decay or particularly
high excess count rate during the decay is GLE 2000 Jul 14.
It appears as a singular case in our sample. This will be further
discussed in Section 6.1. The decay profile is sensitive to the
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Table 2. List of GLEs, in the order of increasing time to maximum, and of parameters of the associated SXR bursts and CMEs. Columns (2) and (3) give the time to maximum and
fractional excess measured on GLE profiles without any fit to the light curve. Columns (4) and (5) give the rise time and decay time derived from the fit to the time profile described in
Section 4. Columns (6), (7), and (8) give the start time, time to maximum, and peak flux of the SXR burst associated with the GLE. Column (9) gives the position of the active region
associated with this SXR burst on the solar disk. Columns (10), (11), and (12) give the time of the first detection, the velocity in the plane of sky and the reconstructed velocity of the
associated CME. All times are in UT. The correlation coefficients between the GLE time to maximum and the other parameters are given in the last two lines, with the p-values of the
correlation indicated inside brackets. See text for further details.

GLE SXR burst CME
Date Aty Fractional T, [min] Tq [min] Start Time to Peak flux Latitude, First Vpos Vap
(number) [min] excess max [min.] [10"*Wm?] longitude [°] detection [kms '] [kms ']
(1) (2) (3) “) (5) (6) ) (®) ) (10) (11) (12)
2005 01 20 (69) 6.3 33.39 1.2+03 6.8 0.7 06:37 (06:36)  23.0 (25.0) 7.10 14, 61 06:54 3242 3351
1978 05 07 (31) 7.5 1.97 - - 03:23 (03:33) 8.5 (-) 2.00 22, 68 - - -
1982 1207 (38) 7.5 0.53 1.7+74 30.3 £ 6.6 23:36 (23:36)  17.1 (18.0) 2.80 - - - -
2000 07 14 (59) 7.5 0.38 23+35 125.6 £ 21.7 10:03 (10:03)  21.0 (21.0) 5.70 22,7 10:54 1674 2114
1990 05 24 (48) 8.5 0.42 2.8 +0.7 319 £22 20:46 (20:46) 3.2 (3.0) 9.30 33,78 - - -
1984 02 16 (39) 94 0.83 3717 18.8 £5.8 - (07:36) -(7.0) - - - - -
1989 10 22 (44) 10.1 1.48 39+0.6 73+1.0 17:30 (17:08)  34.1 (49.0) 2.90 —27, 31 - - -
1976 04 30 27) 12.5 0.12 17.2 = 8.2 309 +17.6  20:43 (20:48)  30.5 (20.0) 2.00 —94,7 - - -
1989 11 15 (46) 13.8 0.11 32+ 1.1 169 £ 2.5 06:54 (06:38) 4.1 (27.0) 3.20 11, 26 - - -
2006 12 13 (70) 14.6 0.92 4.1+ 1.1 415+ 3.7 02:20 (02:14)  19.9 (26.0) 3.40 —-62,3 02:54 1774 2176
1971 01 24 (22) 16.7 0.26 5724 49.3 £ 8.0 - - - - - - -
1990 05 21 47) 17.7 0.22 32+ 1.8 1325 £ 16.8  22:12 (22:12) 6.1 (5.0) 5.50 35, 36 - - -
2003 11 02 (67) 20.5 0.14 10.5 £ 2.0 449 £ 4.5 17:08 (17:03)  16.0 (22.0) 8.30 —14, 56 17:30 2598 2722
2012 05 17 (71) 25.2 0.16 9.0+ 1.8 32.6 +3.8 01:17 (01:25)  29.9 (22.0) 0.51 11, 76 01:48 1582 1595
1977 11 22 (30) 274 0.32 13.1 £ 6.2 75.5 £24.2  09:53 (10:26) 13.1 (-) 1.00 24, 38 - - -
2001 04 15 (60) 35.2 1.20 9.1 £2.0 81.7+79 13:41 (13:19) 8.4 (31.0) 14.4 -20, 85 14:06 1199 1201
1991 06 15 (52) 384 0.24 133 +£5.8 85.0 £ 27.8  08:13 (06:33) 7.0 (118.0) 12.0 33, 69 - - -
1997 11 06 (55) 64.4 0.11 377 £ 14.5 2343 £60.5 11:51 (11:49) 3.8 (6.0) 9.40 —18, 63 12:10 1556 1599
1989 09 29 (42) 102.9 3.64 174 + 6.7 294.8 = 85.1 11:18 (10:47)  13.6 (46.0) 9.80 —25, 98 11:22 1828 1837
1989 10 24 (45) 1129 1.07 46.5 + 10.9 2747 £ 584 17:44 (17:36)  25.1 (55.0) 5.70 -30, 57 17:56 1453 1497
1989 08 16 (41) 144.3 0.16 41.5 £ 13.6 315.5 £ 197.3  00:54 (01:08) 25.1 (9.0) 20.0 —18, 84 - - -
1971 09 01 (23) 1464 0.14 435 + 11.8 570.3 + 149.4 - - - - - - -
1989 10 19 (43) 186.5 0.47 37.2 + 10.0 527.9 £ 126.6  12:36 (12:29)  20.5 (26.0) 13.0 -27, —10 - - -
Spearman p - —0.30 (0.17)  0.90 (2 x 107 - - —0.03 (0.90) 0.54 (0.01) - - —0.58 (0.10) —0.73 (0.02)
Kendall © - —0.21 (0.15) 0.77 (5 x 1077 - - —0.04 (0.82) 0.38 (0.02) - —0.44 (0.10) —0.50 (0.06)
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MCMU 1971 Jan 24
7 OULU 1971 Sep 1

7 TXBY 1971 Sep 1

7 INVK 1976 Apr 30
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Normalised fractional count rate increase
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Weibull, a=-0.880 |
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10

Time [hrs after start] normalised by time to maximum

Fig. 1. Time histories of the normalised relative count rate excess of GLEs. The origin of the time axis is the start of the GLE, and the time is
normalised by the time to maximum. Top: Individual GLEs, as noted in the right margin, plotted with different colours. The curve with a large
excess in the decay phase is GLE 2000 Jul 14 (see text). Bottom: Median of the profiles in the top panel (plus signs, which merge into a
continuous fat line before the rise and in the decay) plus and minus its mean absolute deviation (grey vertical bars). The median was in addition
smoothed over 55 points (time step 0.55 units) to reduce noise, and normalised to unity. The red solid line is the best fit of a modified Weibull
function to the median profile. The dashed lines show the fit plus and minus an analytically estimated statistical uncertainty (see text, Eqs. (3)

and (4)).

shape of the background. Our analytical representation by a
constant, linear, or quadratic background is an approximation
evaluated by eye. Therefore part of the variation of the decay
time profiles may be induced by an inappropriate estimation
of the background.

