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World grid of cosmic ray vertical cut-off rigidity for the last decade
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Abstract

Cosmic ray cut-off rigidity tables and maps over the world concerning the epochs 2010, 2015 and the current one 2020 have been
constructed. These maps display the effective cut-off rigidity in every five degrees in latitude and in longitude at the altitude of 20 km
above the surface of the international reference ellipsoid. The values of the geomagnetic cut-off rigidity were calculated in every 5� in
latitude and in every 15� in longitude applying the well-known method of particle trajectory calculations resulted from the theory of
the particle motion in the Earth’s magnetic field. The applied software employed the 12th Generation of the International Geomagnetic
Reference Field (IGRF 12) and trajectories were calculated at 0.01 GV intervals in order to determine the vertical cut-off rigidity for each
location. Beyond the use of the calculated cut-off rigidity values as a basic reference of charged particle access to different geographical
locations during quiet and/or more intense geomagnetic periods, these results can be used for a long- term forecasting of the geomagnetic
conditions variations.
� 2021 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The secular variation in the geomagnetic field and its
effect on cosmic radiation measurements have been exten-
sively studied in a previous work by Shea and Smart
(1990). Modern requirements for an experiment in the field
of solar-terrestrial physics need a thorough study of it.
First of all, this is due to the fact that over a half-century
observational period of cosmic rays (since the year 1957),
the geomagnetic field was decreased by an average of 4%
(Gvozdevsky et al., 2019). On the contrary, it is noted that
at the same time the contribution of the high harmonics of
the geomagnetic field over the period under consideration,
was increased by 29%. In addition, magnetic anomalies
have a general tendency to drift westward at approximately
0.15�/year (Zi-Gang and Xu,2001).
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In order to evaluate the consequences of such a large
restructuring of the magnetic field in terms of the magneto-
spheric effects of cosmic rays for practical purposes, such as
the assessment of radiation exposure (Tezari et al., 2020), it
is necessary:

(a) to obtain planetary distributions of the geomagnetic
cut-off rigidity for a network of stations for the entire
observational period;

(b) to evaluate the long-term changes in the geomagnetic
cut-off of cosmic rays retrospectively and make a
forecast for the near future;

(c) to estimate the expected secular variations of the neu-
tron and muon components of cosmic rays due to
geomagnetic variations.

It is well-known that the geomagnetic field (GMF)
serves as a natural shield against primary cosmic rays. In
this sense, the geomagnetic cut-off rigidities are considered
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as a quantitative measure of the shielding provided by the
Earth’s magnetic field. The cut-off rigidity Rc (h, u) at a
selected location is defined as the lowest rigidity which a
charged particle must possess in order to reach at this
specific point on the Earth’s surface from the direction
specified by the zenith h and azimuth u angles of arrival
at the top of the atmosphere (Shea et al., 1965). The deter-
mination of the geomagnetic cut-off rigidity is defined by
trajectory calculations at discrete rigidity intervals, begin-
ning at a value above the highest possible cut-off, and pro-
gress down in steps through a rigidity spectrum scan until
the lowest possible allowed trajectory called the upper
cut-off. Then the first discontinuity in the asymptotic direc-
tion, i.e., the first obtained forbidden trajectory is the start
of the cosmic ray penumbra. The last allowed trajectory
identifies the lower end of the cosmic ray penumbra, the
lower cut-off. The effective cut-off rigidity, Reff, is then a
weighted average between the upper and the lower cut-off
rigidities (Bütikofer, 2018).

Nevertheless, the cut-off rigidity at a specific point at the
top of the atmosphere is featured by the minimum rigidity
for which cosmic rays can arrive at that point fromthe
zenith. This rigidity defined as the vertical cut-off rigidity
and varies from zero at the geomagnetic poles to ~15 GV
at the magnetic equator. Note that it should be pointed
out that due to the absorption of the particles in the atmo-
sphere at the polar regions, the value of the atmospheric
cut-off rigidity at the poles cannot be exactly zero. Thus,
the minimum kinetic energy of particles reaching the
Earth’s surface is about 430 MeV at sea level, and about
300 MeV/n at high-mountain altitude of about 3000a.s.l.
which corresponds to the cut-off rigidity about ~1GV
(Mishev et al., 2017; Raukunen et al., 2018).

On the other hand, the knowledge of the geomagnetic
field (GMF) is needed in order to describe the transport
of cosmic rays reaching the Earth. This is because the prop-
agation of cosmic rays is not only influenced by the helio-
spheric magnetic field carried along by the solar wind
plasma, but also by the geomagnetic field. The GMF is
assumed to consist by an internal field and by an external
one. The dynamics of the Earth’s core originates the inter-
nal magnetic field and the crustal magnetic field, while the
external field is generated in the ionosphere and the magne-
tosphere. Several models have been developed in order to
describe the contribution of the external magnetic field.
One of the well-known model is the Tsyganenko mod-
el_T89 (Tsyganenko, 1989), which is a semi-empirical
best-fit representation for the magnetic field, based on a
large number of satellite observations. This model takes
into account a complex system of currents consisting of
the magnetic field ring current, the magnetotail currents,
including the plasma sheet and returns currents, the mag-
netopause contribution and the average magnetic effect of
field-aligned currents. The core field which is the main con-
tributor to the GMF called also main field due to first order
forms approximately a dipole with an axis inclined by 11.5�
with the rotation axis of the Earth. Multi-pole field expan-
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sions exist on this dipole. It changes regularly in along term
basis. The current state-of–art representation of Earth’s
internal magnetic field is the International Geomagnetic
Reference Field (IGRF) models generated under the Inter-
national Association of Geomagnetism and Aeronomy
(IAGA) (http://www.iugg.org/associations/iaga.php). The
IGRF model is generally revised every 5 years by a group
of modelers, reflecting the most accurate calculations avail-
able at that time. The latest version of IGRF model is the
13th Generation and was released in December 2019, nev-
ertheless in this study the 12th Generation has been used.

