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Abstract

Threeyearsafter GLE73 (2021 Oct 28), three distinct GLEs took place before the end of 2024. The first event,
GLE74, was registered on 2024 May 11, followed by GLE75 on 2024 Jun 8 and GLE76 on 2024 Nov 21. Each
event exhibited unique characteristics in terms of intensity, temporal evolution, and spectral properties.
Notably, GLE74 occurred during an irregular Forbush decrease with sharp amplitude reduction and rapid
recovery. Specifically, a 15 % decrease was recorded, followed by an exceptionally fast 10 % recovery
within 1.5 hours, as observed by the Oulu neutron monitor station. This event triggered the strongest
geomagnetic storm in two decades (2024 May 10-11). GLE75 was a rather weak event which evolved
in a quiet background as did GLE76. In this study, apart from the solar, interplanetary and geomagnetic
conditions existing during these events, the response of the GLE Alert++ system, implemented by A.Ne.
Mo.S. of the National and Kapodistrian University of Athens, to these Ground Level Enhancements is also
being presented and analyzed, offering insights into their implications for space weather forecasting and
radiation hazard.

1. Introduction

Space weather is characterized by various phenomena of cosmic rays, i.e. solar or galactic, one of the
most important being the Ground Level Enhancements (GLEs) events of solar cosmic rays. Over the years
many definitions have been attributed to these events (Souvatzoglou et al. 2009; Miroshnichenko et al.
2013; Hubert and Aubry 2021; Papaioannou et al. 2022; Papaioannou et al. 2023; Guo et al. 2023) but the
most recent and maybe the most complete is provided by Poluianov et al. (2017). Therein it is stated that,
when almost simultaneous and statistically significant enhancements of the count rates of at least two

differently located neutron monitors are recorded and a corresponding enhancement in the proton flux
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measured by a space-borne instrument(s) is registered, a GLE event has occurred. Importantly, one, at
least, of the aforementioned neutron monitors stations must be located near sea level.

GLE events were first observed in the early 40’s (Forbush, 1946), i.e. the GLEO1 was recorded on Fe-
bruary 28, 1942 (Mavromichalaki 2012) and since then nearly every year a new GLE event is recorded. In
total, to this day, 76 GLEs have been recorded (Papaioannou et al. 2025), with the last three of them, i.e.
GLE74, GLE75 and GLE76, being observed in the year 2024, a period that approaches or even includes
the maximum of solar cycle 25. It is known that GLEs are dependent on the solar cycle (Souvatzoglou et
al. 2014; Mavromichalaki et al. 2022) and are most likely to be recorded during a solar cycle’s maximum
and descending phase (Shea and Smart 1990; Kravtsova et al. 2021).

Nowadays, GLEs are an important part of the fundamental research concerning space weather and
more precisely space weather phenomena forecasting due to their possible impact not only on techno-
logical applications (Baker, 1998) but also and most importantly on human health or even human life
(Baker et al. 2004; Eastwood et al. 2017; Buzulukova and Tsurutani 2022).

Such phenomena can be responsible for interfering extensively with a variety of human activities
(Wrenn et al. 2002; Wrenn 2009; Rao et al. 2009; Chapman et al. 2020) and inflicting direct damages
such as single-event effects, single-event upset, polar cap absorption, etc. (Dyer et al. 2018; Larsen and
Mishev 2023). In addition to navigations, telecommunications, high-potential power grids systems and
other similar ground-based systems that can be influenced by GLE events, also the performances and
reliability of spacecraft operation, i.e. satellite’s electronics, can be affected.

Moreover, the disturbed space environment during a GLE event can also directly affect aviation flights
as well as space missions. Regarding galactic cosmic rays, a number of limitations and directions im-
posed by airline companies, e.g. limited airtime in the polar regions and annual radiation exposure all-
owances, regulate the health risk. However, GLEs are events that cannot be predicted; consequently,
the danger posed by them is less controllable. Thus, enhanced radiation doses during GLEs events can
constitute a major threat for exposed air crews and passengers.

In this work the three GLE events, i.e. GLE74 on May 11, GLE75 on June 8 and GLE76, on November
21 that occurred during 2024 are being presented. Solar, interplanetary, geomagnetic and cosmic rays’
conditions during these time periods are described using satellite data and neutron monitor data. Furt-
hermore, the response of the GLE Alert++ system, implemented by A.Ne.Mo.S. of the National and Kapo-
distrian University of Athens, for each event is being thoroughly discussed.

