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Abstract

The atmospheric cutoff, similarly to the geomagnetic cutoff, is the lower energy limit for cosmic ray particles that can reach a given
location on the ground and be registered by a detector there, e.g., by a neutron monitor. It is caused by the decreasing intensity of a
cosmic-ray cascade in the lower atmosphere. Although the geomagnetic cutoff is higher than atmospheric over the most of the Earth’s
surface, the latter is dominant and therefore defines the neutron monitor count rate in the polar regions. The atmospheric cutoff decreases
with the altitude, and this provides additional sensitivity of high-altitude polar neutron monitors to low-energy particles, mainly solar
energetic protons during the so-called ground-level enhancement events.

In this work, we quantitatively estimated the atmospheric cutoff energies for 21 polar neutron monitor stations in conditions without a
significant solar energetic particle event. The cutoff value can be as low as about 300 MeV for protons (VOSTOK and DOMC/DOMB
stations), which is notably lower than about 430 MeV at sea level. In addition to that, we estimated the worst case scenario of the
strongest-ever observed ground-level enhancement event GLE#05, occurred on the 23rd of February, 1956, and showed that the atmo-
spheric cutoff becomes as low as about 100 MeV. In other words, some neutron monitor stations can register particles with energies of
even about 100 MeV during an exceptionally strong solar particle event. It is explained by the highly intensive and soft spectrum of the
event in its early delayed phase.
� 2022 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

Cosmic rays are highly energetic charged particles,
nuclei of hydrogen (protons), helium (a-particles) and
heavier ions travelling in space with relativistic speeds.
Most of them are of the galactic origin and called accord-
ingly as galactic cosmic rays (GCR). However, the Sun also
sporadically accelerates ions, which are mostly protons, to
high energies, sometimes as high as a few GeV. Those par-
ticles are called solar energetic particles (SEP). Both types
https://doi.org/10.1016/j.asr.2022.03.037
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of cosmic rays, GCR and SEP, propagate in the inner
heliosphere. In the vicinity of the Earth, some of the parti-
cles are reflected away from the planet by the geomagnetic
field. This shielding is characterized by the geomagnetic
cutoff rigidity (Cooke et al., 1991; Smart and Shea, 2009),
which is maximal in the equator region (up to about 17
GV) and almost negligible close to the magnetic poles. It
means that particles with almost any energy or rigidity
can reach the atmosphere in the polar regions.

The next barrier on the way of cosmic ray particles to
the ground is the atmosphere. An energetic particle, called
primary, can interact with an atmospheric nitrogen, oxygen
or argon nucleus and cause a nuclear reaction producing
secondary particles. Those secondaries can also carry suffi-
org/licenses/by/4.0/).
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Fig. 1. Polar neutron monitors in the northern and southern hemispheres
(the left and right panels, respectively). Filled circles indicate neutron
monitor stations, see also Table 1. Note that VOSTOK and SUMMIT do
not exist, they are proposed stations. The stars indicate the geomagnetic
poles loc.ations for 2020.
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cient energy and some of them are able to produce other
secondary particles in consequent reactions, which are
responsible for the development of the cosmic-ray cascade
(Dorman, 2004; Grieder, 2010). With growing atmospheric
depth, which is usually quantified in units of g/cm2, the cas-
cade intensity, i.e., number of secondary particles, grows
until it reaches a maximum and then exponentially
decreases. Overall, a more energetic primary particle
induces a stronger cascade with a higher chance to reach
the ground, and vice versa. Therefore, there is the effective
atmospheric cutoff for cosmic rays registered at the ground.
This quantity can be defined as the minimum energy of a
cosmic ray primary particle needed to produce hadronic
secondaries reaching the ground (or being registered at
the ground) with non-negligible probability. Since the
available elevation at the Earth is 0–8800 m above sea level
(a.s.l.), the typical cosmic-ray cascade decreases with
approaching the ground in that altitude range, and there-
fore, the atmospheric cutoff is higher at sea level and lower
at high altitudes (Stozhkov et al., 2001).

