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Abstract

A strong Forbush decrease, i.e., suppression of the flux of galactic cosmic rays recorded on Earth, was observed by the global network
of ground-based neutron monitors (NMs) on 24–25 March 2024. The decrease was very unusual as characterised by so rapid recovery
that a false Ground-level enhancement (GLE) alarm was produced by the corresponding warning systems. Here we present the first com-
prehensive collection and analysis of the available data for this event. The event was highly anisotropic as exhibited in a 3-h spread of the
deep-phase timing for different NMs. The anisotropy was focused nearly at the anti-sunward direction with a narrow cone of 20–30�.
The heliospheric situation leading to this unusual Forbush decrease was quite complex. An analysis of first look records was performed,
considering the stations acceptance, taking into account the complex geomagnetic conditions. A leader fraction analysis indicates that the
recovery phase of the event was rigidity-independent and had essentially the same spectral shape as the pre-event period. A summary of
the solar-terrestrial phenomena is provided to assist in future work on modelling this complex event.
� 2024 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

An omnipresent flux of high-energy subatomic particles,
namely protons (�90%), a-particles (�9%), and smaller
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amounts of heavier nuclei constantly bombard the Earth’s
atmosphere. These particles are of extra-terrestrial and
extra-solar, mostly Galactic, origin and are collectively
called galactic cosmic rays (GCRs). Their energy spectrum

is roughly a power law from about 109 to over 1020 eV, yet
showing a complicated shape and temporal modulation at
lower energies (e.g. Dorman, 2004; Gaisser et al., 2016;
org/licenses/by/4.0/).
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Tanabashi et al., 2018, and references therein). Their flux,
spectrum, and energy composition are measured with high
precision in space, e.g., by PAMELA (Payload for Anti-
matter Matter Exploration and Light-nuclei Astrophysics
– e.g., Adriani et al., 2017) and AMS-02 (Alpha Magnetic
Spectrometer – Aguilar et al., 2021a) space-borne detec-
tors. Variability of the energy-integrated GCR intensity is
continuously measured by the worldwide network of neu-
tron monitors (NMs) located around the globe (e.g.,
Bieber et al., 2004; Mavromichalaki et al., 2011; Väisänen
et al., 2021). NMs are ground-based detectors measuring
the nucleonic component of the cosmic-ray-induced atmo-
spheric cascade (e.g., Simpson, 2000) and provide accurate
monitoring of the GCR flux in the energy range of deka-
GeV most affected by solar modulation (Asvestari et al.,
2017).

The flux of GCRs is nearly isotropic and varies at differ-
ent timescales due to heliospheric modulation by the solar
wind and embedded interplanetary magnetic field (e.g.,
Potgieter, 2013, and references therein). In addition to
the pronounced 11/22-year solar activity/magnetic cycle
modulation, the GCR flux also exhibits notable transient
suppressions due to coronal mass ejections (CMEs) and
co-rotating interaction regions (CIRs) in the solar wind,
called Forbush decreases (FDs – e.g., Forbush, 1937;
Cane, 2000; Dumbović et al., 2022). FDs strongly affect
GCRs in the GeV – deka-GeV energy range, occurring
on the timescale of hours to days and are caused by inter-
planetary shocks and/or magnetic flux ropes passing near
the Earth (see, e.g., Cane, 2000; Kuwabara et al., 2009,
and discussions therein). They are observed as relatively
fast (within a few hours), sometimes two-step, decreases
in the count rate of NMs, which can reach 25–30%,
(e.g., Gopalswamy et al., 2005; Witasse et al., 2017). The
decrease is usually followed by a slow gradual recovery tak-
ing up to several days or even a week, with a pronounced
diurnal variability due to cosmic ray anisotropy. Strong
FDs are often accompanied by major magnetospheric
storms (e.g., Belov, 2009, and the discussion threin) and/
or by strong solar energetic particle (SEP) events (e.g.,
Desai and Giacalone, 2016; Klein and Dalla, 2017;
Reames, 2017) including ground-level enhancements
(GLEs).

Here we report and analyse a strong FD recently
observed by the global NM network during 24–25 March
2024. The event exhibited notable features, such as a rapid
recovery that triggered a false alarm in a GLE warning sys-
tem, i.e., GLE Alert++ (https://swe.ssa.esa.int/web/guest/
anemos-federated) (Souvatzoglou et al., 2014;
Mavromichalaki et al., 2024) issued three alert emails
between 01:37 and 02:47 UT on 25-Mar-2024 (H.
Mavromichalaki, personal communication, 2024), while
another alarm system at the Bartol Research Institute,
University of Delaware USA (https://www.bartol.udel.
edu/mangeard/glealarm/index.html) (Kuwabara et al.,
2006a; Kuwabara et al., 2006b), issued a warning but not
an alert. The event was also highly anisotropic; it had a
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deep phase that appeared with a time difference of several
hours, as observed by different NMs.