The calculation of cosmic ray particle trajectories arriv-
ing at the Earth through its magnetic field has been a sub-
ject of study since the epoch of Störmer (1930). The main
difficulty related to the fact that there is no analytical solu-
tion of the equation of a charged particle moving even in
the field of a magnetic dipole (except of the trajectories in
the equatorial plane) forced the researchers to develop sev-
eral techniques of numerical integrations of many individ-
ual trajectories to find out the behavior of trajectory
groups. Therefore, Smart et al. (2000) presented a review
of models of the GMF and the trajectory computations
of cosmic rays in this field aiming to determine the cut-
off rigidities. In that work, they concluded that the accu-
racy of the trajectory computations is a function of energy.
The accuracy increases as the energy increases. So, the
greatest precision achieved for the highest energies. At
low energies, due to the fact that the topology of the mag-
netospheric field dominates the results, the cut-off values
can be obtained in comparison with current spacecraft
measurements (Kudela and Usoskin, 2004; Kudela et al.,
2008; Nevalainen et al., 2013).

In this work, we have determined cosmic-ray cut-off
rigidities by the trajectory- tracing method, described in
Smart and Shea (2000) and Smart et al. (2000). The orbit
of a particle of specified rigidity is traced, by numerical
methods, through the geomagnetic field employing the
12th generation of the IGRF in order to determine if the
particle is allowed or forbidden for a specific zenith and
azimuth at a given location. Applying this procedure we
have derived a world grid of vertically incident cosmic
ray cut-off rigidities for the three latest epochs. For these
calculations software from IZMIRAN group was applied
which is recently modulated as an online tool
(http://tools.izmiran.ru). The geomagnetic cut-off rigidities
were calculated in every 5� in latitude and in every 15� in
longitude allowing us to compare our results with previous
epochs. This precision is reasonable since the gradient for
Rc is weaker along the longitude (about 0.1–0.2GV/5�)
than the one along the latitude (about 0.8GV/5�). So, a
5X15� grid provides almost equal changes of the cut-off
rigidity along the latitude and longitude. Moreover the
long-term variation of the vertical cut-off rigidity is
discussed.

Extensive and most comprehensive and systematic stud-
ies of the magnetospheric effects in cosmic rays, including
their long-period changes, were carried out in a series of
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works by Smart and Shea (2009). The computed global dis-
tribution of the vertical geomagnetic cut- off rigidity for all
stations of the Worldwide Neutron Monitor Network for
nine five-year eras of 1955–1995 (Shea and Smart, 1975a,
1975b, 2001) drew attention to the uneven changes in the
planetary distribution of geomagnetic cut-off rigidity over
20 years from 1955 to 1975, especially on the northern
and southern waters of the Atlantic Ocean. A decrease in
cut-off rigidity was observed in the southern Atlantic
Ocean, while a comparable increase in vertical cut-off rigid-
ity was observed in the northern Atlantic. In a recent work,
Smart and Shea (2019) concluded the existence of a contin-
uing decrease in cut-off rigidities along the Southern Amer-
ican region, while there is an increase in the North
American east coast region. Over the past three eras cover-
ing the period from 2010 to 2020, such calculations for the
current network of detectors have not been carried out with
an exception for the epoch 2015, which was presented by
Smart and Shea (2019). In addition, over the last 20 years,
about a third of new Neutron Monitors have been commis-
sioned and a network of multidirectional muon telescopes
has been created. For the groups of all these detectors,
these maps would be useful to update their geomagnetic
cut-off rigidity and the asymptotic acceptance cones
calculations.

2. Data and method

A well-known accurate way to determine the geomag-
netic cut-off rigidity is the trajectory tracing method, which
is described in detail in Shea et al. (1965), Shea and Smart
(1967), Humble et al. (1985), Cooke et al. (1991), Smart
and Shea (2000), Smart et al. (2000). This method calcu-
lates the trajectory of a negatively charged particle moving
outward from the Earth from a specific location and direc-
tion. This trajectory is the same as that of the positively
charged particle of equal rigidity approaching the Earth
to arrive at the same position from the same direction.
The physical concept of the trajectory-tracing method,
which is used in this work, is described in Smart and
Shea (2000), Smart et al. (2000) and Gvozdevsky et al.
(2019). In this software the cut-off rigidities are calculated
by starting with a cosmic ray trajectory at the top of the
atmosphere, at the altitude of 20 km above a specific loca-
tion on Earth, with a vertical incidence, i.e. with zenith
angle of 0�. This trajectory is followed until access to the
interplanetary medium (at 25 Earth radii) is assured. In this
case, the trajectory is named allowed, otherwise the trajec-
tory is called forbidden. These last trajectories are those
which intersect the solid Earth, called re-entrant trajecto-
ries and those for which no solution can be obtained within
a reasonable number of iterations. When the particle can-
not leave the magnetosphere it can drift endless, for exam-
ple, being captured by the radiation belt. In this case the
integrating time is limited by a reasonable time of drift,
so- called pre-determined time (experimentally this time is
about 7–8 s). So, integration is completed in three cases:
3

1 the particle has moved beyond the magnetosphere,
2 the particle penetrated to a depth less (h + 20) km, is
returned to the atmosphere,

3 the integration is completed after the above referred pre-
determined time and the particle is considered as
trapped by the radiation belt.

The trajectory is identified as allowed one in the first
case, while in the other cases as forbidden. As a result, a
discrete function is formed which takes the values of ‘‘0”
or ‘‘1” for all rigidity values with an integrating step of
0.01 GV.