In this particular work, we were focused on registration
of cosmic ray particles, and therefore we looked at the
atmospheric cutoff in the light of practical detection of
GCR and SEP. The GCR variability and strong SEP
events are measured mainly by the network of ground-
based neutron monitors (NM), which are designed to count
the hadronic component of the cosmic-ray cascade, though
low-efficiency registration of muons is also possible (e.g.,
Simpson, 2000; Stoker et al., 2000; Mavromichalaki
et al., 2011). The NM count rate is defined by the particular
design of the instrument, but also by properties of the loca-
tion, namely, its proximity to the geomagnetic pole (defines
the geomagnetic cutoff) and elevation (defines the atmo-
spheric cutoff).

Quantitatively, the geomagnetic cutoff can vary from 0
to 17 GV in rigidity (�17 GeV for protons in energy), while
the atmospheric cutoff at sea level is about 1 GV. There are
regions near the poles, where the atmospheric cutoff is
dominant and the neutron monitor count rate is mainly
defined by that value. Generally, the cosmic-ray cutoff,
mostly geomagnetic, is used to compare sensitivity of
NM stations to low energy cosmic rays, which is important
in building and maintaining the global NM network
(Bieber and Evenson, 1995) with an aim at registration of
SEP events. The geomagnetic cutoff serves this purpose
well for mid- and low-latitude stations. However, it
becomes significantly less relevant in the polar regions,
where the geomagnetic shielding is very weak. There, the
atmospheric cutoff energy can be reasonably used to com-
pare sensitivity of polar cosmic-ray detectors located at
sites with different elevations.

We studied the polar neutron monitors shown in the
map (Fig. 1) and and in Table 1. We chose the polar sta-
tions with the geomagnetic cutoff rigidities below 1 GV.
The atmospheric cutoff energy at sea level is 428�9 MeV
for protons according to the Monte Carlo simulations of
cosmic ray cascades in the atmosphere by Mishev and
2
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Poluianov (2021). This agrees with the experimental value
of about 1 GV in rigidity (�433 MeV) (e.g., Dorman,
2004, and references therein). Therefore, our list consists
of neutron monitor stations, which have a dominant atmo-
spheric cutoff value over the geomagnetic one. It also con-
tains two proposed stations, the first one is SUMMIT at
the research station Summit Camp near the top of the
Greenland ice sheet and the second NM is VOSTOK at
the research station Vostok located on the Antarctic Pla-
teau. They both have low geomagnetic cutoff and high alti-
tude favourable for detection of low-energy cosmic rays.
The proposed new VOSTOK can also be considered as a
recovery of an old neutron monitor previously operated
at that site.

This work followed the study by Mishev and Poluianov
(2021), namely it used the estimated sea-level atmospheric
cutoff for protons being 428�9 MeV, and also based on
the method of calculation of the atmospheric cutoff for
neutron monitors using their non-perfect registration effi-
ciency and geometry reflected in the instrumental yield
function. The work expands the previous research to the
exact values of the atmospheric cutoff given for the exist-
ing, existed and some proposed neutron monitor stations
for both quiet conditions when only GCR are present
and for an extreme case of a strong ground-level enhance-
ment (GLE) of the NM count rate caused by an SEP event.
2. Method

2.1. In general

We estimated the atmospheric cutoff energies for polar
neutron monitors according to the procedure described in
full detail in Mishev and Poluianov (2021). The method
is based on the theoretical calculations of the NM count
rate, which is a function of elevation above sea level. The
count rate NðhÞ [cnt/s] can be calculated as

NðhÞ ¼
X
i¼p;a

NiðhÞ ¼
X
i¼p;a

Z 1

EiðRgm:cutÞ
J iðEÞ � Y iðE; hÞdE; ð1Þ
pheric cutoff energies of polar neutron monitors, Advances in Space
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Table 1
Polar neutron monitor stations, where the atmospheric cutoff dominates the geomagnetic one. The atmospheric cutoff energies during a SEP event were computed for GLE#05, 23 Feb 1956 in the
prompt (04:00 UT, hard spectrum) and delayed (04:30 UT, soft spectrum) phases (Vashenyuk et al., 2008). The geomagnetic cutoff rigidities for 2020 were estimated with the IZMIRAN calculator at
https://tools.izmiran.ru/rigidity2049/. In the table, P gm:cut and Egm:cut correspond to the geomagnetic cutoff rigidity and energy for protons, respectively. The atmospheric depths are from the measured
atmospheric pressure at the stations for 2020, the data were downloaded from the neutron monitor data base NMDB (https://www.nmdb.eu) and via private communications with station leaders. See
NMDB for detailed descriptions of the stations, except for proposed SUMMIT and VOSTOK.