In Section 2, we present the records from the global NM
network. In Section 3 we summarize the state of the Earth’s
magnetosphere and perform the corresponding NM
acceptance-cone modelling. In Section 4 we present the
state of the heliosphere, and in Section 5, we discuss the
observations and plausible phenomenology.

2. Records from the global neutron monitor network

Here we used count-rate and timing records from the
global network of NMs (e.g., Simpson, 2000; Dorman,
2004; Ruffolo et al., 2016, and references therein). NMs
are standard ground-based cosmic-ray detectors intro-
duced during the International Geophysical Year (IGY)
1957–1958 and specifically designed to monitor CR varia-
tions (Simpson, 1958), yet several stations were installed
earlier for test purposes (Simpson et al., 1953) as were pilot
non-standard detectors (e.g., Adams, 1950). Later, in 1964,
the design of the NM was considerably improved, leading
to the introduction of the next-generation standard device,
conventionally called NM64, or super-monitor (Hatton
and Carmichael, 1964). The NM64 super-monitor is a stan-
dard detector in the global NM network (e.g., Simpson,
2000; Bütikofer, 2018, and references therein), while a
few older IGY NMs are still being used. There was a Soviet
analogue of the NM64, called SNM15, which has slightly
lower efficiency and is common in the countries of the for-
mer USSR and East Europe (e.g., Gil et al., 2015). The
records of the bulk of NMs are archived in nearly real-
time and available via web-based services (Väisänen
et al., 2021), such as the international NM database
NMDB (https://nmdb.eu – see, e.g., Mavromichalaki
et al., 2011).

NMs detect atmospheric secondary particles (mostly
neutrons) generated by interactions of primary cosmic
ray ions in the atmosphere. The trajectory of a charged
particle with momentum p and charge q in a magnetic field,
such as the geomagnetic field, is determined by its rigidity
P ¼ pc=q. Therefore, for a cosmic ray ion to reach a given
location on Earth, from a given direction, its rigidity must
exceed a certain cutoff (threshold) rigidity, Pc. The effective
vertical cutoff rigidity varies from �17 GV in parts of
Southeast Asia to nearly 0 GV in polar regions. In addi-
tion, a kinetic energy of about 430 MeV/n
(Miroshnichenko, 2018; Mishev and Poluianov, 2021)
known as the atmospheric cutoff is required for a cosmic
ray ion to generate a shower that can be detected at ground
level. Therefore, polar neutron monitors with Pc K 1 GV
have a response determined by the atmospheric cutoff,
which depends only on the altitude above sea level of the
detector’s location. Besides, an NM is characterized by
the asymptotic direction, i.e., the sky-projected direction
from which a CR particle should arrive to reach the given
location on Earth (e.g., Bütikofer, 2018). We emphasize
that the sub-network of polar NMs, called Spaceship

https://swe.ssa.esa.int/web/guest/anemos-federated
https://swe.ssa.esa.int/web/guest/anemos-federated
https://www.bartol.udel.edu/mangeard/glealarm/index.html
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Earth, possesses greater sensitivity to anisotropy and tran-
sient variations of CR flux compared to NMs at lower lat-
itudes (e.g., Bieber et al., 2004; Mishev and Usoskin, 2020).
Hence, a NM station is sensitive to a given segment of the
sky, which is specifically important to study anisotropic
transient variations in the CR spectrum.

Here we have collected and analyzed available count-
rates and neutron timing records for NMs around the
globe, from the tropics to polar regions, for the period
between 24–25 March 2024 (days of year, DOY 84 and
85). The list of NMs with the effective vertical cutoff rigidi-
ties ranging from zero to about 17 GV is given in Table 1
with the data sources indicated. The count rates of all NMs
are examined with a 10-min time resolution, corrected for
the barometric pressure and efficiency.