In order to calculate the effective cut-off rigidity a sum-
mation of the allowed and forbidden regions defined by the
penumbra region can be carried out. In this case, the effec-
tive cut- off rigidity is defined as

Rc ¼ Ru �
Z Ru

Rl

dR
� �

allowed

ð1Þ

where Ru is the upper cut-off rigidity, above which all
rigidities are allowed,

Rl is the lower cut-off rigidity, below which all rigidities
are forbidden, thus allowing the opacity of the penumbra
(Shea et al., 1965).

Beyond the above described summation, an alternative
way is a detailed calculation of the effective cut-off rigidity
proposed by Dorman et al. (1972). In this calculation (a)
the effect of the atmosphere by including additionally cou-
pling functions and (b) different spectral slopes for cosmic
ray particles e.g. neutrons and muons, are taken in
account. According to this procedure in order to solve
the equation that gives the effective cut-off rigidity Rc the
spectrum of variations is approximated by a power func-
tion and the atmospheric influence through the coupling
function, which in a relatively small region of the penum-
bra is approximated by the power function. Then, by inte-
grating the effective cut-off rigidity is defined as:

Rcþnþ1
c ¼ Rcþnþ1

u cþ nþ 1ð Þ
Z Ru

Rl

g Rð Þ � RnþcdR ð2Þ

where g Rð Þ is a function of penumbra. In the particular
case of the primary spectrum independent of the energy
of cosmic rays (white or flat spectrum, i.e. c ¼ 0) and by
neglecting the atmospheric influence (i.e. n ¼ 0), we end
up to Eq. (1).

In this work the software used for the calculation of the
geomagnetic cut-off rigidity allows to update the IGRF
model, whenever a new one is released by the International
Association of Geomagnetism and Aeronomy (IAGA). So,
the calculated here values are based on the 12th Generation
of the International Geomagnetic Reference Field (IGRF
12) which takes into account the secular variation of the
geomagnetic field represented by 13 spherical harmonics.
Calculating the planetary distribution of the geomagnetic
cut-off rigidity, IGRF models for the corresponding era
were used, starting, for example, with the IGRF 8 for the
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years 2000–2005. The employment of the 12th Generation
adopted in December 2014 provides besides the main field
for epochs 2010, 2015 and a linear secular variation model
for the years 2015–2020. It is added here that during this
time period no geomagnetic jerk was occurred that means
no significant changes to the projected field coefficients
were resulted (Thébault et al., 2015).

3. Results

The worldwide grids of the cut-off rigidities for vertical
directions of arrival of the cosmic ray particles at the alti-
tude of 20 km above the surface of the international refer-
ence ellipsoid, have been computed. These grids of the
vertical cut-off rigidity cover the last decade from 2010
until today. The average annual values of the effective
cut-off rigidities are calculated applying the trajectory-
tracing method using the 12th Generation of the IGRF
12. A five-degree in latitude and fifteen degrees in longitude
tabulation of the calculated effective cut-off rigidities for
the epoch 2010 is given in Table 1. The calculated values
for the epoch 2015 are presented in Table 2, while Table 3
is referred to the current year 2020.

The graphical representation of the calculated geomag-
netic cut-off rigidities produced by our method for the
years 2010, 2015 and 2020 are given through contour plots
appeared in Fig. 1a–c respectively. Note that these epochs
cover the start of the solar cycle 24, the maximum and the
end of this cycle and no significant differences between all
these calculated cut-off rigidities are observed. In order to
present the variation of the cut-off rigidity during the last
decade contour plots showing the differences in magnitude
of the change in calculated cut-off rigidity between the pre-
sent year 2020, the year 2015 and the year 2010 are created
and presented in Fig. 2a and b respectively. Moreover, a
contour plot presenting the differences in cut-off rigidities
between the year 2020 and 2015 is given in Fig. 2c. As
we can see from all above plots the majority of the cut-
off rigidities exhibit almost no changes except minor
changes within 0.1GV. This is expected since the 2015 coef-
ficients with the corresponding approximation of the secu-
lar variation are used in all cases. Some differences that are
observed in two well defined geographic area limited
between 35–50� South and 75–130� West and its eastern
‘‘tail are in accordance with the North Atlantic anomaly
(Gvozdevsky et al., 2019; Smart and Shea, 2019).

Furthermore, it is important to note that the calculated
values of the cut-off rigidity for the year 2015 presented in
this work are in agreement with the corresponding ones
presented by Smart and Shea (2019). A comparison
between these two tables is presented in Fig. 3. As we
can conclude the great majority of the calculated values
presented in this work are consistent with Smart and
Shea (2019) calculations. Deviations within 0.1 GeV are
at minor significance. While certain discrepancies greater
than 0.5 GeV that are observed in a narrow eastern area
in the middle latitude locations in two well-defined zones,
4

from 45� to 10� North and 25� to 50� South respectively,
are observed. These differences might be explained by the
penumbra and possibly deviations between the used soft-
ware. A more detailed analysis might be useful in the
future. In order to present the cut-off rigidity values for
the present epoch of 2020 in a more adequately visualized
form, a world map displaying the iso-rigidity curves is
given in Fig. 4.