Station Altitude [m a.s.l.] Pressure [mbar] Depth h [g/cm2] Geomagnetic cutoff Atmospheric cutoff Eatm:cut [MeV]

P gm:cut [GV] Egm:cut [MeV] GCR only GLE#05 prompt GLE#05 delayed

Existing and existed stations:

APTY 181 991 1011 0.51 129.6 419.9 270.7 131.3
BRBG 70 996 1016 0.06 1.9 421.7 271.9 132.0
DOMC/DOMB 3233 642 654 0.0 0.0 312.1 203.3 94.7
FSMT 180 987 1007 0.30 46.8 418.4 269.8 130.7
GSBY 46 1013 1033 0.96 404.1 428.0 275.9 134.4
INVK 21 1012 1032 0.13 8.9 427.6 275.6 134.4
JBGO 30 981 1001 0.0 0.0 416.2 268.4 129.9
MCMD 48 971 991 0.0 0.0 412.6 266.1 128.6
MRNY 40 981 1001 0.02 0.2 416.2 268.4 129.9
MWSN 15 982 1002 0.14 10.4 416.6 268.6 130.0
NAIN 46 1008 1029 0.60 175.4 426.5 274.9 133.8
NRLK 0 1006 1026 0.43 93.8 425.4 274.2 133.4
OULU 15 1009 1030 0.67 214.6 426.9 275.1 133.9
PWNK 53 1006 1026 0.38 74.0 425.4 274.2 133.4
SANAE IV 856 882 899 0.62 186.3 381.3 246.3 117.1
SOPO/SOPB 2820 679 695 0.08 3.4 322.3 209.5 97.7
TERA 32 983 1003 0.0 0.0 416.9 268.9 130.2
THUL 26 1005 1025 0.0 0.0 425.0 273.9 133.2
TXBY 0 1009 1030 0.42 89.7 426.9 275.1 134.0
Proposed stations:

VOSTOK 3488 569 580 0.0 0.0 295.1 193.1 90.1
SUMMIT 3216 675 688 0.06 1.9 320.5 208.4 97.1
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where i indicates the type of cosmic ray particles, p and a
are protons and helium nuclei, though the latter ones effec-
tively represent heavier species as well. Then, J iðEÞ [1/(s sr
m2 GeV/nuc)] indicates the differential intensity of cosmic
ray nucleons of type i near the Earth’s orbit of 1 AU.
We considered two cases: when J iðEÞ consists of galactic
cosmic rays (GCR) only and when J iðEÞ is a sum of the
GCR background and additional solar energetic particles,
see details below. In the equation, Y iðE; hÞ [cnt m2 sr] is
the NM yield function for particles of type i, E is the kinetic
energy [GeV/nuc], and h is the atmospheric depth [g/cm2],
which is related to the NM elevation. The lower integration
limit in energy EiðRgm:cutÞ is defined via the geomagnetic
cutoff rigidity Rgm:cut [GV] as

EiðRgm:cutÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zi

Ai
Rgm:cut

� �2

þ E2
0

s
� E0; ð2Þ

where Zi and Ai are the charge and mass numbers for par-
ticles of type i, respectively, and E0 ¼ 0:938 GeV is the rest
energy of a proton.

In this particular study, we were interested in polar NM,
which have an atmospheric cutoff value comparable or
higher than the value of the geomagnetic one. Similarly
to Mishev and Poluianov (2021), we assumed the geomag-
netic cutoff rigidity to be Rgm:cut � 0 GV for the following
calculations. Thus, the addends in Eq. (1) can be simplified
to

NiðhÞ ¼
Z 1

0

J iðEÞ � Y iðE; hÞdE: ð3Þ

The total count rate for particles of type i in Eq. (3) can be
represented as a sum of two terms separated with integra-
tion limit Ec [GeV]:

NiðhÞ ¼ N 1;iðh;EcÞ þ N 2;iðh;EcÞ: ð4Þ
There, the main high-energy term is the contribution of
particles with E P Ec to the total count rate,

N 1;iðh;EcÞ ¼
Z 1

Ec

J iðEÞ � Y iðE; hÞdE ð5Þ

and the remainder contribution by low-energy particles is

N 2;iðh;EcÞ ¼
Z Ec

0

J iðEÞ � Y iðE; hÞdE: ð6Þ

We assumed Ec being under 1 GeV in further calcula-
tions, and this makes the main part much larger than the
remainder, i.e., N 1;i � N 2;i for both protons and a-
particles. We did calculations of the part N 2;i only for
cosmic-ray protons because we were specifically interested
in application of the atmospheric cutoff for SEP, which
allow us to ignore a-particles (but not in Eq. 1 and 3).
Therefore, index i is dropped in N 2;iðh;EcÞ assuming i ¼ p
henceforth.

We needed splitting because the yield function shape has
no sharp cutoff, and we had to define some condition for
the effective cutoff value. In the described method, the
4
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atmospheric cutoff is equal to the maximal value of integra-
tion parameter Ec, when the contribution by low-energy
particles N 2ðh;EcÞ (Eq. 6) is indistinguishable in the total
count rate. The main factor why some contribution by
additional particles can be indistinguished in the total
count rate is the natural noise.

In order to define the criterion of indistinguishability of
N 2ðh;EcÞ, we considered it in units of standard deviation r,
i.e., we normalized to r : N 2ðh;EcÞ=rðhÞ. The NM count
rate N varies according to the Poisson probability distribu-
tion with the mean value hNi, so the standard deviation is

r ¼ ffiffiffiffiffiffiffiffihNip
. Then, we could define the point of distinguisha-

bility of the low-energy contribution N 2ðh;EcÞ=rðhÞ as a
threshold denoted as ðN 2=rÞthreshold. This value is not
dependent on the total count rate and stays the same for
a given atmospheric depth, i.e., for a given altitude. It is
formally unitless, as well as N 2ðh;EcÞ=rðhÞ.

We needed some a priori knowledge to calculate the
threshold. The atmospheric cutoff energy for protons at
sea level is known from earlier theoretical and experimental
studies. Here, we used Eatm:cut ¼ 428 MeV estimated with a
Monte Carlo simulation of the atmospheric cascade
(Mishev and Poluianov, 2021), which is close to the exper-
imental � 1 GV (433 MeV) (e.g., Dorman, 2004). We cal-
culated a data set of the NM total count rates NðhÞ (Eq. 1
and 3) for different cosmic-ray conditions and atmospheric
depths h (Sections 2.2, 2.3 and 2.4), corresponding

rðhÞ ¼ ffiffiffiffiffiffiffiffiffiffi
NðhÞp

, and contributions of low-energy particles
N 2ðh;EcÞ over a range of the integration parameter Ec.
The threshold value was obtained as N 2ðh;EcÞ=rðhÞ for
sea level h ¼ 1033 g/cm2 and Ec ¼ Eatm:cut ¼ 428 MeV:

N 2

r

� �
threshold

¼ N 2ð1033 g=cm2; 428 MeVÞ
rð1033 g=cm2Þ ð7Þ

At the next step, we applied ðN 2=rÞthreshold to the low-
energy terms N 2ðh;EcÞ=rðhÞ at depths (altitudes) above
sea level to find Eatm:cut ¼ Ec for the condition
N 2ðh;EcÞ=rðhÞ = ðN 2=rÞthreshold, and thus, calculated the
atmospheric cutoff energy values for the given depths h in
given cosmic-ray conditions.
2.2. Neutron monitor yield function

In this work, we used the altitude-dependent neutron
monitor yield function by Mishev et al. (2020). Its previous
sea-level-only version Mishev et al. (2013) was validated
with direct and indirect measurements by Gil et al.
(2015), Nuntiyakul et al. (2018), Koldobskiy et al. (2019).
This yield function takes into account the development of
the cosmic ray cascade in the atmosphere and also the
geometry, non-perfect registration efficiency and other spe-
cifics of neutron monitors, namely, of the type 6NM64
(Hatton and Carmichael, 1964; Simpson, 2000).