The smoothed median GLE profile intersects the value 0.5
at times 0.34 (rise) and 2.79 (decay). These values were derived

from linear fits to the logarithm of the smoothed median profile
using ten data points around the times where the mean rise and
decay profiles go through 0.5. The ratio of the decay time (peak
to 50%) over the rise time (50% to peak) is 2.7. This is smaller
than the ratio of 3.5 reported by Strauss et al. (2017). The time
profiles are plotted until 11 times the time to maximum. The rel-
ative statistical uncertainty of the median time profile increases

Page 5 of 13
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Fig. 2. Time profiles for three GLEs, on 2001 Apr 15 (left), 1989 Nov 15 (middle) and 1982 Dec 7 (right). The ordinate displays the fractional
count rate excess above the galactic cosmic ray level. The observed profile is in black; the two-exponential profile fitted to the observation is
shown by the red continuous line, and the scaled median profile of GLEs established in Section 3 is shown by the dashed blue line.

about linearly from a value near O at the time of the maximum
to 100% at 10 normalised time units later.

Ji et al. (2014) and Kahler and Ling (2017) explored
the possibility to represent SEP profiles at energies above
10 MeV by analytical functions. They concluded that the best-
suited one was a modified Weibull function (Eq. (2) of Kahler
& Ling, 2017). When expressed in normalised time units 7, and
normalised to its maximum, the modified Weibull function

reads
oa—1 o — 1 4
~exp (—oc (1 tn)).

The modification refers to the fact that o < 0. While the Weibull
function is usually employed as a probability distribution, the
modified version is used in the present context as a convenient
description of a time profile with a rapid rise and slow decay.
We found that this function describes well the decay phase of
the median GLE profile, but is too steep in the rise phase.
The bottom panel of Figure 1 shows the median GLE profile
(plus signs) and the mean absolute deviation (vertical grey error
bars) together with the modified Weibull function (red solid
line) inferred from a non-linear least-squares fit. Only the decay
phase (7, > 1) was used for the fit. The best representation of the
data is obtained for o = —0.880. The fit function is confounded
with the fat symbols used to represent the median GLE profile.

During the decay of the GLE (¢, > 1) the relative mean
absolute deviation can be fit by a straight line

AC,
- @

with ¢ = —0.031 £ 0.005 and c¢; = 0.0983 + 0.0007. This fit
can be used in an analytical estimate of the uncertainty in the
decay phase. The two dashed red lines in the bottom panel of
Figure 1 show the fit Cw(#,) plus and minus the uncertainty
ACy = (¢ + ¢11,)Cw(ty).

Cy(tn) (3)

= co + Citp,

4 Correlation analysis

In a second approach, we analyse the correlation between
rise and decay times for all GLEs of our sample. We approxi-
mate the GLE time profiles with an exponential rise and an
exponential decay, using the following fitting function:

A, exp (—‘t:—t"‘) +B. if 1<y,

Aq exp (

where A,, Ay, B, and By are constants. With the rise time t,, the
decay time 74 and the peak time ¢#,, seven variables have to be
adjusted during the fit. The constants B, and By represent con-
stant backgrounds but allow that constant background to be dif-
ferent before and after the peak time, as a way to approximate
the variation of background seen in a few events. Since the time
profiles fitted are background subtracted, B, should be very
close to zero. Here and in the following the expression ‘“rise
time” refers to the time constant of the exponential fit, whereas
“time to maximum” is the difference between the peak time and
the start time of the GLE.

A few examples of fits to the profiles are shown in Figure 2.
As can be seen, the fitting procedure is efficient for both strong
and weak events. The fit does not represent precisely the time
profile, however, it provides a good estimation of the rise and
decay times for most of the events. With our goal to develop
a tool that could be used in space weather forecasting, we pri-
oritised this simple and generic fitting procedure over a more
complex fit that would need to be adapted on a case-by-case
basis to more accurately represent the time profiles.

The fit results were inspected by eye and in four instances,
were found not satisfactory. These events are the GLEs on 1971
Sep 1, 1991 Jun 15, 1989 Oct 19, 1989 Oct 24. In these cases,
the number of points observed with adequate time resolution
was too small to constrain the pre-event background. As a con-
sequence, both the pre-event background level and the rise time
were overestimated. For these events, we made the additional
assumption of the constant B, being zero and performed the
fit with this fixed parameter. Additionally, for the GLE 1978
May 7, the rise time was found to be of 8 min, and the data have
a 5-minute cadence. While the fit looks reasonable, the rise time
is therefore poorly constrained, and the uncertainty associated
was too important. Therefore, we do not include this event in
the analysis of the correlation between the rise time and decay
time of the GLEs.

Using the results of the fit for the GLEs in our sample, we
looked into the possible correlation between rise and decay
times. For this sample, Spearman’s rank correlation is 0.72,
and Kendall’s rank correlation is 0.56, indicating a significant
correlation (p-values are 2 x 10~* and 3 x 10™*, respectively).

1(2) (5)

=
A

)+Be if 1>
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Fig. 3. Rise and decay times of the GLEs, derived from the fit to the
lightcurves (see text for details). The orange continuous line shows
the result of the linear regression on this data, with the uncertainty on
the fit parameter represented by the shaded area. The blue dashed line
shows the result of the fit to the normalised median profile.

We performed a linear regression using a total least squares fit
method accounting for uncertainties on rise and decay times.
The linear relationship is described by 74 = At + B, where A
and B are constants. The regression gives A = 13.0 + 1.8 and
B = —15 + 36 min. Figure 3 shows decay times versus rise
times for the GLEs as reported in columns (4) and (5) in Table 2.
The relation found from the linear regression is shown by the
orange continuous line, and the uncertainty on parameters A
and B is represented by the shaded area around this line. We
performed the same fit on the median profile calculated in
Section 3. The normalised rise time was found to be 0.38 +
0.3 h, and the normalised decay time was 2.77 + 0.9 h. The rela-
tion is shown by the blue dashed line.