In contrast to typical FDs, this event exhibited a rapid
(within several hours) recovery of the NM count rate, an
anisotropic response as detected by NMs, and a notable
shift of the deep phase and recovery between different
NMs. The normalized count rates for the NMs studied
Table 1
List (arranged via ascending order of the geomagnetic cutoff rigidity P c) of
standard acronym; detector type; vertical cutoff rigidity at the time of the FD (
2017); altitude (in meters a.s.l.); geographical latitude and longitude (in degree
compared to the pre-event CR intensity; the source of data: (1) – NMDB (nm
(https://fskbhe1.puk.ac.za/neutronmonitor/ and https://natural-sciences.nwu.a
Alcalá.

Name Acronym Type P c Eeff

Inuvik INVK 18NM64 0.0 11.7
JangBogo JBGO 5NM64 0.0 11.7
Tixie Bay TXBY 18NM64 0.0 11.7
Fort Smith FSMT 18NM64 0.12 11.7
Peawanuck PWNK 18NM64 0.12 11.7
Terre Adelie TERA 9NM64 0.12 11.7
Thule THUL 9NM64 0.14 11.7
Dome C DOMC Mini-NM 0.21 11.7
Oulu OULU 9NM64 0.21 11.7
SANAE SNAE 3NM64 0.24 11.7
Mawson MWSN 18NM64 0.25 11.8
Apatity APTY 18NM64 0.26 11.8
South Pole SOPO 3NM64 0.35 11.8
Nain NAIN 18NM64 0.39 11.8
Kerguelen KERG 18NM64 0.53 11.8
Calgary CALG 3NM64 0.66 11.8
Yakutsk YKKT 18NM64 0.9 11.9
Kiel KIEL 18NM64 1.84 12.0
Livingston Island ORCA 3NM64 1.97 12.1
Newark NEWK 9NM64 2.38 12.5
Dourbes DRBS 9NM64 2.93 12.9
Irkutsk3 IRK3 6NM64 3.01 13.0
Lomnický Štit LMKS 8SNM15 3.25 13.2
Jungfraujoch JUNG1 3NM64 4.22 14.1
Baksan BKSN 6NM64 5.29 15.5
Alma-Ata B AATB 18NM64 5.61 15.9
Rome ROME 17NM64 5.88 16.3
Castilla-La Mancha CALM 12NM64 6.12 16.7
Potchefstroom PFTM 8IGY 6.9 17.9
Mexico City MXCO 6NM64 7.28 18.4
Athens ATHN 6NM64 8.15 19.9
Tenerife ICaRO 3NM64 12.1 27.1
Princess Sirindhorn PSNM 18NM64 16.6 36.1
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here are shown in Fig. 1 for 24–25 March. The magnitude
of the FD inversely depended on the NM’s geomagnetic
cutoff rigidity so that the strongest suppression was
observed for polar NMs, as expected (see Table 1 and
Fig. 9). Furthermore, as all NMs with geomagnetic cutoff
K 1 GV are subject to the same atmospheric cutoff that
depends only on altitude, the variable suppression must
be attributed to the altitude (especially for Dome C and
South Pole) or anisotropy affects due to different asymp-
totic look directions of different NMs. Unusually, different
NMs recorded the deep phase at different times: while most
of the NMs recorded the maximum magnitude of the FD at
around 22 UT on 24 March, henceforth denoted as Phase
I, some other NMs (e.g., SOPO, SNAE, AATB, IRK3,
MXCO) reached it later, around 01 UT on 25 March,
denoted as Phase II. A more detailed analysis is presented
below.

To study this FD using NM data, we explicitly consid-
ered the magnetospheric conditions and NM acceptance
cones, which are necessary for understanding the aniso-
neutron monitors used in this study. Columns represent the site’s name;
in GV); effective energy Eeff (in GeV – Alanko et al., 2003; Asvestari et al.,
s); magnitude M of the FD for phases I and II, respectively, in percentage
db.eu), (2) – Oulu site (cosmicrays.oulu.fi), (3) – North-West University
c.za/neutron-monitor-data); (4) – Mahidol University; (5) University of

Altitude Lat Lon M I M II Source

21 68.36 �133.72 7 4 (1)
29 �74.6 164.2 12 12 (1)
0 71.6 128.9 11 11 (1)
21 60.02 �111.93 11 8 (1)
53 55 �85.4 10 7 (1)
32 �66.7 140 8 6 (1)
260 76.6 �68.4 9 7 (1)
3233 �75.1 123.3 16 10 (2)
15 65.1 25.5 16 9 (2)
856 �70.47 4.24 13 15 (3)
30 �67.6 62.88 13 6 (1)
177 67.6 33.3 15 10 (1)
2820 �90 – 10 18 (1)
46 56.6 �61.7 11 7 (1)
0 �49.4 70.3 11 6 (1)