4. Discussion and conclusions

The present work could be considered as an extension in
time of the previous published works referred to the world-
wide grid by Shea and Smart (1983) and Smart and Shea
(1997, 2006, 2007, 2008, 2019) covering the last decade
and updating the worldwide grid of the vertical cut-off
rigidities for the current epoch of 2020. It is important to
note that this time period from 2010 to 2020 covers the cur-
rent solar cycle 24 that is characterized by low geomagnetic
activities in comparison with the previous solar cycle 23
(Alexakis and Mavromichalaki, 2019)

As we can conclude from this study there are minor
changes in the effective cut-off rigidities over the world dur-
ing the last decade. Small observed decreases in these val-
ues are consistent with the region of the South Atlantic
anomaly (Gvozdevsky et al., 2019). The results of this work
could be a reference for evaluating the effects associated
with the latitude and longitude distribution of the geomag-
netic rigidity. For instance, tabulations, such as these are
an useful tool for estimating the radiation dose in aviation
due to cosmic radiation. The aircraft radiation dose calcu-
lations by different models, such as CARI-6 (Friedberg
et al., 1999), EPCARD (Schraube et al., 2000) and
PCAIRE (Lewis et al., 2005) use geomagnetic cut-off rigidi-
ties for various epochs to calculate radiation dose along
worldwide flight paths. Recently, the new product
DYASTIMA/DYASTIMA-R of the ESA SSA Space
Radiation Expert Center provided by the Cosmic Ray
Group of the National and Kapodistrian University of
Athens calculates also the radiation doses at different alti-
tudes and different particles using cut-off rigidities (Tezari
et al., 2020).

Nevertheless, the development and provision of world-
wide grids of cut-off rigidities for vertical directions of
the arrival of the cosmic ray particles at the altitude of
20 km above the surface of the international reference ellip-
soid has been a subject of interest by the scientific commu-
nity since they can be useful for fundamental research and
applications as well. It has become recognized that there is
a general need for useful geomagnetic cut-off rigidity at a
specific location. As an example, Zreda (2012) has devel-
oped a web based procedure (http://cosmos.hwr.arizona.
edu/Util/rigidity.php) where the user enters a geographic
coordinate and receives a geomagnetic cut-off for that loca-
tion. Recently, another tool which provides calculations of
cut-off rigidities until the year 2050, is developed by
IZMIRAN group (http://tools.izmiran.ru)

http://cosmos.hwr.arizona.edu/Util/rigidity.php
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Table 1
Effective Vertical Cut-off Rigidities (in GV) for the epoch 2010.

World Grid IGRF 2010 Geographic East Longitude

�180 �165 �150 �135 �120 �105 �90 �75 �60 �45 �30 �15 0 15 30 45 60 75 90 105 120 135 150 165 180

Lat

90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

85 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

80 0.04 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.05 0.05 0.06 0.07 0.07 0.07 0.07 0.07 0.06 0.05 0.04

75 0.15 0.11 0.07 0.03 0.00 0.00 0.00 0.00 0.00 0.01 0.04 0.07 0.09 0.12 0.14 0.16 0.17 0.18 0.18 0.19 0.20 0.21 0.20 0.18 0.15

70 0.39 0.29 0.20 0.12 0.06 0.03 0.01 0.02 0.04 0.08 0.13 0.19 0.25 0.31 0.34 0.37 0.39 0.40 0.42 0.44 0.47 0.48 0.49 0.46 0.39

65 0.83 0.66 0.46 0.30 0.17 0.10 0.08 0.09 0.13 0.22 0.34 0.47 0.58 0.66 0.72 0.75 0.76 0.78 0.82 0.87 0.92 0.99 1.01 0.96 0.83

60 1.57 1.26 0.94 0.63 0.40 0.26 0.21 0.23 0.33 0.51 0.73 0.97 1.13 1.27 1.32 1.36 1.38 1.43 1.47 1.56 1.66 1.78 1.85 1.77 1.57

55 2.64 2.16 1.65 1.18 0.79 0.55 0.45 0.48 0.68 1.00 1.40 1.78 2.02 2.15 2.22 2.25 2.32 2.36 2.45 2.59 2.77 2.96 3.04 2.95 2.64

50 4.00 3.29 2.67 2.01 1.43 1.01 0.85 0.92 1.26 1.82 2.50 2.96 3.27 3.40 3.46 3.49 3.58 3.69 3.84 4.03 4.26 4.56 4.65 4.49 4.00

45 5.34 4.74 4.02 3.09 2.32 1.73 1.45 1.53 2.05 2.95 4.00 4.62 4.90 5.00 5.03 5.10 5.22 5.41 5.56 5.78 6.03 6.29 6.32 5.92 5.34

40 7.55 6.32 5.38 4.54 3.51 2.68 2.25 2.42 3.17 4.53 5.63 6.61 7.09 7.14 7.04 7.06 7.32 7.69 8.05 8.39 8.88 9.23 9.17 8.56 7.55

35 9.35 8.82 7.54 5.92 4.96 3.92 3.29 3.52 4.60 6.31 8.66 9.53 9.74 9.63 9.74 10.00 10.50 10.89 11.20 11.05 11.28 11.44 11.09 10.25 9.35

30 11.51 10.35 9.58 8.41 6.56 5.20 4.28 4.58 6.26 9.20 10.85 11.34 11.59 11.66 11.74 12.09 12.61 13.10 13.61 13.87 13.86 13.65 13.17 12.48 11.51

25 12.80 12.13 11.40 10.43 9.03 7.17 5.89 6.25 8.70 11.22 12.35 12.98 13.34 13.59 13.82 14.15 14.61 15.07 15.36 15.39 15.20 14.81 14.21 13.51 12.80

20 13.65 13.06 12.46 11.71 10.52 8.26 7.06 7.55 10.62 12.35 13.26 13.85 14.28 14.61 14.89 15.25 15.76 16.26 16.53 16.48 16.17 15.66 15.00 14.31 13.65

15 14.32 13.79 13.28 12.66 11.68 10.17 9.11 10.00 11.92 12.98 13.72 14.25 14.70 15.11 15.48 15.93 16.50 17.02 17.28 17.19 16.80 16.23 15.57 14.91 14.32