The atmospheric cutoff was calculated for particular
NM stations in this work. Those stations have different ele-
vations and therefore different atmospheric depths, this is
pheric cutoff energies of polar neutron monitors, Advances in Space
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reflected in yield function Y iðE; hÞ via parametrisation (see
Mishev et al., 2020). We estimated the mean atmospheric
depths h with actual measurements of the mean atmo-
spheric pressure p as h½g=cm2� ¼ p½hPa�=ð0:98½hPacm2=g�Þ
for 2020–2021 at those locations. The data were obtained
from the neutron monitor database NMDB (https://
www.nmdb.eu) for the most of the stations, but also from
private communications with Du Toit Strauss and Eugene
Maurchev for SANAE IV and APTY, respectively. The list
of NM with their altitude and depth values is shown in
Table 1, while their locations are plotted in Fig. 1.

The described method requires integration of the pro-
duct J iðEÞ � Y iðE; hÞ for calculation of the total NM count
rate N, its standard deviation r, and N 2ðh;EcÞ. The inte-
grals in Eq. (3) and Eq. (6) were computed numerically
by defining a logarithmic energy grid from 0.01 to
1000 GeV/nuc with a step of 20 points per order.
2.3. Spectrum of galactic cosmic rays

The differential intensity of GCR was taken in the force-
field approximation (e.g., Gleeson and Axford, 1968;
Moraal, 2013), where the heliospheric modulation is repre-
sented by a single value / called the modulation potential.
We used / ¼ 652 MV, which is the mean value for the per-
iod of time from 1951 to 2019 (Usoskin et al., 2017,
http://cosmicrays.oulu.fi/phi/phi.html). We note that /
during solar minima and maxima barely affect the result
atmospheric cutoff, the difference is within �1 % (Mishev
and Poluianov, 2021), thus, the particular choice of / is
not crucial. The differential intensity of GCR in the
force-field approximation is

JGCR;iðEÞ ¼
¼ JLIS;i E þ Zi

Ai
/

� �
EðEþ2E0Þ

EþZi
Ai
/

� �
EþZi

Ai
/þ2E0

� � ; ð8Þ
where JLIS;i is the local interstellar spectrum of the differen-
tial intensity of GCR particles of type i [1/(s sr m2 GeV/
nuc)]. The spectrum JLIS was taken according to the
parametrisation by Vos and Potgieter (2015) based on
direct measurements of cosmic rays by the Voyager and
AMS-02 missions. The number of nucleons of helium plus
heavier ions (i ¼ a) was assumed as 0.353 of the number of
protons in the interstellar medium (Koldobskiy et al.,
2019). The differential particle spectra for protons and a-
particles during a ‘‘GCR-only” period for Eq. (3) and
(6), are

JpðEÞ ¼ JGCR;pðEÞ; ð9Þ
J aðEÞ ¼ JGCR;aðEÞ: ð10Þ
5
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2.4. Spectrum during a GLE event

We also studied the change of the atmospheric cutoff
during a solar energetic particle (SEP) event using the
strongest-ever registered ground-level enhancement
(GLE) event caused by SEP on the 23rd of February,
1956 (GLE#05, https://gle.oulu.fi). The event was chosen
as the realistically worst-case scenario of GLE, though it
is weaker than the extreme SEP event of 774/775 AD with
very low occurrence probability (Miyake et al., 2012;
Miyake et al., 2019; Mekhaldi et al., 2015). GLE#05 pro-
vides a very hard spectrum during its prompt phase and
the highest low-energy differential intensity in its delayed
phase comparing to all 72 registered GLE including
GLE#24 (04 August 1972) with an exceptionally high flu-
ence. To calculate the neutron monitor count rate during
the event, we used the galactic cosmic ray background
described above (Eq. 8) with / ¼ 606 MV for February
of 1956 (Usoskin et al., 2017, http://cosmicrays.oulu.fi/
phi/phi.html) and the differential intensities of solar pro-
tons during the prompt and delayed phases of GLE#05
estimated by Vashenyuk et al. (2008). The differential
intensity [1/(s sr m2 GV)] of solar protons can be repre-
sented as