2.The GLE74 on May 11, 2024

GLE74 was recorded on May 11, 2024 during a highly active period in terms of solar activity (Mavromi-
chalaki et al. 2024). A detailed analysis of the disturbed background (solar, geomagnetic and cosmic
rays activity) and the full response of the GLE Alert++ system (pre-alert status, alert status and post-alert
status) to GLE74 is presented in Gerontidou et al. (2026). However, in the following a brief description of

the events that took place during the time period under consideration is included.
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2.1 Space-borne observations
It is interesting to note that 89 significant X-ray flares (48 of M-class and 10 of X-class) were recorded in
AR13664 during a time period of almost a fortnight (2024 May 02-15). Many of these flares were accompa-

nied by very fast halo CMEs. The increased solar activity started reflecting in proton flux levels on May 9.

2.2 Ground-based recordings

The GLE74 evolved during the deep phase of a strong Forbush decrease and as a result was registered by
the neutron monitor network. The Forbush decrease was characterized by a sharp reduction of 15 % and a
rapid recovery, i.e. the Oulu neutron monitor station recorded a 10 % recovery within 1.5 hours. As a result,
a G5 geomagnetic storm (i.e. the strongest in the two last decades) was registered on May 10 - 11, 2024, cau-
sing auroras at unprecedented latitudes worldwide. Table 1 shows the NM stations (7) that recorded the
GLE74 more clearly according to OULU GLE Database (https://gle.oulu.fi/#/, last accessed 2026 Jan 21).
In Table 1, as for Tables 2 and 3 that correspond to GLE75 and GLE76 respectively and are included in the

following, the increases were calculated for 1-minute data from NMs.

Tab. 1: Characteristics even NM stations, which recorded the largest relative count rate increase during GLE74 according to
OULU GLE database (https://gle.oulu.fi/#/).

Station | Latitude | Longitude | Altitude | Rigidity | Date/Time Increase | Date Time

(o) (o) (m) (GV) (DD/MM HH:MM) (%) (DD/MM/ (UT)

YYYY)

DOMB | 75.1 -123.38 3233 <0.01 10/0523:00-11/0501:00 | 9.23 11/05/2024 | 04:20
DOMC | 75.1 -123.38 3233 <0.01 10/0523:00-11/0501:00 | 7.51 11/05/2024 | 03:35
DRBS | 50.1 4.6 225 3.18 10/0523:30-11/0501:30 | 4.12 11/05/2024 | 02:55
NAIN 56.6 -61.7 0 0.3 10/0523:30-11/0501:30 | 5.67 11/05/2024 | 03:45
SNAE | -71.67 -2.85 856 0.73 10/0523:30-11/0501:30 | 5.45 11/05/2024 | 03:10
SOPB | -90 0 2820 0.1 10/0523:30-11/0501:30 | 9.96 11/05/2024 | 02:45
SOPO | -90 0 2820 0.1 10/0523:30-11/0501:30 | 8.67 11/05/2024 | 03:00

2.3 GLE Alert++ system

Over the last years, A.Ne.Mo.S. of the National and Kapodistrian University of Athens has developed and
operates a real-time GLE Alert system, named GLE Alert++ system (Crosby et al. 2024). This tool generates
an alert during the initial phase of a GLE and is provided, as a federated product on the ESA SWE Portal
(https://swe.ssa.esa.int/anemos-federated, last accessed 2026 Jan 21) of the ESA Space Safety Program
Space Weather Service Network under the Space Radiation Expert Service Center (R-ESC).

In the case of the GLE74, the GLE Alert++ system successfully issued an alert on 2024 May 11 at 02:05
UT. This alert was issued based on the neutron monitor stations of Oulu, Finland (OULU, R= 0.81, 15m
a.s.l.), South Pole, Antarctica (SOPO, R=0.1GV, 2820m a.s.l.), Lomnicky stit, Slovakia (LMKS, R=3.84GV,
2634m a.s.].) as shown in Figure 1. One minute after the initial alert, a new polar station, South Pole Bares,
Antarctica (SOPB, R = 0.1GV, 2820m a.s.l.), also entered into Alert mode.
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Fig. 1: General Alert status on 2024 May 11 at 02:07 UT as recorded by the ANeMoS GLE Alert++ system (https://swe.ssa.
esa.int/anemos-federated).