10 14.82 14.35 13.90 13.38 12.66 11.67 10.97 11.57 12.50 13.28 13.82 14.25 14.71 15.18 15.64 16.18 16.82 17.37 17.64 17.53 17.11 16.53 15.91 15.34 14.82

5 15.13 14.72 14.30 13.85 13.31 12.59 12.10 12.24 12.77 13.30 13.61 13.90 14.33 14.83 15.38 16.03 16.74 17.32 17.60 17.50 17.09 16.55 16.01 15.55 15.13

0 15.20 14.86 14.49 14.09 13.64 13.11 12.63 12.52 12.81 13.06 13.12 13.24 13.60 14.11 14.73 15.49 16.26 16.87 17.16 17.10 16.74 16.27 15.85 15.52 15.20

�5 15.01 14.76 14.46 14.12 13.73 13.27 12.80 12.58 12.64 12.63 12.42 12.36 12.60 13.08 13.77 14.61 15.42 16.02 16.32 16.32 16.05 15.68 15.39 15.20 15.01

�10 14.52 14.39 14.20 13.94 13.62 13.22 12.76 12.44 12.30 12.01 11.53 11.22 11.38 11.85 12.57 13.45 14.25 14.80 15.09 15.15 14.97 14.71 14.55 14.53 14.52

�15 13.65 13.73 13.69 13.55 13.32 12.99 12.55 12.13 11.80 11.28 10.53 9.85 9.96 10.35 11.13 12.02 12.67 13.19 13.42 13.53 13.45 13.29 13.30 13.45 13.65

�20 12.32 12.70 12.91 12.95 12.85 12.59 12.18 11.67 11.17 10.31 9.25 8.43 8.22 8.65 9.29 9.99 10.50 10.79 10.93 11.11 11.04 10.52 10.63 11.63 12.32

�25 9.70 10.62 11.56 12.12 12.19 12.04 11.68 11.09 10.31 9.29 7.96 7.01 6.85 7.13 7.65 8.11 8.18 7.93 7.65 7.70 7.81 7.95 8.48 9.33 9.70

�30 7.62 8.95 8.87 10.49 11.32 11.35 11.06 10.32 9.43 8.15 6.73 5.99 5.50 5.56 5.82 5.84 5.61 5.37 5.25 5.19 5.27 5.45 5.82 6.48 7.62

�35 5.37 6.25 7.64 8.06 9.69 10.49 10.19 9.49 8.41 6.94 5.88 5.03 4.40 4.24 4.30 4.30 4.11 3.80 3.44 3.39 3.43 3.65 4.14 4.78 5.37

�40 3.95 4.54 5.32 6.50 7.95 9.35 9.21 8.53 7.35 6.26 5.16 4.08 3.58 3.36 3.35 3.19 2.78 2.46 2.15 2.06 2.10 2.23 2.61 3.17 3.95

�45 2.56 3.14 4.10 4.78 5.88 7.54 8.15 7.67 6.73 5.48 4.16 3.36 2.91 2.69 2.47 2.24 1.89 1.53 1.26 1.11 1.13 1.24 1.52 1.97 2.56

�50 1.57 2.16 2.79 3.65 4.43 5.24 6.19 6.20 5.31 4.27 3.40 2.75 2.34 2.08 1.83 1.56 1.22 0.91 0.67 0.55 0.54 0.61 0.80 1.11 1.57

�55 0.89 1.32 1.87 2.50 3.22 4.02 4.46 4.47 4.08 3.45 2.85 2.25 1.86 1.58 1.33 1.06 0.78 0.51 0.33 0.24 0.22 0.26 0.37 0.57 0.89

�60 0.46 0.75 1.13 1.61 2.19 2.76 3.30 3.45 3.21 2.66 2.18 1.76 1.44 1.19 0.93 0.69 0.46 0.28 0.15 0.09 0.07 0.08 0.14 0.26 0.46

�65 0.22 0.40 0.67 1.01 1.42 1.82 2.17 2.32 2.21 1.95 1.60 1.32 1.06 0.85 0.64 0.44 0.27 0.14 0.06 0.01 0.00 0.00 0.04 0.10 0.22

�70 0.10 0.21 0.38 0.59 0.85 1.11 1.34 1.45 1.43 1.31 1.12 0.92 0.74 0.57 0.41 0.28 0.15 0.07 0.02 0.00 0.00 0.00 0.00 0.03 0.10

�75 0.05 0.11 0.20 0.33 0.48 0.63 0.77 0.85 0.86 0.81 0.72 0.60 0.49 0.36 0.26 0.17 0.09 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.05

�80 0.03 0.06 0.12 0.18 0.26 0.34 0.40 0.44 0.46 0.44 0.40 0.35 0.29 0.22 0.16 0.10 0.06 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.03

�85 0.04 0.06 0.08 0.11 0.14 0.16 0.19 0.21 0.21 0.21 0.20 0.18 0.15 0.13 0.10 0.08 0.06 0.04 0.03 0.02 0.01 0.01 0.02 0.03 0.04

�90 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
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Table 2
Effective Vertical Cut-off Rigidities (in GV) for the epoch 2015.