As was to be expected, there is a strong correlation between
the time to maximum of the GLEs, i.e. the interval between the
start and the peak, and the rise time derived from the exponen-
tial fit (see col. 4 in Table 2). However, the regression using the
individual GLEs yields a longer decay time than the normalised
median GLE profile.

5 GLE rise times and parameters of the
parent activity

This section addresses the question of whether the GLE
times are related to the parameters of the parent solar activity.
We consider the soft X-ray (SXR) burst as a measure of overall
energy release and the coronal mass ejection (CME) as an indi-
cator of the expanding magnetic structures and possible shock
waves. Solar SXR emission is continuously monitored by the
Geostationary Operational Environmental Satellites (GOES)
operated by NOAA. Lists of solar bursts provided by the
National Centers for Environmental Information® contain

* https://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-
features/solar-flares/x-rays/goes/xrs/

estimates of the start and peak times and the peak fluxes in
the 0.1-0.8 nm wavelength range. For the GLEs studied here,
the catalogue also lists the flare locations inferred from indepen-
dent optical or EUV observations. Since the catalogued onset
times often include early activity that is not unambiguously
related to the eruptive event of interest, we used data witha 3-
second resolution’ to refine the determination. Similar to the
GLE onset, we determined the start of the SXR burst by the
backward extrapolation to the pre-event level of a straight-line
fit to the SXR time profile before the main peak. The first detec-
tion of the CME and the speed in the plane of the sky were
taken from the SOHO/LASCO-based catalogue at the CDAW
Data Center® and the related halo CME catalogue’. Information
on CMEs in 1989 was taken from the Solar Maximum Mission
(SMM) CME catalogue at the High Altitude Observatory®. In
two events (1989 Aug 16 and Nov 15) SMM observed a
CME, but the velocity measurements in the catalogue are
quoted as relating to prominence features, not to the front of
the CMEs. These data are not used here.

The GLE parameters are compared with the parameters of
solar eruptive activity in Table 2. Columns 6-8 are the param-
eters of the SXR burst. The start time inferred from the back-
ward extrapolation is listed in column 6, with the value in the
GOES catalogue within parentheses. Column 7 lists the time
to maximum (i.e. difference between peak time and start time),
again with the value from the GOES catalogue within parenthe-
ses. The peak flux is in column 8. Column 9 displays the heli-
ographic latitude and longitude from the GOES catalogue.
When CME observations of the event are available, they are
reported in columns 10 and 11, with the first detection above
the occulter (10) and the reported speed measured in the plane
of the sky (11). The projected speed of the 2005 Jan 20 CME in
the CDAW catalogue is 882 km s 2. This appears very slow,
given the projected height of the CME during the flare (Pohjo-
lainen et al., 2007; Masson et al., 2009; Klein et al., 2014). The
projected speed in the table is the one inferred by Gopalswamy
et al. (2012). Simnett (2006) and Grechnev et al. (2008) argued
for a lower speed, but this does not fundamentally change the
conclusions we will draw.

Column 12 gives the three-dimensional speed Vsp inferred
from the plane-of-sky speed Vs and the CME cone model
(Gopalswamy et al., 2010):

sin @ + cos @
*cosOcosw+sinw’

(6)

V3D = ¥ po

where 0 is the angle between the CME axis and the plane of the
sky, o the half-width of the CME, which Gopalswamy et al.
(2010) express by an empirical relationship with the propagation
speed of the CME in the plane of the sky. If the CME is supposed
to propagate radially outward from the flare site, the angle 6 is
determined by the longitude @ and latitude © of the flare, and
by the heliocentric latitude of the solar equator, By :

5 https://hesperia.gsfc.nasa.gov/goes/ and GOES SolarSoft package.
® https://cdaw.gsfc.nasa.gov/CME_list/

7 https://cdaw.gsfc.nasa.gov/CME_list/halo/halo.html

8 https://www2.hao.ucar.edu/mlso/solar-maximum-mission/smm-
cme-catalog

° https://bass2000.obspm.fr/ephem.php
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sin 0 = cos By cos ® cos ® + sin By sin ©. (7)

The ordering with respect to the time to maximum of the GLE
also provides some ordering of the SXR peak flux and the CME
speed: the faster-rising GLEs tend to be accompanied by the fas-
ter CMEs and the weaker SXR bursts. This is also reflected by
Spearman’s and Kendall’s rank correlation coefficients listed in
the last two lines of Table 2, with the associated two-sided sig-
nificance of their deviation from zero within parentheses.

The four fastest-rising GLEs where CME measurements are
available all have CMEs with 3D speeds above 2000 km sfl,
whereas the five GLEs with the slowest rise are all accompanied
by CMEs that are slower than 2000 km s~ '. But the sample is
small. For the time-to-maximum analysis, it can be completed
by the 2003 Oct 28 GLE, which was discarded from the previ-
ous analysis because of the uncertain background, especially
during the decay phase of the GLE. Assuming a constant pre-
event background we find the time to maximum in the range
of 32-37 min, which is longer than the median time to maxi-
mum of our sample of 18 min. The halo CME catalogue reports
speeds of 2459 (projected) and 3128 km s~ (3D cone model),
respectively, which would place this GLE in the group of fast
CMEs, whereas the time to maximum places it in the second
half of the sample.

The soft X-ray peak fluxes tend to be higher for GLEs that
rise slowly, but there are again exceptions. The rise time of the
soft X-ray burst is not ordered by the GLE time to maximum.
Neither is the decay time (not listed in the Table).

6 Discussion

Between 1971 and 2022 the Sun produced 51 GLEs. 25 had
a fractional peak count rate excess corrected to sea level above
10%. 23 events, where the galactic cosmic ray background
could be reliably identified, were analysed in the present paper.
Their time profiles are found to display a remarkable degree of
similarity, with a correlation between the decay time and rise
time of the individual GLEs, inferred from exponential fits.
A median time profile can be determined using a time axis
normalised by the time to maximum.

6.1 The median GLE time profile

The existence of a well-defined average or median GLE
time profile is not necessarily expected, given that times to max-
imum range from 6 min to 3 h in the event sample of the present
work. But the normalised excess count rate during the decay of
GLE 2000 Jul 14 is clearly above the other events in Figure 1.
This means that the count rate is enhanced by some means. The
effect may be purely statistical, with the 2000 Jul 14 GLE show-
ing an extreme limit, or it may be due to particular physical con-
ditions, which are usually not realised.