1123 51.08 �114.13 11 9 (1)
105 62.03 129.73 13 9 (1)
54 54.34 10.12 12 9 (1)
15 -62.66 �60.39 9 13 (5)
50 39.68 �75.75 12 12 (1)
225 50.1 4.6 10 5 (1)
3000 51.29 100.55 7 9 (1)
2634 49.2 20.22 10 10 (1)
3475 46.55 7.98 12 7 (1)
1700 43.28 46.69 8 6 (1)
3340 43.13 76.55 7 8 (1)
60 41.9 12.52 6 4 (1)
708 40.4 3.9 6 6 (1)
1351 �26.69 27.09 8 10 (3)
2274 19.33 �99.2 6 10 (1)
260 37.97 23.78 6 4 (1)
2373 28.3 �16.48 7 3 (5)
2560 18.59 98.5 3.0 2.6 (4)



Fig. 1. Normalized count rates of the NMs studied here during the Forbush decrease on 24–25 March 2024. The curves were slightly offset for the sake of
visibility. The bottom panel (j) zooms into emphasize the difference in the timing of the deep phase. Phases I and II are denoted by the gray dashed lines.
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tropy effects. For that, we modelled the NM acceptance by
computing the asymptotic directions and cutoff rigidities of
the considered NMs as presented in Section 3.

3. State of the geomagnetosphere and NM asymptotic

direction modeling

Realistic modelling of charged particle propagation in
the geomagnetosphere is challenging, specifically during
significant disturbances, because of the complex dynamical
magnetic environment responding to changing near-Earth
space conditions (Bütikofer, 2018). A standard approach
is that the geomagnetosphere can be realistically described
4163
as a superposition of internal and external magnetic fields,
where the former is created by the geodynamo process and
the latter by the complex current system in the magneto-
sphere formed as an interface between the internal field
and the interplanetary magnetic field and solar wind
plasma. For the internal field, it is usual to employ the
International Geomagnetic Reference Field IGRF (e.g.,
Alken et al., 2021), whilst for the external field one of Tsy-
ganenko models (e.g., see the discussion in Bütikofer, 2018)
is often used.

The FD of 24–25 March 2024 occurred during a major
geomagnetic storm with planetary Kp index of about 8 for
several hours prior to the FD onset (for details see Fig. 2).
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Therefore, the particle propagation in the geomagneto-
sphere was simulated using a combination of the IGRF
for the internal and Tsyganenko 01 (Tsyganenko, 2002)
model for the external fields, respectively, because the latter
is recommended for use when Kp P 6. We used a new tool
for the computation of propagation of charged particles in
the geomagnetosphere: the Open-source geomagnetosphere
propagation tool (OTSO – for details see Larsen et al.,
2023). The Tsyganenko 01 model requires several inputs,
namely dynamic pressure, solar wind speed, Dst index, By

and Bz components of the interplanetary magnetic field
(IMF), and G1 and G2 values. The latter quantities are
used specifically for the Tsyganenko 01 parameterization
and are computed using geomagnetic data for the hour pre-
ceding the event (for details see Tsyganenko, 2002). The
model parameters are given for Phases I and II, summa-
rized in Table 2.
Fig. 2. Indicators of solar wind (upper three panels) and geomagnetospheri
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Data for the geomagnetospheric conditions for this FD
were collected from various sources. Solar wind data were
obtained from the National Oceanic and Atmospheric
Administration (NOAA – www.ngdc.noaa.gov/), where
data are combined from the Deep Space Climate Observa-
tory (DSCOVR) and the Advanced Composition Explorer
(ACE) for solar wind measurements; Dst index from the
World Data Center for Geomagnetism Kyoto (https://
wdc.kugi.kyoto-u.ac.jp/); and Kp index from GFZ-
Potsdam (https://kp.gfz-potsdam.de/en/).

As mentioned above, NMs register particles from a
specific segment of the sky, quantified by the asymptotic
directions of the station. Asymptotic directions of selected
polar NMs during the FD for both phases are presented in
Fig. 3 for Phase I (22 UT on 24-Mar-2024) and Phase II (01
UT on 25-Mar-2024), respectively. The asymptotic direc-
tions are plotted in geocentric solar ecliptic (GSE) coordi-
c (lower two panels) conditions over the period of the FD studied here.

https://wdc.kugi.kyoto-u.ac.jp/
https://wdc.kugi.kyoto-u.ac.jp/
https://kp.gfz-potsdam.de/en/


Table 2
Inputs for the Tsyganenko 01 model, namely V x in km s�1;By and Bz in nT, P dyn in nPa, Dst in nT, G1 and G2 = 0.