3. The GLE75 on June 8, 2024

It should be mentioned that GLE75 that was recorded on 2024 Jun 8 meets the criteria for the GLE defini-
tion, since, in addition to SOPO, SOPB, DOMB, Antarctica (R <0.01, 3233m a.s.l.) and DOMC, Antarctica
(R <0.01, 3233m a.s.l.), a weak but statistically significant response (~2 %*hr) was also registered in the

neutron monitor station Peawanuck, Canada (PWNK, R=0.3GV, 53m a.s.l.) dataset.

3.1 Space-borne observations
On June 7, 2024 at 09:13 UT peak time, AR3709 erupted producing two M-class solar flares, the higgest of class
M4.0 (Figure 2a) and a radio blackout of category R1. For the time period June 4 - 6, LASCO imagery showed
no obviously Earth directed CMEs, but a coronal hole (CH1224) at northern hemisphere rotated across the
central meridian. Moreover, another coronal hole (CH1225) at southern hemisphere had become Earth facing
on June 10. Furthermore, GOES Proton Flux for particles with energies above 10 MeV exceed the SWPC 10 MeV
warning threshold on June 8 at 02:50 UT (Figure 2b). A solar radiation storm of level S2 was also observed.
On June 7 at 19:40 UT, the solar wind speed, measured by ACE satellite, reached the maximum value
503 km/s, while from STEREO A was detected at 400 km/s. On June 7 at 14:00 UT, the vertical compo-
nent of IMF Bz reached the max value -14nT. The geomagnetic activity was quiet to moderate (geomagne-

tic storm G2). The Kp index was at unsettled levels with Kp=3 (Figure 2c).

3.2 Ground-based recordings
The GLE75 was a weak event that was mainly registered by high latitude stations, i.e. DOMC and DOMB
(see Table 2). However, according to OULU GLE Database (https://gle.oulu.fi/#/, last accessed 2026 Jan 21)
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Fig. 2: GOES-16 X-ray flux in 0.5-4.0 A and 1.0-8.0 A (a), GOES proton flux >10 MeV and > 100MeV (b) and geomagnetic
index Kp values (c) for the time period 2024 Jun 07-10 as derived from https://lasp.colorado.edu/space-weather-portal/
goes-proton-flux/.
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the 7 stations that best recorded this event also included low latitude stations such as Mawson, Antarcti-
ca/Australia (MWSB, R= 0.22, 30m a.s.l.), OULU, and PWNK. The cosmic ray variations for the aforemen-

tioned stations are presented in Figure 3.

Tab. 2: Characteristics of the seven best NM stations that recorded GLE75 according to OULU GLE database. (https://gle.
oulu.fi/#/)

ctation | Lotitude | Longitude | Altitude | Rigidity ?;Be”mme 'r::;ease' Date Time

(0) (o) (m) (6v) HH:MM) (%) (DD/MM/YYYY) | (UT)
DOMB | 75.1 12338 3233 | <0.01 é)://;):(?;(?g T |85 08/06/2024 04:35
poMC | 75.1 12338 [3233 | <0.01 gg;gz gggg T |58 08/06/2024 02:30
MWSB | -67.60 | 62.88 30 0.22 ggjgz gggg T | 343 08/06/2024 03:25
OULU | 6505 | 25.47 15 0.8 gg;gz gggg T | 289 08/06/2024 02:55
PWNK | 5498 | -85.44 53 0.00 82;82 gggg T a7 08/06/2024 02:45
SNAE | -71.67 | -2.85 856 0.68 gg;gz gggg T | 264 08/06/2024 03:00
SOPB | -90 0 2820 | 0.1 gg;gz gggg T | 266 08/06/2024 03:15

3.3 GLE Alert++ system

The GLE Alert++ system did not issue an alert for GLE75, since the only station that entered in Alert mode
was SOPO (Figure 4). The system could not be in General Alert status, as there were no three stations in
Alert mode simultaneously, possibly due to the small amplitude of the event. Because GLE75 was such
a weak event the only way to issue an alert would be by using neutron monitor stations DOMB, DOMC

and MWSB. However, these stations are not used in the application since they are not real-time stations.