We evaluate the difference between the observed time pro-
file of the GLE and the median time profile in order to identify a
possible additional particle source in the decay phase. Figure 4
shows the fractional increase of the GLE at the Thule neutron
monitor (black curve), the median GLE decay time profile
represented by the modified Weibull function (blue-shaded
surface), scaled to the observed peak fractional increase, and
the difference between the two time profiles (red). The Weibull

function representation has been chosen here because it permits
tracking the decay over a much longer duration than the median
GLE profile in this GLE, which has a particularly short start-to-
peak time. The difference profile is the time profile of the
hypothetical additional particle source. Particles from this
source would be first detected between 10:45 and 10:50 UT,
about 16 min after the start of the event (Table 1). The peak
is attained between 11:10 and 11:15 UT.

Bieber et al. (2002) and Bombardieri et al. (2006) analysed
the anisotropy of the GLE. Bieber et al. (2002) found it to drop
abruptly from high values before 10:35 UT to a constant low
value between 11 UT and the end of the event (see their
Fig. 5). The authors conclude that the particle transport with a
pitch-angle scattering in a Parker-type heliospheric magnetic
field cannot explain the rapid anisotropy decrease. They propose
that the anisotropy decreases due to the arrival of sunward-tra-
velling particles that were reflected back to Earth at a magnetic
mirror point near 1.3 AU. The timing of the reflected particles
gives a plausible physical interpretation to our finding of an
unusually high fractional excess in the decay phase since the
sudden decrease of the anisotropy and the rise of the excess
above the median GLE profile coincide. Bieber et al. (2002)
relate the magnetic mirror to local magnetic compression by a
CME that had been observed near Earth about 20 h before
the GLE start.

Backward reflection of particles can, of course, happen in
other GLEs, since the majority occur under disturbed solar wind
conditions (e.g., Masson et al., 2012). We compared the
observed normalised time profiles of all GLEs with the median
profile, scaled to the times of the individual GLEs. In several
events, the profiles show evidence of two decay phases, a fast
initial one and a slower following one. In some the initial decay
is not far from the median profile, and the slower second decay
appears as an excess with a rather well-defined onset. This is
especially the case on 1982 Dec 07 (right panel of Fig. 2)
and 1989 Oct 22. In these cases, Cramp et al. (1997a, 1997b)
found that the anisotropies were better modelled when an inter-
planetary obstacle beyond the Earth scattered particles back.
The arrival of the first backscattered particles could be timed
on 1989 Oct 22. It coincides within 5 min with the time when
the individual GLE profile started to exceed the median one.
The 1990 May 21 GLE has a similar feature, but we found
no report of model calculations of this event in the literature.
Possible hints towards reflected protons were also reported in
the 2005 Jan 20 GLE (Bombardieri et al., 2008; Bieber et al.,
2013). Our interpretation of the deviation of the 2000 Jul 14
GLE from the median profile is that the contribution of
backscattered protons was particularly large, while it may be
hidden in the uncertainty of the decay profile in other events.
The fluence represented by the difference profile in Figure 4
is found to be 74% of the fluence of the GLE during its decay
phase. Since Asvestari et al. (2017) show that the integrated
count rate of GLEs observed by neutron monitors at sea level
is about proportional to the fluence of particles above
200 MeV and especially above 800 MeV (their Fig. 4), the
74% ratio between the fluences during the decay of the
2000 Jul 14 GLE can be related to the fraction of reflected
particles to the total number of particles detected. This value
is not far from the fraction of 85% of the particles that Bieber
et al. (2002) estimated to be reflected back to the Earth in the
2000 Jul 14 GLE.

Page 8 of 13



S. Musset et al.: J. Space Weather Space Clim. 2023, 13, 15

0.4
o 1 THUL
@ ] Median GLI
o© 0.34 Difference
2 ]
o E
8 0.2
< ]
> ]
3 i
— 0.17
[} 4
C ]
S ]
& 0.0
w i
02—

08 11 14 17 20 23
Universal time [h] on 2000 Jul 14
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The correlation between rise time and decay time and the
existence of a well-defined median time profile are consistent
with the correlation between a more restrictive definition of rise
time and decay time by Moraal et al. (2015) and Strauss et al.
(2017) and generalise their result. Quantitatively there is some
difference, in that Strauss et al. (2017) inferred a ratio of 3.5
between the times of rise from the 50% level to the peak and
decay from peak to 50%, whereas our median profile displays
a ratio of 2.7. We find the same ratio of 2.7 when calculating
the median or the average profile of the GLEs analysed by
Strauss et al. (2017), except for the 2003 Oct 28 event. In the
present study, the ratio of the decay time over rise time inferred
from the correlation between the times of individual events is
also higher than the ratio in the median GLE profile. This is
seen by comparing the orange and blue lines in Figure 3. The
least-squares correlation is pushed to longer decay times by
the relatively larger role played by the events with slow decay,
including the outlier on 2000 Jul 14.

6.2 How to understand the relationship between rise
time and decay time?

In view of the well-established idea that the decay of GLEs
is shaped by interplanetary propagation, the relationship with
the rise time that we inferred through two different methods
suggests that the rise is also largely determined by the interplan-
etary propagation, rather than the coronal acceleration, of the
relativistic protons and nuclei. Moraal et al. (2015) and Strauss
et al. (2017) substantiated this view by analytical evaluations
and numerical simulations of diffusive transport. Their conclu-
sion is that pitch angle diffusion in the interplanetary medium
governs the time profiles in all events, and that the variation
of scattering mean free paths creates substantial differences in
rise times between individual GLEs.

If this interpretation is correct, no relationship will be
expected between the rise time of GLEs and the parameters
describing the particle acceleration. We examined the traditional
indicators, namely soft X-ray emission and CME velocity.
Indeed, no statistical relationship was found between the times

to maximum of the GLE and the associated soft X-ray burst.
The rise time of a soft X-ray burst, which reflects the heating
of the plasma in the flare region, does of course not need to
be physically related to the time scales of the particle accelera-
tion processes. But there are hints that the faster-rising GLEs
accompany faster CMEs as well as SXR bursts with weaker
peak fluxes. The rank correlations appear significant, with
probabilities of a chance coincidence of one to two percent.
However, the 2003 Oct 28 GLE, which could not be used for
the definition of the average GLE profile because of a
strongly-varying galactic cosmic-ray background, is a counter-
example because it combines a very fast CME with a rather
slow GLE rise.