World Grid IGRF 2015 Geographic East Longitude

�180 �165 �150 �135 �120 �105 �90 �75 �60 �45 �30 �15 0 15 30 45 60 75 90 105 120 135 150 165 180

Lat

90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

85 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

80 0.04 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.04 0.05 0.05 0.06 0.06 0.06 0.07 0.06 0.06 0.05 0.04

75 0.14 0.10 0.07 0.03 0.00 0.00 0.00 0.00 0.00 0.01 0.04 0.07 0.09 0.12 0.14 0.15 0.16 0.16 0.17 0.18 0.19 0.19 0.19 0.17 0.14

70 0.37 0.29 0.19 0.12 0.06 0.03 0.02 0.02 0.05 0.08 0.14 0.20 0.25 0.30 0.34 0.36 0.37 0.38 0.40 0.42 0.45 0.46 0.47 0.44 0.37

65 0.81 0.64 0.46 0.29 0.18 0.11 0.09 0.10 0.14 0.23 0.35 0.48 0.58 0.65 0.70 0.72 0.75 0.76 0.79 0.83 0.89 0.94 0.97 0.92 0.81

60 1.53 1.25 0.91 0.63 0.41 0.27 0.22 0.24 0.35 0.53 0.76 0.96 1.15 1.26 1.31 1.33 1.35 1.38 1.41 1.49 1.63 1.74 1.79 1.74 1.53

55 2.59 2.13 1.63 1.17 0.81 0.57 0.47 0.52 0.71 1.06 1.47 1.82 2.04 2.13 2.19 2.22 2.27 2.29 2.36 2.51 2.70 2.88 3.00 2.88 2.59

50 3.95 3.24 2.66 2.00 1.43 1.04 0.87 0.95 1.30 1.89 2.58 3.00 3.28 3.39 3.41 3.43 3.48 3.60 3.70 3.91 4.19 4.45 4.60 4.43 3.95

45 5.32 4.70 3.99 3.09 2.32 1.75 1.48 1.60 2.17 3.07 4.11 4.67 4.94 4.99 4.98 5.02 5.14 5.31 5.46 5.65 5.94 6.21 6.25 5.86 5.32

40 7.49 6.25 5.33 4.51 3.48 2.69 2.31 2.48 3.34 4.72 5.77 6.74 7.19 7.16 6.98 6.96 7.21 7.51 7.81 8.17 8.74 9.12 9.09 8.51 7.49

35 9.34 8.74 7.44 5.86 4.89 3.87 3.36 3.62 4.76 6.61 8.88 9.64 9.78 9.66 9.70 9.93 10.40 10.73 10.89 10.95 11.16 11.38 11.04 10.21 9.34

30 11.47 10.28 9.49 8.31 6.50 5.18 4.35 4.77 6.62 9.54 10.91 11.45 11.65 11.68 11.73 12.04 12.52 12.91 13.39 13.76 13.79 13.61 13.14 12.45 11.47

25 12.76 12.06 11.30 10.32 8.91 7.09 5.93 6.48 9.11 11.39 12.46 13.06 13.39 13.62 13.82 14.14 14.57 15.01 15.28 15.31 15.15 14.79 14.20 13.49 12.76

20 13.60 12.98 12.36 11.59 10.32 8.13 6.81 7.57 10.98 12.46 13.33 13.90 14.32 14.63 14.90 15.25 15.75 16.22 16.48 16.43 16.14 15.65 14.99 14.29 13.60

15 14.28 13.72 13.18 12.54 11.53 10.06 9.22 10.27 12.03 13.05 13.76 14.28 14.73 15.13 15.49 15.94 16.51 17.01 17.26 17.17 16.79 16.23 15.56 14.89 14.28

10 14.78 14.28 13.80 13.26 12.53 11.57 10.99 11.67 12.56 13.32 13.84 14.27 14.73 15.19 15.65 16.21 16.85 17.40 17.65 17.53 17.11 16.53 15.90 15.31 14.78

5 15.08 14.65 14.21 13.74 13.19 12.51 12.07 12.25 12.79 13.29 13.59 13.89 14.33 14.84 15.40 16.07 16.79 17.37 17.64 17.52 17.10 16.55 16.00 15.52 15.08

0 15.16 14.80 14.41 13.99 13.53 13.01 12.55 12.48 12.79 13.02 13.07 13.20 13.58 14.10 14.76 15.54 16.33 16.94 17.22 17.14 16.77 16.28 15.84 15.48 15.16

�5 14.97 14.71 14.39 14.03 13.63 13.16 12.70 12.51 12.58 12.54 12.32 12.29 12.56 13.07 13.80 14.67 15.51 16.12 16.41 16.39 16.09 15.68 15.37 15.16 14.97

�10 14.48 14.34 14.13 13.86 13.52 13.11 12.65 12.34 12.19 11.89 11.39 11.12 11.32 11.83 12.60 13.52 14.34 14.91 15.20 15.24 15.03 14.71 14.53 14.50 14.48

�15 13.62 13.69 13.63 13.48 13.22 12.87 12.43 12.01 11.67 11.12 10.37 9.73 9.88 10.32 11.16 12.07 12.78 13.31 13.55 13.66 13.52 13.31 13.28 13.41 13.62

�20 12.29 12.67 12.86 12.88 12.75 12.48 12.04 11.53 11.00 10.11 9.04 8.26 8.14 8.63 9.31 10.04 10.56 10.80 11.13 11.29 11.19 10.51 10.62 11.62 12.29

�25 9.66 10.63 11.56 12.06 12.10 11.93 11.54 10.91 10.12 9.06 7.75 6.85 6.73 7.12 7.67 8.14 8.27 8.01 7.80 7.89 7.87 7.91 8.48 9.28 9.66

�30 7.61 8.96 8.72 10.49 11.24 11.23 10.90 10.14 9.22 7.91 6.54 5.82 5.43 5.54 5.83 5.88 5.63 5.46 5.34 5.30 5.36 5.47 5.82 6.46 7.61

�35 5.39 6.26 7.65 8.04 9.69 10.38 10.03 9.30 8.17 6.72 5.67 4.87 4.32 4.21 4.29 4.30 4.12 3.85 3.52 3.48 3.50 3.70 4.16 4.79 5.39