4. The GLE76 on 2024 Nov 21

A new GLE of the cosmic ray intensity on 2024 Nov 21, identified as GLE76, was recorded by the real-time

neutron monitor stations and was caused by a proton event.

4.1 Space-borne observations

On November 20 at 19:48 UT peak time the AR3889 erupted and produced a M1.2-class solar flare (Figure 5a).
The available LASCO imagery showed no obvious Earth directed CMEs on November 18-20. On November
21 at 19:20 UT GOES Proton Flux for particles with energies above 10 MeV exceeded the SWPC 10 MeV
warning threshold (S2 solar radiation storm) as shown in Figure 5b. Additionally, the geomagnetic field
was quiet to unsettled on 2024 Nov 20-21 (Figure 5c).
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Fig. 3: GLE75 as recorded by the DOMC, DOMB, SOPB, MWSB, PWNK and OULU neutron monitor stations (NMDB; https://
www.nmdb.eu/nest/), GLE75 is marked in the circle.
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Fig. 4: The SOPO station entered in Alert mode.


https://doi.org/10.38072/2748-3150/49
https://www.nmdb.eu/nest/
https://www.nmdb.eu/nest/

66

Cosmic ray studies with neutron detectors | Volume 3 (2026)
KIEL-UP ¢ DOI: 10.38072/2748-3150/p49

GOES X-Ray Flux

10-2 -
10-3 - X
10-4 - S
M
S 2
< ~<
3 ¢ 2
%) Y
2 @
< B A
= by
A @
10-9 -
20. Nov 12:00 21. Nov 12:00 22. Nov 12:00 23. Nov
Universal Time
GOES primary Longwave — GOES primary Shortwave
— GOES secondary Longwave — GOES secondary Shortwave
(b) GOES Proton Flux s4
104 -
H S3
%103 - g
! S2 8
: 102 g
T o
v : g
101 mee=mmmen oSt )
5 : @
~ o
g 100 - =
2 »
g 10-1 - 8
o : o
10-2 - =
20. Nov 12:00 21. Nov 12:00 22. Nov 12:00 23. Nov
Universal Time
— GOES primary spacecraft Proton flux > 10 MeV
— GOES primary spacecraft Proton flux > 50 MeV
—— GOES primary spacecraft Proton flux > 100 MeV
(c)
Planetary K
9-
8
7+
7-
6
3 5+
2 s-
g 4
3+
3-
2
1+
1-
0
) Q Q Q ) Q Q N Q QS Y
o N Qo Q o Q Q Q o Q Q Q o
Q§ SRR R S NP LR RS m'% ORI S qﬁ
v 2 % ‘v

Universal Time

Fig. 5: GOES-16 X-ray flux in 0.5-4.0 Aand 1.0-8.0 A (a), GOES proton flux >10 MeV and > 100MeV (b) and geomagnetic
index Kp values (c) for the time period 2024 Nov 20-23 as derived from https://lasp.colorado.edu/space-weather-portal/
goes-proton-flux/.
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4.2 Ground-based recordings

Figure 6 shows the cosmic ray intensity variations from November 20 to November 23 for the neutron
monitor stations Terre Adelie, Antarctica (TERA, R = 0GV, 32 a.s.l.), DOMC, DOMB, SOPO and SOPB. As
can be seen a GLE was recorded on November 21 (TERA: max 4.25 % at 19:00 UT, DOMC: max 6.98 %
at 19:05 UT, DOMB: max 8.64 % at 20:05 UT, SOPO: max 3.17 % at 18:50 UT) and (SOPB: max 3.68 % at
19:00 UT) (https://gle.oulu.fi/#/, last accessed 2026 Jan 21). More information about these stations is
presented in Table 3.

Tab. 3: Characteristics of the five best NM stations that recorded GLE76 according to OULU GLE database (https://gle.
oulu.fi/#/).