A correlation between the rise time or time to maximum of a
GLE with the CME speed, if it were confirmed, could be inter-
preted in different ways. In the scenario of particle acceleration
at the CME shock, the fast rise would be ascribed to the high
CME speed, which presumably means a strong shock. But if
the rapid rise is due to a particularly efficient particle accelera-
tor, it is not easy to understand why under these conditions the
decay of the GLE profile is fast, too. A different interpretation
of a relationship between GLE rise time and CME speed could
be a leaky-trap model of the GLE particles: if these particles
were initially trapped in the erupting magnetic structures, for
instance, the expanding flux rope of the CME, a rapid expansion
would produce a fast increase of particle numbers in the mag-
netic trap because of the rapid increase of the mirror ratio in
the flux rope, but also a fast energy loss of the confined particles
through strong betatron and Fermi deceleration. Suggestive
indications that GLE particles could leak out of such a trap
when the expanding flux rope reconnects with neighbouring
open magnetic structures were recently advocated for the small
2021 Oct 28 GLE (Klein et al., 2022), in line with scenarios
studied with numerical simulations (Masson et al., 2013,
2019). Comparative studies with long-duration nuclear
gamma-ray events as detected by Fermi/LAT (Share et al.,
2018; Ajello et al., 2021) could help to shed light on this issue,
because in the leaky-trap scenario the gamma-ray emission
would come from protons dumped into the chromospheric foot-
points of the confining flux rope (Mandzhavidze & Ramaty,
1992), and a similar relationship between the durations of the
rise and decay might be expected.

The second significant correlation we found links more
slowly-rising GLEs with stronger soft X-ray bursts. Since faster
CMEs usually go along with stronger soft X-ray bursts (Salas-
Matamoros & Klein, 2015), this correlation is distinctly differ-
ent from the anti-correlation between CME speed and GLE rise
time. Here again, the statistical relation includes outliers, for
instance, the weakest and the strongest soft X-ray burst are in
the third and fourth quartile of the sample ordered by the
GLE time to the maximum, respectively. We mention this cor-
relation for the record, but a physical interpretation remains to
be found. Both statistical relationships with solar activity appear
weak enough to argue that the interplanetary propagation prob-
ably contributes to shape even the rise of the GLE profile, but
they do suggest a remaining link with the parent activity.

6.3 An application for space weather forecasting?

Irrespective of the interpretation, the dependence of the
decay time on the rise time of GLEs may be of use in space
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Fig. 5. Comparison between measured and predicted decay times of the GLEs. Left: predictions using the median profile of GLE; right:

predictions using the linear relation between rise and decay times.

weather activities. The prediction of the time profile of a GLE
can, for instance, enable a radiation service for civil aviation,
as it presently exists under the auspices of the ICAO', to
estimate the duration of an alert for high radiation doses due
to the particle cascade generated in the Earth’s atmosphere.
An estimate of the duration of an alert will be a significant
additional capability from an operational point of view. It could
be implemented into models that use observations of GLEs by
neutron monitors as their basic observational ingredient,
such as the SIGLE_RT model in France, based on the former
SIGLE model developed for post-event analysis (Lantos &
Fuller, 2004), or the WASAVIES model in Japan (Kubo
et al., 2015).

Several authors devised schemes for the description and
forecasting of the evolution of SEP events. Ji et al. (2014)
and Kahler and Ling (2017) explore a description of SEP time
profiles at energies above 10 MeV by simple parameterised
functions and find that a modified Weibull function allows for
a satisfying description, through two parameters describing
the shape and duration. Kahler and Ling apply fits to three
energy channels in 14 large SEP events. They find satisfying fits
(as seen from plots of the logarithm of the intensity) of both the
rise phase and the early decay phase. Kubo et al. (2015) model
SEP events using the focussed transport equation, which
describes the propagation of particles along the interplanetary
magnetic field considering magnetic focussing by its laminar
part and pitch-angle scattering by its turbulent component.
The particles are assumed to be injected near the Sun with an
inverse Gaussian time profile. The application of numerical
solutions to several SEP events shows a very good description
of the observed time profiles near 165 and 433 MeV. They also
show that the observation of the rise and maximum phase of the
SEP event can be used to determine the model parameters and
predict the decay phase.

The UMASEP scheme developed at the University of
Malaga (Spain) is a sophisticated set of models for the real-time
forecasting of SEP events and their time evolution. The original

19 https://www.icao.int/Newsroom/Pages/New-global-aviation-
space-weather-network-launched.aspx

model predicts SEP events at energies above 10 MeV (Nuifiez,
2011). In this model the evaluation of the correlations, with
some time shift consistent with the expected travel times,
between the derivatives of the soft X-ray flux and of the particle
intensity measured by a space-borne detector is used to estimate
whether a magnetic connection exists between the spacecraft
and the Sun. A SEP event is considered to be in progress when
this correlation is sufficiently high and when a SXR burst above
class C7 occurred. The SXR fluence and the connectivity
parameter are then used to predict the forthcoming SEP flux.
The model uses a number of empirical rules, based on historic
SEP events, to determine thresholds and free parameters. This
model was recently adapted to the prediction of relativistic solar
particle events (energies above 500 MeV, Nuiiez et al., 2017) at
GOES and of GLEs.

The correlation established in the present work between the
rise time and the decay time of a GLE, as well as the median
time profile and the simple analytical description of the decay
and its statistical range by a modified Weibull function, allow
one to predict the decay phase of a GLE once its rise phase
has been observed. In the following, we examine the accuracy
of possible predictions and describe the potential operational
use of these predictions.

Using the median profile of the GLEs and the linear relation
between rise and decay time that we established in this paper,
we calculated the predicted decay times of the GLEs analyzed
in this study, based on the knowledge of their rise time. A com-
parison between the observed and predicted decay times is
shown in Figure 5. For the 22 GLEs in our sample (recall that
the 1978 May 07 GLE was not considered in the analysis of
Sect. 4), the prediction done with the median profile naturally
leads to the decay time being overestimated for 11 events,
and underestimated for 11 events. When the prediction is done
using the linear relation between the rise and decay times, the
decay time is overestimated in 13 events and underestimated
in 9 events. We calculated the relative difference between the
predicted and observed decay times by dividing the difference
between observed and predicted values by the observed value
of the decay time. The distribution of the relative differences
is displayed in Figure 6 as a function of measured decay time.
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Several conclusions arise from this display of the relative differ-
ence between predictions and observations:

— the relative difference between predicted and observed
decay times is on average higher for shorter decay times;

— for the longest measured decay times, both methods of pre-
diction led to an under-estimate of the decay time;

— both methods display relative differences between predic-
tions and observations of similar magnitude.