Phase V x By Bz Pdyn Dst G1 G2

Phase I, (22 UT on 24 March 2024) 829.9 16.8 21.2 0.6 �122.0 8.0 0
Phase II, (01 UT on 25 March 2024) 797.5 8.2 18.3 3.9 �94.0 1.21 0
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nates to better present the sensitivity of the NM network to
local anisotropy. We emphasize that there is a notable
change in the asymptotic directions of the stations, due
to both variation of the geomagnetic conditions and
Earth’s rotation. We present asymptotic directions only
from several selected polar NMs, in the rigidity range 1–
20 GV, whilst in the analysis we used all the stations from
Table 1. We note that this rigidity range is representative of
the expected response of NMs during FDs. One can see
that the coverage of the NM network is relatively good,
and allows one to study eventual anisotropy during the
FD, see Fig. 3.

4. Associated eruption at the Sun and near-Earth

heliospheric conditions

During the days preceding the FD, the Sun was active.
On 24 March, ten M-class and ten C–class solar flares were
detected originating from the NOAA Active Region 13615
at solar latitude and longitude S13W13 (https://solarmon-
itor.org). This FD is associated with a complex eruption at
the Sun originating from Active Region (AR) 13614, which
occurred on the 23rd of March between 00:00 [UT] and
05:00 [UT], and which exhibited signs of a complex erup-
tion. It was followed by a sympathetic eruption from AR
13615. These events generated an X1.1 flare at 00:58
[UT]. Fig. 4 shows the erupting signatures as observed by
Fig. 3. Asymptotic directions (in GSE coordinates) of selected polar NMs
during Phase I (22 UT on 24-Mar-2024) - dashed lines and Phase II (01
UT on 25-Mar-2024) - solid lines, of the studied Forbush decrease.
Locations of the NM acronyms denote the 20 GV rigidity end of the
asymptotic direction, while the other end corresponds to the cutoff rigidity
of 1 GV.
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the Solar Dynamic Observatory (SDO) Atmospheric Imag-
ing Assembly (AIA) Extreme Ultra-violet (EUV) filter-

grams at 211�A and 304�A. As can be seen the north
eruption (from AR 13614) was complex and with many
phases that concluded with a distinct post-eruption arcade.
The erupted structure at the peak of the eruption (2024–03-
23T01:04 [UT]), indicated by the cyan arrows at the top
row panels and the second panel of the bottom row of
the same figure, has a unique shape that might be the result
of different erupting structures. The sympathetic eruption
from AR 13615 is indicated by yellow arrows on the last
two panels of the top row images of the same figure. The
two eruptions have different helicity sign and as they
expand already in the low corona they will interact with
each other resulting in possible deflections and/or recon-
nection. The CME white-light signatures generated by
these event, as observed by the Solar and Heliospheric
Observatory (SOHO) Large Angle and Spectrometric
Coronagraph Experiment (LASCO) C2 coronagraph, are
presented in Fig. 5. The light magenta arrow points to
the leading shock that is driven in the corona by the erup-
tion. Accordingly the light green arrow indicates the bright
rim and trailing cavity of the associated CME. Following
behind, already from 01:48 [UT] onwards, one can distin-
guish a second bright rim marked with a red arrow. This
is considered to be a white-light signature supporting the
idea of a second eruption.

Before the onset of Phase I of the FD, a strong magne-
tospheric compression took place in association with an
interplanetary shock and CME arrival. It resulted in a sud-
den storm commencement at 14:34 UT on 24 March (www.
obsebre.es).

As seen in Fig. 2, hourly averaged IMF strength reached
its maximum at 19 UT and maximum solar wind speed at
21 UT (30.8 nT and 855 km s�1 respectively (https://omni-
web.gsfc.nasa.gov/). Before the FD, the IMF Bz compo-
nent was negative, with the lowest value of �15.8 nT at
15 UT, but during most of the event period, it was north-
ward directed. The solar wind proton temperature reached
a maximum value of about 1 MK. The maximum proton
density was reached later, at 05 UT on 25 March.