Lati- Longi- Alti- Rigi- . Increase- | Date .
. . Date/ Time Time
Station | tude tude tude dity (DD/MM HH:MM) max (DD/MM/ (uT)
(o) (o) (m) (GV) ' (%) YYYY)
DOMB 75.1 -123.38 3233 <0.01 21/1116:00-21/1118:00 | 8.64 21/11/2024 | 20:05
DOMC 75.1 -123.38 3233 <0.01 21/1116:00-21/1118:00 | 6.98 21/11/2024 | 19:05
TERA -66.65 | 140.00 32 0.02 21/1116:00-21/1118:00 | 4.25 21/11/2024 | 19:00
SOPB -90 0 2820 0.1 21/1116:00-21/1118:00 | 3.68 21/11/2024 | 19:00
CALM 40.64 -3.16 708 6.95 21/1116:00-21/1118:00 | 3.85 21/11/2024 | 16:10
4.3 GLE Alert++ system

In the GLE Alert++ system at first, two polar stations, SOPO and SOPB, were in Alert mode (18:43-18:54
UT) and the system’s status was Warning (Figure 7). For the next 2 minutes (18:55-18:56 UT) only SOPB
was in Alert mode and the system’s status was Watch. At 18:57 UT two stations, Kerguelen, Antarc-
tica (KERG, R = 1.14GV, 33m a.s.l.) and SOPB, were in Alert mode and the system’s status was again
Warning. From there on only the station KERG was in Alert mode and the system’s status was Watch
(Figure 8). At 19:00 UT the station KERG was in Alert mode and Kiel, Germany (KIEL2, R = 2.36GV, 54m
a.s.l.) in Watch mode (Figure 9). Consequently, the GLE Alert++ system could not be in General Alert
status, as there were no three stations in Alert mode simultaneously (for only 3 minutes the alert was
missed). However, it should be noted that such short time differences may be due to deficient synchro-

nization of stations.
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Fig. 6: Cosmic ray intensity variations for the time period from Nov 20-23 for the neutron monitor stations TERA, DOMC,
DOMB, SOPO and SOPB (https://www.nmdb.eu). GLE76 is marked in the circle.
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Fig. 7: The two stations in Alert mode (SOPB and SOPO) are marked.
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https://doi.org/10.38072/2748-3150/49

70 Cosmic ray studies with neutron detectors | Volume 3 (2026)
KIEL-UP ¢ DOI: 10.38072/2748-3150/p49

5. Conclusions

In this study, the three Ground Level Enhancements (GLEs) of 2024 — namely GLE74, GLE75, and GLE76
— were thoroughly analyzed using data from the Neutron Monitor Database (NMDB). Furthermore, the
response of the GLE Alert++ system, operated by the A.Ne.Mo.S. Group at the National and Kapodistrian
University of Athens and provided as federated product at SWE Portal of the ESA Space Safety Program
Space Weather Service Network under the Space Radiation Expert Service Center (https://swe.ssa.esa.

int/anemos-federated, last accessed 2026 Jan 21), was evaluated for each of these events.

The main findings are as follows:

e The GLE Alert++ system responded to all detected events.

e For GLE74, a General Alert was successfully issued at 02:05 UTC on 2024 May 11.

e For GLE75, which was a weak event primarily observed by high-altitude polar stations DOMB and
DOMC, the system entered Alert mode only for the polar station SOPO. As a result, no General Alert was
triggered. This behavior was consistent with expectations, as the primary contributing stations (DOMB
and DOMC) are not integrated into the real-time monitoring database of the GLE Alert++ system.

¢ For GLE76, the system entered Watch and Warning status, but a General Alert was not issued. This
missed detection may be attributed to delayed data delivery to the NMDB, which feeds the alert system.

To enhance the reliability and completeness of the GLE Alert++ system and mitigate such limitations, the

integration of satellite-based observations is proposed as a necessary future development.

Acknowledgements

We acknowledge the NMDB database (http://www.nmdb.eu/, last accessed 2026 Jan 21), founded under
the European Union’s FP7 programme (contract no. 213007) for providing data. This research is supported
by ESA SSA SWE Space Radiation Expert Service Centre activities (ESA contract number 4000113187/15/D/
MRP) and the ESA Space Safety Program’s network of space weather service development and pre-ope-
rational activities (ESA contract number 4000134036/21/D/MRP). The authors are grateful to all the solar,
geomagnetic and interplanetary data providers.

References

Baker, D.N. 1998, Whatis space weather? Advances in Space Research
22(1),7-16, https://doi.org/10.1016/S0273-1177(97)01095-8.