The main uncertainties in these predictions arise from 1) the
background determination and 2) the deviation of the time pro-
file from the exponential shape, in particular for the events that
seem to present contributions from two different populations of
energetic protons, as the GLE 2000 Jul 14 discussed in
Section 6.1. As such profiles could be the result of a strong con-
tribution to GLEs by particles that were reflected back to the
Earth, our method of prediction would underestimate the dura-
tion of the decay phase for these events. The practicability of the
method has to be tested under realistic operational conditions,
and a few considerations are expressed below.

The peak intensity during GLEs is reached in less than one
hour in 17 events in our sample of 23 events, and often in less
than 20 min. An exponential fit of the rising phase enables a first
prediction of the decay time even before the peak. As soon as the
peak is observed, the measured time to maximum and the mea-
sured peak count rate can be used to scale the median GLE profile
to the observation, and to obtain a second prediction of the decay
phase.The relations derived here used the time profiles of the
monitor that registered the maximum increase of flux. Therefore,
an operational service would 1) start the alert when the flux
increases above a pre-set threshold in a given monitor; 2) as soon
as the flux increases in time, identify the monitor in which the
count rate increased the most; 3) measure the rise time
with one or both methods presented in this paper; 4) make an

estimation of the decay time and of the related duration of the
event (possibly provide a range for the duration) and provide
an estimation of the duration of the alert ahead of time. Typical
alert durations would range between 2 h and 10 h after the peak
of the event, as seen in Figure 5. This estimation of the duration of
the alert can then be adjusted as the event proceeds through the
decay phase until the end of the alert is decided based on the
observations (count rate returning to a level below the pre-set
threshold). The procedure will need to scan a range of neutron
monitors to identify the one with the strongest peak. The real-
time database NMDB (https://www.nmdb.eu) offers the neces-
sary data.

7 Conclusion

In this study of 23 strong events that happened between 1971
and 2012, we show that relativistic solar particle events (GLEs)
share similarities in their time profiles, with an evident correla-
tion between rise and decay times. A median time profile was
derived using normalised time profiles of individual GLEs.
Departures from this median time profile have been found in a
few events. Excesses above the median were especially found
in GLEs where independent modelling analyses reported a strong
contribution of back-scattered particles from ICMEs beyond
1 AU. We additionally showed that both the rise and decay times
of GLEs can be described with an exponential fit of the time pro-
files. The rise times show some correlation with the peak soft X-
ray flux and some anticorrelation with the CME speed, which
suggests that the parent solar activity plays a role in shaping
the GLE time profiles, in addition to interplanetary transport pro-
cesses. Our findings demonstrate that a prediction of the decay
time can be produced early during a GLE. This information
could be used by space weather operation services that issue
alerts related to high radiation doses for civil aviation to provide
an estimate of their duration. The correlation between rise and
decay times also provides additional information regarding the
physical processes controlling the GLE time profiles and can
give useful input to future studies and simulations of GLEs.

Acknowledgements. The authors acknowledge the providers
of the neutron monitor data used in this work, namely the
PIs of the worldwide neutron monitor network, the NMDB
database hosted by the University of Kiel and the GLE data-
base at the University of Oulu. The French Polar Institute
IPEV is acknowledged for its operation of the neutron moni-
tors at Kerguelen Island and Terre Adélie, and the personnel
at these stations for their dedicated work under difficult con-
ditions. Sophie Musset is supported by the European Space
Agency Research Fellowship programme. This study received
financial support from the French space agency CNES. The
authors are grateful to many colleagues, especially R. Bueti-
kofer, S. Dalla, P. Démoulin, E. Flueckiger, A. Papaioannou,
and R.D. Strauss, as well as participants at the NMDB 2022
workshop, for helpful discussions, and to the International
Space Science Institute (ISSI) Bern for a number of motivat-
ing team meetings. We thank the referees for their careful
reading and constructive comments, and J. Watermann for
his help with technical issues of the manuscript. The editor
thanks Sergey Koldobskiy and an anonymous reviewer for
their assistance in evaluating this paper.

Page 11 of 13


https://www.nmdb.eu

S. Musset et al.: J. Space Weather Space Clim. 2023, 13, 15

References

Ahluwalia HS, Xue SS. 1993. Atmospheric attenuation length for
relativistic solar protons. Geophys Res Lett 20(10): 995-998.
https://doi.org/10.1029/93GL0O1115.

Ajello M, Baldini L, Bastieri D, Bellazzini R, Berretta A, et al. 2021.
First Fermi-LAT solar flare catalog. Astrophys J Suppl 252(2): 13.
https://doi.org/10.3847/1538-4365/abd32e.

Asvestari E, Willamo T, Gil A, Usoskin IG, Kovaltsov GA,
Mikhailov VV, Mayorov A. 2017. Analysis of Ground Level
Enhancements (GLE): Extreme solar energetic particle events have
hard spectra. Adv Space Res 60(4): 781-787. https://doi.org/
10.1016/j.as1.2016.08.043.

Belov AV, Eroshenko EA, Kryakunova ON, Kurt VG, Yanke VG.
2010. Ground level enhancements of solar cosmic rays during the
last three solar cycles. Geomagn Aeron 50: 21-33. https://doi.org/
10.1134/S0016793210010032.

Bieber JW, Clem J, Evenson P, Pyle R, Saiz A, Ruffolo D. 2013.
Giant Ground Level Enhancement of relativistic solar protons on
2005 January 20. I. Spaceship Earth observations. Astrophys J
771(2): 92. https://doi.org/10.1088/0004-637X/771/2/92.

Bieber JW, Droge W, Evenson PA, Pyle R, Ruffolo D, Pinsook U,
Tooprakai P, Rujiwarodom M, Khumlumlert T, Krucker S. 2002.
Energetic particle observations during the 2000 July 14 solar
event. Astrophys J 567: 622—634. https://doi.org/10.1086/338246.

Bombardieri DJ, Duldig ML, Humble JE, Michael KJ. 2008. An
improved model for relativistic solar proton acceleration applied to
the 2005 January 20 and earlier events. Astrophys J 682: 1315—
1327. https://doi.org/10.1086/589494.