Studies of the global, dynamical heliospheric situation
with the ENLIL Model (Odstrčil et al., 1996) showed that
the conditions around the Earth were strongly disturbed
around the time of the FD. Fig. 6 shows two fast coronal
mass ejections passing the Earth around 17:55 UT of 24
March. For the ENLIL modeling two CMEs were consid-
ered with Lon.=2.0�, Lat.=22.0�, Half Angle = 41.0� and
Speed = 1613 km/s, and with Lon.=5.0�, Lat. = 5.0�, Half
Angle = 45.0 � and Speed = 1572 km/s.

https://solarmonitor.org
https://solarmonitor.org
https://omniweb.gsfc.nasa.gov/
https://omniweb.gsfc.nasa.gov/


Fig. 4. Signatures of the eruption at the Sun as captured by SDO AIA EUV filtergrams at 211�A and 304�A. The cyan arrows in the top row panels and the
second panel of the bottom row indicate the erupting signatures in EUV associated to the AR 13614. The yellow arrows on the top row indicate a
sympathetic eruption launched by AR 13615.
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Because of the FD’s rapid recovery, we have also
checked the space-borne records, specifically high-energy
particle channels of the GOES data for a possible SEP
event. During that time, there was only a slight increase
in low-energy proton channels at P10 and P50 MeV,
but not in a high-energy channel. We note that the very
small increase in the > 100 MeV channel, which had a late
onset, was probably due to shock acceleration. A detailed
study is beyond the scope of this paper.

5. Analysis and discussion

5.1. Anisotropy

Because of the inclination of the Earth’s axis with
respect to the ecliptic and Earth’s rotation, the geographi-
cal (GEO) coordinate projection of the asymptotic cones of
NMs is not representative for the development of the event
in interplanetary space. Here, we present maps, in GSE
coordinates, of NM responses where the location and size
of symbols correspond to the asymptotic directions at the
geomagnetic cutoff rigidity P c (or 1 GV for high-latitude
NMs) and the magnitude of FD, for Phase I (Fig. 7) and
Phase II (Fig. 8), respectively. Mid- and low-latitude
NMs are denoted by blue circles, and high-latitude NMs
by red circles.

We have tested the first-order fit to the anisotropy of
data shown in Fig. 7 by assuming a linear sum of the iso-
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tropic and anisotropic components, the latter is represented
by a Gaussian distribution on the celestial sphere so that
the NM responses S are approximated by

S ¼ M0 þM1 � exp �R2

2r2

� �
; ð1Þ

where M0 is the isotropic component (in % of FD), M1 is
the magnitude of the anisotropic decrease (also in %), R
is the angular distance from the anisotropy axis, and r is
the width of the anisotropy angular distribution in GSE
coordinates. The fit was done by minimizing the RMSE
(root mean square error) discrepancy between the NM
responses modelled by the function S and the measured
ones. The best-fit parameters for Phase I were found as
M0 ¼ 10 %; M1 ¼ 6 %; r ¼ 28�; the location of the aniso-
tropy axis has the latitude 2� and longitude �136� in
GSE coordinates. This is shown in Fig. 7 by the grey star
and the 1r contour. The best-fit parameters for Phase II
are M0 ¼ 8 %; M1 ¼ 12 %; r ¼ 18�; the location of the ani-
sotropy axis has the latitude 42� and longitude �175� in
GSE coordinates. It is interesting that this anisotropy is
located in the anti-Sunward direction close to the ecliptic
plane and has a narrow cone of anisotropy. The derived
anisotropy, combined with additional heliospheric obser-
vations and full modeling, could allow a comprehensive
interpretation of this complicated event, which is beyond
the focus of the present study and is planned as future
work.



Fig. 5. White light signatures, from SOHO LASCO C2 coronagraph,
associated with the eruptions presented in Fig. 4. The light magenta arrow
indicates the shock generated by the first eruption, while the green arrow
indicates the CME that drives this shock. The red arrow indicates the
second CME signatures.
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5.2. Dependence of decrease magnitude on the geomagnetic

cutoff rigidity

The observed FD magnitude depends on the cutoff
rigidity (e.g., Usoskin et al., 2008) which in turn defines
the NM’s effective energy Eeff (Asvestari et al., 2017) as
shown in Fig. 9. Because of the large spread of the FD
magnitudes at low- and mid-cutoff NMs due to the aniso-
tropy, we have combined them in 2-GV-wide bins as indi-
cated by red crosses in the Figure. The data were formally
fit, using the v2 metrics, by exponential and power-law
functions as indicated in the Figure caption.
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We note that the 2-GV bins allowed us unbiased analy-
sis, because of the smoothed NM response. We emphasize
that this two-phase event looks slightly different from the
bulk of FDs. On the other hand, an unambiguous interpre-
tation and comparison with other events requires more
detailed modeling considering explicitly the available helio-
spheric data, which is beyond the scope of this phenomeno-
logical paper.