Baker, D. N., Daly, E., Daglis, I, Kappenman, J. G., Panasyuk, M. 2004,
Effects of Space Weather on Technology Infrastructure. Space
Weather 2, https://doi.org/10.1029/2003SW000044.

Buzulukova, N., Tsurutani, B. 2022, Space Weather: From solar origins
to risks and hazards evolving in time. Frontiers in Astronomy and
Space Sciences 9, https://doi.org/10.3389/fspas.2022.1017103.

Chapman, S. C., McIntosh, S. W., Leamon, R. J., Watkins, N. W. 2020,
Quantifying the solar cycle modulation of extreme space weather.
Geophysical Research Letters 47, e2020GL087795, https://doi.
org/10.1029/2020GL087795.

Crosby, N., Mavromichalaki, H., Malandraki, 0., Gerontidou, M.,
Karavolos, M., Lingri, D., et al. 2024. Very high energy solar
energetic particle events and ground level enhancement events:
Forecasting and alerts. Space Weather 22, e2023SW003839,
https://doi.org/10.1029/2023SW003839.


https://doi.org/10.38072/2748-3150/49
https://swe.ssa.esa.int/anemos-federated
https://swe.ssa.esa.int/anemos-federated
http://www.nmdb.eu/
https://doi.org/10.1016/S0273-1177(97)01095-8
https://doi.org/10.1029/2003SW000044
https://doi.org/10.3389/fspas.2022.1017103
https://doi.org/10.1029/2020GL087795
https://doi.org/10.1029/2020GL087795
https://doi.org/10.1029/2023SW003839

Cosmic ray studies with neutron detectors | Volume 3 (2026) 71

KIEL-UP ¢ DOI: 10.38072/2748-3150/p49

Dyer, A.C.R., Ryden, K. A., Hands, A. D. P., Dyer, C., Burnett, C., Gibbs,
M. 2018, Zenith: Aradiosonde detector for rapid-response ionizing
atmospheric radiation measurements during solar particle
events. Space Weather 16, 261-272, https://doi.org/10.1002
/2017SW001692.

Eastwood, J. P., Biffis, E., Hapgood, M. A., Green, L., Bisi, M. M., Bentley,
R.D., Wicks, R., McKinnell, L.-.A., Gibbs, M., Burnett, C. 2017, The
Economic Impact of Space Weather: Where Do We Stand? Risk
Analysis 37,206-218, https://doi.org/10.1111/risa.12765.

Forbush, S. E. 1946, Three unusual cosmic-ray increases possibly due
to charged particles from the sun. Phys. Rev. 70, 771, https://doi.
org/10.1103/PhysRev.70.771.

Gerontidou, M., Crosby, N. B., Mavromichalaki, H., Papailiou, M.-C.,
Paschalis, P., Dierckxsens, M. 2026, The real-time detection of the
unusual Ground Level Enhancement of May 11, 2024 (GLE74) by
the ANeMoS GLE Alert ++ system. Universe 12(2), 41, https://doi.
org/10.3390/universe12020041.

Guo, J., Li, X., Zhang, J., Dobynde, M. I., Wang, Y., Xu, Z., et al. 2023,
The first ground level enhancement seen on three planetary
surfaces: Earth, Moon, and Mars. Geophysical Research Letters
50,2023GL103069, https://doi.org/10.1029/2023GL103069.

Hubert, G., Aubry, S. 2021, Study of the impact of past extreme
solar events on the modern air traffic. Space Weather 19,
€2020SW002665, https://doi.org/10.1029/2020SW002665.

Kravtsova, M. V., Olemskoy, S. V., Sdobnov, V. 2021, Ground level
enhancements of cosmic rays on October-November 2003.
Journal of Atmospheric and Solar-Terrestrial Physics 221, https://
doi.org/10.1016/j jastp.2021.105707.

Larsen,N.,Mishev,A.L.2023, Analysis of the ground levelenhancement
GLE 60 on 15 April 2001, and its space weather effects:
Comparison with dosimetric measurements. Space Weather 21,
€2023SW003488, https://doi.org/10.1029/2023SW003488.