JSEP;pðRÞ ¼ J 0R�c�Dc�ðR�1½GV�Þ; ð11Þ
where R is the particle’s magnetic rigidity [GV], J 0 is the
intensity at R ¼ 1GV, c is the unitless spectral index and
Dc is its change over rigidity [1/GV]. Here, c defines the
general power-law steep angle of the SEP spectrum around
R ¼ 1 GV, while factor Dc provides further steepening of
the spectrum with growing rigidity R. We separately stud-
ied the SEP spectra during the prompt phase of the event at
04:00 UT and the early delayed phase at 04:30 UT. The
prompt phase had a notably hard spectrum though rela-

tively low in intensity (J 0 ¼ 3:7 � 105 1/(s sr m2 GV),
c ¼ 0:70;Dc ¼ 0:22 1/GV), while the delayed phase was

softer, but very intensive (J 0 ¼ 7:8 � 107 1/(s sr m2 GV),
c ¼ 6:03;Dc ¼ 0:01 1/GV) (Vashenyuk et al., 2008) The
pitch-angle factor was taken as 1.0, so it is not shown in
this equation. The influence of solar a-particles during
the SEP event was assumed to be negligible. For our con-
venience, we used the differential intensity in terms of
kinetic energy E and in units [1/(s sr m2 GeV/nuc)]:

JSEP;pðEÞ ¼ J 0 � RðEÞ�c�Dc�ðRðEÞ�1½GV�Þ E þ E0

RðEÞ ; ð12Þ

where RðEÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðE þ 2E0Þ

p
for protons.

The total spectrum during GLE is a sum of the galactic
cosmic ray background and solar energetic particles, i.e.,

JpðEÞ ¼ JGCR;pðEÞ þ JSEP;pðEÞ; ð13Þ
J aðEÞ ¼ JGCR;aðEÞ; ð14Þ
for protons and a-particles (including heavier ions),
respectively.
pheric cutoff energies of polar neutron monitors, Advances in Space
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2.5. Cutoff energies at different altitudes

The particle spectra and NM yield functions described
above were used to calculate the count rates due to low-
energy particles N 2ðh;EcÞ=rðhÞ, which are necessary to esti-
mate the atmospheric cutoff energies at different altitudes.
As previously mentioned, we considered three scenarios:
the case ‘‘GCR-only”, when there is no significant SEP
event, and two cases of a strong GLE during its prompt
and delayed phases. Thus, we calculated three sets of
N 2ðEc; hÞ=rðhÞ as functions of parameter Ec = 0.01–
0.8 GeV for depths h ¼ 500–1033 g/cm2, which correspond
to altitudes from about 5700 m a.s.l. to sea level,
respectively.

Calculation of the atmospheric cutoff energy at the
atmospheric depth of 700 g/cm2 for the ‘‘GCR-only” and
GLE scenarios is shown in Fig. 2 as an example. All other
cutoff values were estimated similarly to this case. The
dark-grey curve without markers in the figure corresponds
to N 2ð1033g/cm2, EcÞ=rð1033g/cm2) at sea level consider-
ing the absence of SEP events, i.e., the ‘‘GCR-only” case.
We used this curve as a base, since we know the atmo-
spheric cutoff energy value associated with it from theoret-
ical and experimental studies, as explained above. We
applied sea-level cutoff energy Eatm:cut ¼ 428 MeV (vertical
dashed line) to the ‘‘sea-level, GCR-only” curve in order to

obtain the threshold value ðN 2=rÞthreshold ¼ 1:760 � 10�5,
which is assumed to stay the same for all other depths.
Then, to study the ‘‘GCR-only” case, we found the value
of parameter Ec, where the function
N 2ðEc; 700g=cm

2Þ=rð700g=cm2Þ (blue curve with square
Fig. 2. NM count rate due to low-energy particles normalized to the
standard deviation N 2ðEc; hÞ=rðhÞ as a function of integration limit Ec for
sea level and the depth of 700 g/cm2. The black line without markers
indicates N 2ðEc; hÞ=rðhÞ for sea level and GCR only. This curve is used to
determine threshold ðN 2=rÞthreshold shown as a horizontal dashed line. The
blue line with squares corresponds to N 2ðEc; hÞ=rðhÞ at 700 g/cm2 of depth
for GCR only. The orange line with circles and red line with triangles
represent N 2ðEc; hÞ=rðhÞ for the depth of 700 g/cm2 in conditions of the
prompt and delayed phases of strong GLE#05 on the 23rd of February,
1956, respectively.
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markers) equals to the threshold value ðN 2=rÞthreshold shown
as the horizontal dashed black line, and thus, calculated the
atmospheric cutoff Eatm:cut ¼ Ecð700g=cm2Þ ¼ 323:6 MeV.