Bombardieri DJ, Duldig ML, Michael KJ, Humble JE. 2006.
Relativistic Proton Production during the 2000 July 14 Solar
Event: The Case for Multiple Source Mechanisms. Astrophys J
644(1): 565-574. https://doi.org/10.1086/501519.

Biitikofer R. 2018. Ground-based measurements of energetic parti-
cles by neutron monitors. In: Solar particle radiation storms
forecasting and analysis, vol. 444, Malandraki OE, Crosby NB,
(Eds.), Springer, Astrophysics and Space Science Library, pp.
95-112. https://doi.org/10.1007/978-3-319-60051-2_6.

Cramp JL, Duldig ML, Fliickiger EO, Humble JE, Shea MA, Smart
DF. 1997a. The October 22, 1989, solar cosmic ray enhancement:
An analysis of the anisotropy and spectral characteristics. J
Geophys Res Space Phys 102(A11): 24237-24248. https://doi.org/
10.1029/97JA01947.

Cramp JL, Duldig ML, Humble JE. 1997b. The effect of a distorted
interplanetary magnetic field configuration on the December 7-8,
1982, ground level enhancement. J Geophys Res Space Phys 102
(A3): 4919-4926. https://doi.org/10.1029/96JA03698.

Duggal SP. 1979. Relativistic solar cosmic rays. Rev Geophys Space
Phys 17: 1021-1058. https://doi.org/10.1029/RG017i005p01021.
Gopalswamy N, Xie H, Yashiro S, Akiyama S, Mikeld P, Usoskin
IG. 2012. Properties of ground level enhancement events and the
associated solar eruptions during solar cycle 23. Space Sci Rev

171: 23-60. https://doi.org/10.1007/s11214-012-9890-4.

Gopalswamy N, Yashiro S, Michalek G, Xie H, Mikeld P, Vourlidas
A, Howard RA. 2010. A catalog of halo coronal mass ejections
from SOHO. Sun and Geosph 5(1): 7-16.

Grechnev VV, Kurt VG, Chertok IM, Uralov AM, Nakajima H, et al.
2008. An extreme solar event of 20 January 2005: Properties of the
flare and the origin of energetic particles. Solar Phys 252: 149-
177. https://doi.org/10.1007/s11207-008-9245-1.

Hatton CJ. 1971. The neutron monitor. In: Progress in elementary
particle and cosmic-ray physics X, Wilson J, Wouthuysen S,
(Eds.), North Holland Publishing Co, Amsterdam, pp. 3—100.

Ji E-Y, Moon Y-J, Park J. 2014. Forecast of solar proton flux profiles
for well-connected events. J Geophys Res Space Phys 119(12):
9383-9394. https://doi.org/10.1002/2014JA020333.

Kahler SW, Ling AG. 2017. Characterizing solar energetic particle
event profiles with two-parameter fits. Solar Phys 292(4): 59.
https://doi.org/10.1007/s11207-017-1085-4.

Klein K-L, Masson S, Bouratzis C, Grechnev V, Hillaris A, Preka-
Papadema P. 2014. The relativistic solar particle event of 2005
January 20: origin of delayed particle acceleration. A&A 572: A4.
https://doi.org/10.1051/0004-6361/201423783.

Klein K-L, Musset S, Vilmer N, Briand C, Krucker S, Battaglia AF,
Dresing N, Palmroos C, Gary DE. 2022. The relativistic solar
particle event on 28 October 2021: Evidence of particle acceler-
ation within and escape from the solar corona. A&A 663: A173.
https://doi.org/10.1051/0004-6361/202243903.

Kubo Y, Kataoka R, Sato T. 2015. Interplanetary particle transport
simulation for warning system for aviation exposure to solar
energetic particles. Earth Planet Space 67: 117. https://doi.org/
10.1186/s40623-015-0260-9.

Lantos P, Fuller N. 2004. Semi-empirical model to calculate potential
radiation exposure on board airplane during solar particle events.
IEEE Trans Plasma Sci 32(4): 1468-1477. https://doi.org/
10.1109/TPS.2004.830988.

Lopate C. 2006. Fifty years of ground level solar particle event
observations. In: Solar eruptions and energetic particles, vol. 165
of AGU Monograph, Gopalswamy N, Mewaldt R, Torsti J, (Eds.),
American Geophysical Union, Washington DC, pp. 283-296.
https://doi.org/10.1029/165GM27.

Mandzhavidze N, Ramaty R. 1992. Gamma rays from pion decay —
Evidence for long-term trapping of particles in solar flares.
Astrophys J Lett 396: L111-L114. https://doi.org/10.1086/186529.

Masson S, Antiochos SK, DeVore CR. 2013. A model for the escape
of solar-flare-accelerated particles. Astrophys J 771: 82. https://doi.
org/10.1088/0004-637X/771/2/82.

Masson S, Antiochos SK, DeVore CR. 2019. Escape of flare-
accelerated particles in solar eruptive events. Astrophys J 884(2):
143. https://doi.org/10.3847/1538-4357/ab4515.

Masson S, Démoulin P, Dasso S, Klein K-L. 2012. The interplan-
etary magnetic structure that guides solar relativistic particles.
A&A 538: A32. https://doi.org/10.1051/0004-6361/201118145.

Masson S, Klein K-L, Biitikofer R, Fliickiger EO, Kurt V, Yushkov
B, Krucker S. 2009. Acceleration of relativistic protons during the
20 January 2005 flare and CME. Solar Phys 257(2): 305-322.
https://doi.org/10.1007/s11207-009-9377-y.

McCracken KG. 1962. The cosmic-ray flare effect. 1. Some new
methods of analysis. J Geophys Res (Space Phys) 67: 423-434.
https://doi.org/10.1029/JZ067i002p00423.

McCracken KG, Moraal H, Shea MA. 2012. The high-energy
impulsive ground-level enhancement. Astrophys J 761: 101.
https://doi.org/10.1088/0004-637X/761/2/101.

McCracken KG, Moraal H, Stoker PH. 2008. Investigation of the
multiple-component structure of the 20 January 2005 cosmic ray
ground level enhancement. J Geophys Res Space Phys 113(12):
101. https://doi.org/10.1029/2007JA012829.

Mishev A, Poluianov S. 2021. About the altitude profile of the
atmospheric cut-off of cosmic rays: New revised assessment. Solar
Phys 296(8): 129. https://doi.org/10.1007/s11207-021-01875-5.