Mavromichalaki, H., Papaioannou, A., Plainaki, C., Sarlanis, C.,
Souvatzoglou, G., Gerontidou, M., Papailiou, M., Eroshenko, E.,
Belov, A., Yanke, V., Fliickiger, E. 0., Biitikofer, R., Parisi, M., Storini,
M., Klein, K.-L., Fuller, N., Steigies, C. T., Rother, 0. M., Heber, B.,
Wimmer-Schweingruber, R. F., Kudela, K., Strharsky, I., Langer,
R., Usoskin, I., Ibragimov, A., Chilingaryan, A., Hovsepyan, G.,
Reymers, A., Yeghikyan, A., Kryakunova, 0., Dryn, E., Nikolayevskiy,
N., Dorman, L., Pustil'nik, L. 2011, Applications and usage of the
real-time Neutron Monitor Database. Advances in Space Research
47(12),2210-2222, https://doi.org/10.1016/j.asr.2010.02.019.

Mavromichalaki, H. 2012, The physics of cosmic rays applied to
space weather. In: Maris, G., Demetrescu, C. (eds.), Advances in
Solar and Solar-Terrestrial Physics, Kerala: Research Signpost,
135-161, http://cosray.phys.uoa.gr/publications/D95.pdf (last
accessed 2026 Jan 21).

Mavromichalaki, H., Paschalis, P., Gerontidou, M., Papailiou, M.-C.,
Paouris, E., Tezari, A, Lingri, D., Livada, M., Stassinakis, A. N.,
Crosby, N., Dierckxsens, M. 2022, The Updated Version of the
A.Ne.Mo.S. GLE Alert System: The Case of the Ground-Level
Enhancement GLE73 on 28 October 2021. Universe 8(7), 378,
https://doi.org/10.3390/universe8070378.

Mavromichalaki, H., Papailiou, M.-C., Livada, M., Gerontidou, M.,
Paschalis, P., Stassinakis, A., Abunina, M., Shlyk, N., Abunin, A,
Belov, A., etal. 2024, Unusual Forbush Decreases and Geomagnetic
Storms on 24 March, 2024 and 11 May, 2024. Atmosphere 15, 1033,
https://doi.org/10.3390/atmos15091033.

Miroshnichenko, L., Vashenyuk, E., Pérez-Peraza, J. 2013, Solar cosmic
rays: 70 years of ground-based observations. Geomagnetism
and Aeronomy 53(5), 541-560, https://doi.org/10.1134/
S0016793213050125.

Papaioannou, A., Kouloumvakos, A., Mishev, A., Vainio, R., Usoskin, 1. G.,
Herbst, K., Rouillard, A. P., Anastasiadis, A., Gieseler, J., Wimmer-
Schweingruber, R. F, et al., The first ground-level enhancement
of solar cycle 25 on 28 October 2021. Astronomy & Astrophysics
660(L5), https://doi.org/10.1051/0004-6361/202142855.

Papaioannou, A. 2023, What do we learn from ground level
enhancements? In: NMDB@Athens: Proceedings of the hybrid
symposium on cosmic ray studies with neutron detectors,
September 26-30, 2022, Kiel: Universititsverlag Kiel | Kiel
University Publishing, 113-130, https://doi.org/10.38072/2748-
3150/p317.

Papaioannou, A., Mishev, A., Usoskin, I., et al. 2025, The High-Energy
Protons of the Ground Level Enhancement (GLE74) Event on
11 May 2024. Solar Physics 300, 73, https://doi.org/10.1007/
s11207-025-02486-0.

Poluianov, S. V., Usoskin, I. G., Mishey, A. L., Shea, M. A., Smart, D. F.
2017, GLE and Sub-GLE Redefinition in the Light of High-Altitude
Polar Neutron Monitors. Solar Physics 292, 176, https://doi.
org/10.1007/s11207-017-1202-4.

Rama Rao, P.V.S., Gopi Krishna, S., Vara Prasad, J., Prasad, S.N. V. S.,
Prasad, D.S.V.V.D., Niranjan, K. 2009, Geomagnetic storm effects
on GPS based navigation, Annales Geophysicae 27, 2101-2110,
https://doi.org/10.5194/angeo-27-2101-2009.

Shea, M.A.,, Smart, D.F. A summary of major solar proton events.
Solar Physics 127, 297-320 (1990). https://doi.org/10.1007/
BF00152170.