The reader can see that the 700 g/cm2 ‘‘GCR-only”
curve is higher than the base sea-level one. In other words,
the count rate caused by low-energy particles grows up
with altitude, as expected. This provides the lower atmo-
spheric cutoff energy for the same threshold value at a high
altitude comparing to the sea level. The counts due to low-
energy particles N 2ðEc; hÞ=rðhÞ during GLE#05 on the
23rd of February, 1956 (orange curve with circles and red
curve with triangles in Fig. 2) are even farther away from
the ‘‘GCR-only” quiet case, when there is no additional
contribution from SEP particles to the count rate of a neu-
tron monitor. The GLE cases lead to significantly lower
atmospheric cutoffs. The lowest cutoff is provided during
the delayed phase of GLE, which is illustrated as the red
curve with triangles, because of the high intensity of low-
energy particles significantly contributing to the low-
energy remainder count rate N 2ðEc; hÞ=rðhÞ, even stronger
than the contribution during the hard-spectrum prompt
phase, compare the red curve with triangles and the orange
curve with circles.

We did calculations similar to the example of 700 g/cm2

for locations of all neutron monitors listed in Table 1. The
atmospheric cutoff values are given in the last three col-
umns for three different scenarios of cosmic ray spectra,
and the geomagnetic cutoffs are shown there as well for
comparison.

We note that the method is independent on the absolute
value of the total count rate of the instrument. It means
that it is not tied to the number of NM detector tubes,
count rate units (cnt/min, cnt/hour, etc.) and many other
parameters embedded into a particular yield function of
choice. This is possible because the curves of the count rate
contribution due to low-energy particles N 2ðEc; hÞ=rðhÞ
shown in Fig. 2 for both sea level and the given atmo-
spheric depth would scale simultaneously according to
change of the total count rate, and this would lead to the
same result in the estimate of the atmospheric cutoff
energy.
3. Results

The calculated atmospheric cutoff values, as well as the
geomagnetic cutoff and some properties of polar NM sta-
tions are shown in Table 1. As the reader can see, all the
polar stations have the atmospheric cutoff higher than
the geomagnetic one, but only for the case of conditions
with GCR only and no SEP event. In general, the total cut-
off of a station is the maximum value between the geomag-
netic and atmospheric cutoffs.

The atmospheric cutoff curve over a range of depths for
the presence of only GCR particles is plotted in Fig. 3 as a
grey line. The atmospheric cutoff increases with the depth
pheric cutoff energies of polar neutron monitors, Advances in Space
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Fig. 3. Atmospheric cutoff energy as a function of the atmospheric depth
in the GCR-only conditions. The grey line is the general dependence and
red dots indicate specific values for the given neutron monitor stations.
The dots near sea level (� 1000 g/cm2) marked as ”APTY,. . .*”
correspond to stations APTY, BRBG, FSMT, GSBY, INVK, JBGO,
MCMD, MRNY, MWSN, NAIN, NRLK, PWNK, TERA, THUL and
TXBY, see Table 1 for details.
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as expected being as low as 278.7 MeV at the depth 500 g/
cm2 (about 5700 m a.s.l.).