5.3. Temporal variation of the cosmic ray spectrum

A classic indicator of spectral evolution is to compare
the count rate vs. time from neutron monitors at different
cutoff rigidities (Fig. 1).

In addition to standard NMs, which are most sensitive
to secondary neutrons with energies from �10 MeV to
�10 GeV in cosmic-ray induced atmospheric showers
(Aiemsa-ad et al., 2015), some stations around the world
also deploy bare neutron counters without the lead pro-
ducer or polyethylene reflector, which are more sensitive
to atmospheric neutrons of much lower energy, and hence
are relatively more sensitive to primary cosmic rays of
lower rigidity (Nuntiyakul et al., 2018; Nuntiyakul et al.,
2020). Thus the bare/NM count rate ratio has been used
as an indicator of the spectral index, especially for GLE
events (Bieber and Evenson, 1991; Bieber et al., 2004;
Ruffolo et al., 2006; Bieber et al., 2013).

More recently, neutron time delay distributions from a
single NM have been used to extract the leader fraction,
L, i.e., the fraction of neutron counts that did not follow
another count associated with the same cosmic ray shower
(Ruffolo et al., 2016; Banglieng et al., 2020). Using data
collected during latitude surveys, the leader fraction has
been shown to serve as another indicator of the cosmic
ray spectral index (Mangeard et al., 2016). Note that the
absolute magnitude of L depends on the station altitude,
e.g., the sea level MWSN has a higher value than PSNM
and SOPO at high altitude. (The magnitude of L also
depends on the cutoff rigidity, dead time, and data acquisi-
tion system.) As seen in Fig. 10, for the FD starting on 24
March 2024, the bare/NM count rate ratio and leader frac-
tion data from various stations indicate spectral changes or
a lack thereof in different rigidity ranges.

The cosmic ray spectrum at each time can be roughly
represented by a power law, at least over a limited rigidity
range, i.e., the flux can be characterized as j / P�c, where c
is a spectral index. Muangha et al. (2023) reported a rela-
tionship between the South Pole leader fraction, L, and c
as inferred from daily AMS-02 proton observations
(Aguilar et al., 2021b) over the range of 2.97 to 16.6 GV:

c ¼ �36:47þ 51:48 � L: ð2Þ
The variability of the leader fraction at different NMs dur-
ing the FD is shown in Fig. 10 and exhibits a significant
decrease during the deep phase of the event. The observed
change in the South Pole L by DL � �0:006 implies, using
the relation above, a change in c by �0:31 for cosmic ray



Fig. 6. Radial solar wind velocity contour plots shown in the ecliptic (left panel), meridional (middle panel), and radial (right panel) planes for 25 March
2024 at 00:00 UT (source: https://ccmc.gsfc.nasa.gov/).

Fig. 7. Map (sinusoidal projection, GSE coordinates) of the NM asymptotic directions and FD responses at polar (P c < 1 GV – red circles) and other
(blue circles) NMs. The size of the symbol represents the maximal amplitude of the Forbush decrease observed by the corresponding station during Phase I
(24 March 2024, 22:00 UT). The grey star and contour depict the centre and 1r width of the anisotropy.
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protons of that rigidity range. The fact that the FD appears
stronger at lower rigidity implies that the cosmic ray spec-
trum hardens (flattens) during the deep phase, i.e., its spec-
tral index decreases.
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Note also that according to Fig. 10, on March 25 the
indicators of the spectral index rapidly returned back
(within a few hours) to the pre-event trend, while the count
rates took several days to recover. This indicates that the

https://ccmc.gsfc.nasa.gov/


Fig. 8. The same as Fig. 7 but for Phase II (25 March 2024, 01:00 UT).

Fig. 9. Maximum magnitude (in %) of the Forbush decrease as a function of the effective energy Eeff (as defined in Asvestari et al., 2017) of the NMs
studied here. Blue dots depict values for individual NMs, and red crosses show averaged values over 2-GV bins. The solid and dashed lines depict the best-
fit exponential (M ¼ ð18:5� 3:5Þ � expðð�0:047� 0:010Þ � EeffÞ) and power-law M ¼ ð140� 60Þ � E�1:0�0:1

eff

� �
functions, respectively.
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recovery phase of the FD was rigidity-independent and had
essentially the same spectral shape as the pre-event period,
despite the lower flux level.