�40 3.97 4.53 5.32 6.51 7.89 9.25 9.04 8.30 7.09 6.02 4.95 3.96 3.51 3.34 3.36 3.25 3.01 3.00 3.00 2.13 2.17 3.00 3.00 3.21 3.97

�45 3.00 3.22 4.08 4.76 5.87 7.47 8.01 7.49 6.56 5.22 4.00 3.28 3.05 2.68 2.46 2.24 2.03 2.00 2.00 1.16 1.16 2.00 2.00 2.06 3.00

�50 2.00 2.18 3.04 3.64 4.43 5.18 6.05 5.98 5.07 4.13 3.30 2.66 2.30 2.07 1.81 1.54 1.21 1.00 1.00 0.57 0.55 1.00 1.00 1.12 2.00

�55 1.00 1.31 2.02 3.00 3.24 3.96 4.38 4.36 3.96 3.35 2.76 2.19 1.84 1.56 1.31 1.05 0.76 0.51 0.34 0.24 0.22 0.26 0.37 0.58 1.00

�60 0.47 0.76 1.14 2.00 2.17 3.00 3.24 3.40 3.18 2.55 2.12 1.72 1.41 1.16 0.92 0.68 0.46 0.27 0.15 0.09 0.07 0.09 0.14 0.26 0.47

�65 0.22 0.41 0.67 1.02 1.41 2.00 2.12 2.27 2.16 2.01 1.54 1.27 1.02 0.82 0.63 0.43 0.27 0.14 0.06 0.01 0.00 0.00 0.04 0.11 0.22

�70 0.10 0.21 0.38 0.58 0.84 1.09 1.31 1.42 1.39 1.28 1.08 0.89 0.72 0.55 0.41 0.27 0.15 0.07 0.01 0.00 0.00 0.00 0.00 0.03 0.10

�75 0.05 0.11 0.20 0.33 0.47 0.62 0.75 0.82 0.83 0.79 0.69 0.58 0.47 0.36 0.25 0.16 0.09 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.05

�80 0.03 0.07 0.12 0.18 0.26 0.33 0.39 0.43 0.45 0.44 0.39 0.35 0.28 0.22 0.15 0.10 0.06 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.03

�85 0.04 0.06 0.08 0.10 0.13 0.16 0.18 0.20 0.21 0.20 0.19 0.18 0.15 0.13 0.10 0.08 0.06 0.04 0.02 0.02 0.01 0.01 0.02 0.02 0.04

�90 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.07 0.08 0.08 0.08 0.08
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Table 3
Effective Vertical Cut-off Rigidities (in GV) for the epoch 2020.

World Grid IGRF 2020 Geographic East Longitude

�180 �165 �150 �135 �120 �105 �90 �75 �60 �45 �30 �15 0 15 30 45 60 75 90 105 120 135 150 165 180

Lat

90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

85 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

80 0.03 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.04 0.04 0.05 0.06 0.06 0.06 0.06 0.06 0.05 0.05 0.03

75 0.13 0.10 0.06 0.03 0.00 0.00 0.00 0.00 0.00 0.02 0.04 0.07 0.09 0.11 0.13 0.14 0.15 0.16 0.16 0.17 0.18 0.18 0.18 0.16 0.13

70 0.36 0.28 0.19 0.11 0.06 0.03 0.02 0.03 0.05 0.09 0.14 0.20 0.26 0.30 0.33 0.35 0.35 0.36 0.38 0.40 0.42 0.45 0.45 0.42 0.36

65 0.79 0.62 0.45 0.29 0.18 0.12 0.09 0.11 0.16 0.25 0.36 0.49 0.59 0.65 0.69 0.71 0.72 0.73 0.76 0.79 0.86 0.91 0.93 0.90 0.79

60 1.49 1.21 0.91 0.62 0.41 0.28 0.24 0.26 0.37 0.55 0.78 0.98 1.15 1.26 1.29 1.31 1.33 1.34 1.38 1.44 1.59 1.69 1.75 1.68 1.49

55 2.54 2.10 1.62 1.16 0.81 0.58 0.50 0.54 0.76 1.09 1.53 1.87 2.07 2.14 2.17 2.18 2.20 2.24 2.29 2.44 2.65 2.84 2.95 2.84 2.54

50 3.93 3.22 2.63 2.01 1.43 1.07 0.92 1.01 1.37 1.98 2.65 3.08 3.33 3.43 3.40 3.40 3.42 3.52 3.62 3.81 4.15 4.38 4.56 4.36 3.93

45 5.30 4.66 3.97 3.08 2.33 1.77 1.52 1.70 2.29 3.21 4.22 4.76 4.97 5.02 4.99 4.97 5.10 5.20 5.35 5.56 5.85 6.13 6.21 5.83 5.30

40 7.42 6.20 5.29 4.49 3.48 2.72 2.36 2.60 3.59 4.84 5.94 6.91 7.25 7.17 6.95 6.91 7.10 7.35 7.59 7.95 8.62 9.09 9.04 8.49 7.42

35 9.32 8.65 7.33 5.81 4.84 3.83 3.41 3.72 4.97 6.94 9.08 9.75 9.80 9.67 9.67 9.88 10.30 10.58 10.83 10.95 11.06 11.34 10.99 10.17 9.32

30 11.42 10.19 9.28 8.17 6.42 5.13 4.41 4.96 7.06 9.81 11.00 11.56 11.72 11.71 11.73 12.01 12.44 12.74 13.16 13.65 13.73 13.59 13.13 12.42 11.42

25 12.70 11.97 11.18 10.19 8.73 7.00 5.99 6.77 9.31 11.55 12.56 13.14 13.46 13.65 13.83 14.13 14.55 14.95 15.20 15.24 15.11 14.77 14.19 13.47 12.70