Souvatzoglou, G., Mavromichalaki, H., Sarlanis, C., Mariatos, G.,
Belov, A., Eroshenko, E., Yanke, V. 2009, Real-time GLE alert for
the December 13, 2006 event, at the ANMODAP center. Advances
in Space Research 43, 728-734, https://doi.org/10.1016/j.
asr.2008.09.018.

Souvatzoglou, G., Papaioannou, A., Mavromichalaki, H., Dimitroulakos,
J., Sarlanis, C. 2014, Optimizing the real-time ground
level enhancement alert system based on neutron monitor
measurements: Introducing GLE Alert Plus. Space Weather 12,
633-649, https://doi.org/10.1002/2014SW001102.

Wrenn, G.L.,Rodgers, D.J., Ryden, K.A.2002, Asolar cycle of spacecraft
anomalies due to internal charging, Annales Geophysicae 20, 953-
956, https://doi.org/10.5194/angeo-20-953-2002.

Wrenn, G. L. 2009, Chronology of *killer<electrons: Solar cycles 22 and
23. Journal of Atmospheric and Solar-Terrestrial Physics 71(10-
11),1210-1218, https://doi.org/10.1016/j.jastp.2008.08.002.


https://doi.org/10.38072/2748-3150/49
https://doi.org/10.1002/2017SW001692
https://doi.org/10.1002/2017SW001692
https://doi.org/10.1111/risa.12765
https://doi.org/10.1103/PhysRev.70.771
https://doi.org/10.1103/PhysRev.70.771
https://doi.org/10.3390/universe12020041
https://doi.org/10.3390/universe12020041
https://doi.org/10.1029/2023GL103069
https://doi.org/10.1029/2020SW002665
https://doi.org/10.1016/j.jastp.2021.105707
https://doi.org/10.1016/j.jastp.2021.105707
https://doi.org/10.1029/2023SW003488
https://doi.org/10.1016/j.asr.2010.02.019
http://cosray.phys.uoa.gr/publications/D95.pdf
https://doi.org/10.3390/universe8070378
https://doi.org/10.3390/atmos15091033
https://doi.org/10.1134/S0016793213050125
https://doi.org/10.1134/S0016793213050125
https://doi.org/10.1051/0004-6361/202142855
https://doi.org/10.38072/2748-3150/p37
https://doi.org/10.38072/2748-3150/p37
https://doi.org/10.1007/s11207-025-02486-0
https://doi.org/10.1007/s11207-025-02486-0
https://doi.org/10.1007/s11207-017-1202-4
https://doi.org/10.1007/s11207-017-1202-4
https://doi.org/10.5194/angeo-27-2101-2009
https://doi.org/10.1007/BF00152170
https://doi.org/10.1007/BF00152170
https://doi.org/10.1016/j.asr.2008.09.018
https://doi.org/10.1016/j.asr.2008.09.018
https://doi.org/10.1002/2014SW001102
https://doi.org/10.5194/angeo-20-953-2002
https://doi.org/10.1016/j.jastp.2008.08.002

72 Cosmic ray studies with neutron detectors | Volume 3 (2026)
KIEL-UP ¢ DOI: 10.38072/2748-3150/p49

Open Access

This paper is published under the Creative Commons Attribution 4.0 International License. The license text is available at:
https://creativecommons.org/licenses/by/4.0/. Please note that individual parts of the paper, such as graphics, figures,
photographs, and text excerpts (identified by source references), may be excluded from the above-mentioned license
and may be subject to different copyright conditions. If such third-party material is not covered by the Creative Commons

License, any copying, editing, or public reproduction is permitted only with the prior consent of the respective copyright
owner or on the basis of applicable legal authorization.


https://doi.org/10.38072/2748-3150/49
https://creativecommons.org/licenses/by/4.0/

	The Response of the GLE Alert++ System during GLE74, GLE75, and GLE76
	1. Introduction
	2. The GLE74 on May 11, 2024
	2.1 Space-borne observations
	2.2 Ground-based recordings
	2.3 GLE Alert++ system

	3. The GLE75 on June 8, 2024
	3.1 Space-borne observations
	3.2 Ground-based recordings
	3.3 GLE Alert++ system

	4. The GLE76 on 2024 Nov 21
	4.1 Space-borne observations
	4.2 Ground-based recordings
	4.3 GLE Alert++ system

	5. Conclusions
	Acknowledgements
	References
	Open Access