The general altitude dependence is similar to one for
balloon-borne Geiger counters (Stozhkov et al., 2001).
The atmospheric cutoffs of the actual NM polar stations
are indicated as red dots in the figure. We see that
DOMC/DOMB and SOPO/SOPB have far lower cutoff
energies than sea-level NM: 312.1 and 322.3 MeV, respec-
tively, comparing to around 420 MeV. However, the pro-
posed NM stations VOSTOK in Antactica and
SUMMIT in Greenland have the atmospheric cutoff ener-
gies at least as low as these existing two high-altitude polar
stations. VOSTOK is going to be the most sensitive NM
station to low-energy particles, its geomagnetic cutoff is
zero, and the atmospheric cutoff is 295.1 MeV. The
South-African station SANAE IV lays also away from
the sea level stations in Fig. 3. It has the elevation of
852 m a.s.l. and the corresponding depth of 899 g/cm2,
which provides the atmospheric cutoff energy of
381.3 MeV. This neutron monitor can potentially register
a sub-GLE event (Poluianov et al., 2017) of solar energetic
particles, which is not seen with sea-level instruments.

The rest of stations listed in Table 1, namely, APTY,
BRBG, FSMT, GSBY, INVK, JBGO, MCMD, MRNY,
MWSN, NAIN, NRLK, OULU, PWNK, TERA, THUL
and TXBY are polar sea-level ones with the atmospheric
cutoff energies being around 410–430 MeV.

There is a discrepancy in the atmospheric cutoff values
for DOMC/DOMB and SOPO/SOPB from this work
(312.1 and 322.3 MeV, respectively) with ones from
Mishev and Poluianov (2021) (314 and 328 MeV, respec-
tively). This is caused by an improvement of the integration
technique in this work (see the appendix in Poluianov et al.,
2020).
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We also calculated how the atmospheric cutoff would
change in the realistically worst case of a very strong
SEP event. We studied GLE#05 in its prompt and delayed
phases and show the results in the last columns of Table 1.
Solar energetic particles during GLE provide a significant
increase of the particle intensity over the GCR back-
ground, and therefore the probability to have some of them
with energies even under the atmospheric cutoff registered
is notably increasing. Therefore, it is expected to see reduc-
tion of the atmospheric cutoff energies during such an
event. The hard-spectrum prompt phase of GLE#05
already reduces the atmospheric cutoff for sea-level NM
stations from 410–430 MeV down to about 265–
275 MeV. Note that for GSBY, the atmospheric cutoff
becomes lower than the geomagnetic one, and the latter
defines the sensitivity of the station to low-energy particles.
The reduction of the cutoff is even more dramatic during
the early delayed phase of GLE#05 with a soft spectrum
and extremely high low-energy intensity. In that case, the
atmospheric cutoff drops down to 130 MeV for sea-level
stations and even below 100 MeV for high-altitude ones.
DOMC/DOMB gets the atmospheric cutoff as low as
94.7 MeV, SOPO/SOPB has 97.7 MeV, VOSTOK has
90.1 MeV and SUMMIT would get 97.1 MeV. Mid-
altitude station SANAE IV gets the atmospheric cutoff
reduced to 117.1 MeV. The even stronger reduction of
the atmospheric cutoff during the delayed phase of
GLE#05 makes the geomagnetic cutoff dominant at the
following stations in addition to GSBY: NAIN, OULU,
SANAE IV. APTY got the geomagnetic and atmospheric
cutoffs almost equal.

The relative reduction of the atmospheric cutoff energy
at high-altitude stations comparing to sea-level ones
remains approximately the same (�20% – �30%) in
GCR-only conditions and during GLE.

4. Summary

This work is a continuation of the previous research on
the topic of the atmospheric cutoff for cosmic rays (Mishev
and Poluianov, 2021). Here we presented the atmospheric
cutoff energies for a list of existing, existed and proposed
polar neutron monitors (see Table 1). We quantified the
exceptional sensitivity of those instruments that are located
notably above sea level and their ability to register moder-
ate solar energetic particle events as sub-GLE. We esti-
mated the impact of a SEP event in the case of the
realistically worst-case scenario of GLE#05 during its
prompt and delayed phases. We have shown that the atmo-
spheric cutoff can significantly drop down to the energies of
about 200 and 270 MeV (high-altitude and sea level NM,
respectively) during a hard-spectrum prompt phase and
to even lower 90 and 130 MeV during an intensive soft-
spectrum delayed phase. We note that this is the worst-
case scenario, and the atmospheric cutoff values would
likely lay somewhere between the GCR-only and
GLE#05 cases during a regular GLE.
pheric cutoff energies of polar neutron monitors, Advances in Space
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