It is interesting to compare the changes in the leader
fraction L for the SOPO NM for this event with those
reported for other moderate FD events in the previous
solar cycle during Nov 2014 and Jun 2015 (both �10%
magnitude) as reported by Banglieng et al. (2020). The cor-
responding leader fraction changes DL were about �0.003
during Nov 2014, �0.0025 during June 2015, and �0.006
during March 2024. Therefore, the change in the SOPO
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L, and hence the change in the proton spectral index c over
about 3 to 17 GV, was roughly proportional to the magni-
tude of the FD decrease for all three events.

On the contrary, the leader fraction at PSNM, which
has the world’s highest vertical cutoff rigidity of �17 GV,
remained unchanged throughout the FD studied here,
within the daily uncertainty of � 0:0002. This is in contrast
with the changes in PSNM L during previously studied
FDs in Nov 2014 by � �0:0007 and in Jun 2015 by
� �0:0006 (Banglieng et al., 2020). (For comparison, note
that the long-term variation in PSNM L throughout Solar



Fig. 10. Indicators of changes in the cosmic ray spectrum during the FD
using time series of hourly data from selected NM stations. Top: Leader
fraction, which serves as an indicator of the spectral index, from MWSN,
PSNM, and SOPO. Bottom: The count rate ratio between bare counters
and a neutron monitor at the South Pole (SOPB/SOPO), another
indicator of the spectral index. The decrease in the spectral index, i.e.,
hardening of the spectrum, is consistent with a much stronger Forbush
decrease at lower cutoff rigidity. Note that on March 25 the spectral index
rapidly rose back to the pre-event trend, while the count rates took several
days to recover, indicating that the recovery phase had essentially the same
spectral shape as the pre-event period. Note also that PSNM at cutoff
rigidity �17 GV exhibited no clear change in the leader fraction,
indicating that at high rigidity the spectral shape was unchanged
throughout the event.
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Cycle 24 was reported to be 0.0008.) The corresponding
count rate FD magnitudes at PSNM were about 2.6% dur-
ing Nov 2014, 3.7% during Jun 2015, and 3.6% during Mar
2024. Thus we see that the PSNM L can behave quite dif-
ferently for different FDs of similar magnitude, as also
reported by Ruffolo et al. (2016). For the event examined
here, the lack of a measurable change in PSNM L indicates
that the FD was essentially rigidity-independent at J 20
GV. This suggests that the FD likely persisted to even
higher rigidities. In other words, the leader fraction data
from PSNM extend the ‘‘reach” of the NM network to
rigidities beyond the maximum Pc value of �17 GV.

6. Conclusions

In this paper, we reported observational results from the
global NM network, including count rates of NMs and
bare neutron counters and neutron timing data, related
to the registration of a highly anisotropic FD. The
observed FD was quite unusual, first revealing a rapid
and rigidity-independent recovery, secondly a strong aniso-
tropy, and a notable temporal shift in NM responses. A
careful and realistic modelling employing IGRF and Tsy-
ganenko 01 models and explicitly considering the actual
near space and geomagnetospheric conditions was carried
out to account for the NM responses. It was shown that
a narrow cone-like anisotropy was located nearly in the
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anti-sunward direction close to the ecliptic plane, for both
Phase I and Phase II of the studied event. This implies that
the difference in the timing of the deepest phase of the FD
as observed by different NMs was likely caused by the
Earth’s rotation so that the asymptotic directions of the
NMs were moving in and out of the FD anisotropy cone.

It is speculated that the FD reported here could be a
result of two interacting interplanetary CMEs (ICMEs),
forming a complicated magnetic structure, accordingly
causing the observed anisotropy. The hypothesis of two
interactuating ICMEs is somehow supported by the obser-
vation in the Sun’s corona and the ENLIL modelling, yet 1
AU data could be explained by a single shock and magnetic
cloud event. Therefore, careful modelling of the interplan-
etary conditions and the ICMEs is necessary for a full
understanding of this complicated event, which is beyond
the scope of this phenomenological work.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

We warmly acknowledge the PIs and colleagues from
the NM stations, who kindly provided the data used in this
paper. The ENLIL simulation results have been provided
by the Community Coordinated Modeling Center at God-
dard Space Flight Center (http://ccmc.gsfc.nasa.gov). The
ENLIL model was developed by Dusan Odstrčil, now at
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