Moraal H, McCracken KG. 2012. The time structure of Ground
Level Enhancements in solar cycle 23. Space Sci Rev 171: 85-95.
https://doi.org/10.1007/s11214-011-9742-7.

Moraal H, McCracken KG, Caballero-Lopez RA. 2015. The time
structure of cosmic-ray ground-level enhancements. In: Proceed-
ing of the 34th International Cosmic Ray Conference (ICRC2015),

Page 12 of 13


https://doi.org/10.1029/93GL01115
https://doi.org/10.3847/1538-4365/abd32e
https://doi.org/10.1016/j.asr.2016.08.043
https://doi.org/10.1016/j.asr.2016.08.043
https://doi.org/10.1134/S0016793210010032
https://doi.org/10.1134/S0016793210010032
https://doi.org/10.1088/0004-637X/771/2/92
https://doi.org/10.1086/338246
https://doi.org/10.1086/589494
https://doi.org/10.1086/501519
https://doi.org/10.1007/978-3-319-60051-2_6
https://doi.org/10.1029/97JA01947
https://doi.org/10.1029/97JA01947
https://doi.org/10.1029/96JA03698
https://doi.org/10.1029/RG017i005p01021
https://doi.org/10.1007/s11214-012-9890-4
https://doi.org/10.1007/s11207-008-9245-1
https://doi.org/10.1002/2014JA020333
https://doi.org/10.1007/s11207-017-1085-4
https://doi.org/10.1051/0004-6361/201423783
https://doi.org/10.1051/0004-6361/202243903
https://doi.org/10.1186/s40623-015-0260-9
https://doi.org/10.1186/s40623-015-0260-9
https://doi.org/10.1109/TPS.2004.830988
https://doi.org/10.1109/TPS.2004.830988
https://doi.org/10.1029/165GM27
https://doi.org/10.1086/186529
https://doi.org/10.1088/0004-637X/771/2/82
https://doi.org/10.1088/0004-637X/771/2/82
https://doi.org/10.3847/1538-4357/ab4515
https://doi.org/10.1051/0004-6361/201118145
https://doi.org/10.1007/s11207-009-9377-y
https://doi.org/10.1029/JZ067i002p00423
https://doi.org/10.1088/0004-637X/761/2/101
https://doi.org/10.1029/2007JA012829
https://doi.org/10.1007/s11207-021-01875-5
https://doi.org/10.1007/s11214-011-9742-7

S. Musset et al.: J. Space Weather Space Clim. 2023, 13, 15

Proceedings of Science, Vol. 236, p. 66. https://doi.org/10.22323/
1.236.0066.

Nufiez M. 2011. Predicting solar energetic proton events (£ > 10 MeV).
Space Weather 9: 07003. https://doi.org/10.1029/2010SW000640.
Nufiez M, Reyes-Santiago PJ, Malandraki OE. 2017. Real-time
prediction of the occurrence of GLE events. Space Weather 15(7):

861-873. https://doi.org/10.1002/2017SW001605.

Pohjolainen S, van Driel-Gesztelyi L, Culhane JL, Manoharan PK,
Elliott HA. 2007. CME propagation characteristics from radio
observations. Solar Phys 244: 167-188. https://doi.org/10.1007/
s11207-007-9006-6.

Salas-Matamoros C, Klein K-L. 2015. On the statistical relationship
between CME speed and soft X-ray flux and fluence of the
associated flare. Solar Phys 290: 1337-1353. https://doi.org/
10.1007/s11207-015-0677-0.

Share GH, Murphy RJ, White SM, Tolbert AK, Dennis BR,
Schwartz RA, Smart DF, Shea MA. 2018. Characteristics of
late-phase >100 MeV gamma-ray emission in solar eruptive

events. Astrophys J 869: 182. https://doi.org/10.3847/1538-4357/
aaebf7.

Shea MA, Smart DF. 2001. Vertical cutoff rigidities for cosmic ray
stations since 1955. In: International Cosmic Ray Conference,
Copernicus Gesellschaft, Vol. 10, p. 4063.

Simnett GM. 2006. The timing of relativistic proton acceleration in
the 20 January 2005 flare. A&A 445(2): 715-724. https://doi.org/
10.1051/0004-6361:20053503.

Strauss RD, Ogunjobi O, Moraal H, McCracken KG, Caballero-
Lopez RA. 2017. On the pulse shape of Ground-Level Enhance-
ments. Solar Phys 292(4): 51. https://doi.org/10.1007/s11207-017-
1086-3.

Usoskin I, Koldobskiy S, Kovaltsov GA, Gil A, Usoskina I, Willamo
T, Ibragimov A. 2020. Revised GLE database: Fluences of solar
energetic particles as measured by the neutron-monitor network
since 1956. A&A 640: Al7. https://doi.org/10.1051/0004-6361/
202038272.

Cite this article as: Musset S, Klein K-L, Fuller N, Khreich G & Wargnier A, et al. 2023. The time profile of relativistic solar particle events
as observed by neutron monitors. J. Space Weather Space Clim. 13, 15. https://doi.org/10.1051/swsc/2023016.

Page 13 of 13


https://doi.org/10.22323/1.236.0066
https://doi.org/10.22323/1.236.0066
https://doi.org/10.1029/2010SW000640
https://doi.org/10.1002/2017SW001605
https://doi.org/10.1007/s11207-007-9006-6
https://doi.org/10.1007/s11207-007-9006-6
https://doi.org/10.1007/s11207-015-0677-0
https://doi.org/10.1007/s11207-015-0677-0
https://doi.org/10.3847/1538-4357/aaebf7
https://doi.org/10.3847/1538-4357/aaebf7
https://doi.org/10.1051/0004-6361:20053503
https://doi.org/10.1051/0004-6361:20053503
https://doi.org/10.1007/s11207-017-1086-3
https://doi.org/10.1007/s11207-017-1086-3
https://doi.org/10.1051/0004-6361/202038272
https://doi.org/10.1051/0004-6361/202038272
https://doi.org/10.1051/swsc/2023016

	Introduction
	Observations and data analysis
	FN2
	FN3
	FN4
	A normalised GLE time profile
	Correlation analysis
	GLE rise times and parameters of the parent activity
	FN5
	FN6
	FN7
	FN8
	FN9
	FN10
	Discussion
	The median GLE time profile
	How to understand the relationship between rise time and decay time?
	An application for space weather forecasting?

	FN11
	Conclusion
	Acknowledgements
	References