20 13.56 12.90 12.24 11.45 10.11 8.02 6.65 7.79 11.22 12.56 13.40 13.96 14.36 14.66 14.91 15.25 15.74 16.19 16.43 16.38 16.12 15.65 14.99 14.27 13.56

15 14.23 13.64 13.07 12.41 11.39 9.95 9.31 10.50 12.13 13.12 13.81 14.33 14.77 15.15 15.51 15.96 16.52 17.01 17.24 17.14 16.78 16.23 15.56 14.87 14.23

10 14.73 14.21 13.70 13.15 12.40 11.49 11.00 11.73 12.61 13.35 13.86 14.29 14.75 15.21 15.67 16.24 16.89 17.42 17.66 17.53 17.11 16.53 15.89 15.29 14.73

5 15.04 14.58 14.12 13.64 13.08 12.42 12.04 12.25 12.80 13.29 13.58 13.89 14.33 14.84 15.42 16.11 16.84 17.42 17.67 17.54 17.12 16.55 15.99 15.50 15.04

0 15.12 14.74 14.33 13.90 13.43 12.91 12.48 12.45 12.76 12.98 13.02 13.17 13.56 14.10 14.78 15.60 16.40 17.01 17.28 17.19 16.79 16.28 15.82 15.46 15.12

�5 14.93 14.66 14.32 13.94 13.53 13.06 12.61 12.44 12.52 12.47 12.24 12.21 12.52 13.06 13.83 14.74 15.59 16.20 16.50 16.45 16.12 15.68 15.34 15.14 14.93

�10 14.45 14.30 14.07 13.78 13.43 13.00 12.55 12.25 12.10 11.79 11.27 11.03 11.25 11.82 12.63 13.59 14.43 15.01 15.31 15.33 15.07 14.71 14.50 14.47 14.45

�15 13.60 13.65 13.58 13.41 13.14 12.77 12.31 11.90 11.55 10.97 10.14 9.59 9.80 10.31 11.19 12.11 12.87 13.42 13.69 13.78 13.58 13.30 13.25 13.38 13.60

�20 12.27 12.66 12.82 12.82 12.66 12.37 11.92 11.40 10.82 9.92 8.86 8.11 8.06 8.60 9.35 10.10 10.64 11.02 11.34 11.49 11.04 10.50 10.58 11.61 12.27

�25 9.63 10.67 11.58 12.00 12.01 11.82 11.41 10.74 9.94 8.83 7.58 6.72 6.66 7.11 7.70 8.17 8.31 8.12 8.02 8.11 8.02 7.94 8.46 9.26 9.63

�30 7.63 8.99 8.75 10.52 11.16 11.13 10.73 9.96 9.02 7.70 6.35 5.68 5.35 5.55 5.84 5.87 5.69 5.51 5.44 5.41 5.45 5.50 5.83 6.46 7.63

�35 5.39 6.27 7.69 7.95 9.68 10.28 9.87 9.13 7.96 6.52 5.56 4.73 4.26 4.20 4.28 4.30 4.14 3.90 3.62 3.57 3.59 3.73 4.17 4.82 5.39

�40 3.99 4.49 5.34 6.51 7.85 9.14 8.88 8.12 6.87 5.88 4.75 3.86 3.45 3.34 3.35 3.24 3.01 3.00 3.00 3.00 3.00 3.00 3.00 3.21 3.99

�45 3.00 3.25 4.09 4.76 5.86 7.43 7.88 7.34 6.41 5.01 3.88 3.20 2.78 2.63 2.44 2.24 2.04 2.00 2.00 2.00 2.00 2.00 2.00 2.07 3.00

�50 2.00 2.18 3.03 3.67 4.42 5.13 5.90 5.76 4.90 3.99 3.21 2.65 2.23 2.05 1.80 1.52 1.21 1.00 1.00 1.00 1.00 1.00 1.00 1.15 2.00

�55 1.00 1.32 2.03 3.00 3.25 3.92 4.31 4.27 3.86 3.24 2.65 2.14 1.81 1.53 1.29 1.05 0.75 0.51 0.33 0.25 0.23 0.27 0.38 0.59 1.00

�60 0.48 0.77 1.14 2.00 2.17 3.00 3.17 3.32 3.07 2.48 2.04 1.65 1.36 1.13 0.90 0.68 0.45 0.27 0.15 0.09 0.07 0.09 0.15 0.27 0.48

�65 0.23 0.42 0.68 1.02 1.40 2.00 2.09 2.23 2.13 1.80 1.50 1.22 1.00 0.80 0.61 0.42 0.26 0.13 0.06 0.01 0.00 0.00 0.04 0.11 0.23

�70 0.10 0.21 0.37 0.59 0.83 1.07 1.28 1.37 1.34 1.23 1.04 0.88 0.70 0.55 0.40 0.26 0.15 0.06 0.01 0.00 0.00 0.00 0.00 0.03 0.10

�75 0.05 0.11 0.20 0.33 0.47 0.62 0.73 0.81 0.81 0.75 0.67 0.57 0.45 0.35 0.25 0.16 0.08 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.05

�80 0.03 0.07 0.12 0.18 0.25 0.32 0.38 0.42 0.44 0.42 0.38 0.33 0.27 0.21 0.15 0.10 0.06 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.03

�85 0.04 0.06 0.08 0.10 0.13 0.16 0.18 0.19 0.20 0.20 0.19 0.17 0.15 0.12 0.10 0.07 0.05 0.04 0.02 0.01 0.00 0.00 0.01 0.02 0.04

�90 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.08 0.08 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.08 0.07 0.07 0.07 0.07 0.07
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1a 

1b 

1c 

Fig. 1. Contour plot of the geomagnetic cut-off rigidity (a) for the year
2010 (upper panel), (b) for the year 2015 (middle panel) and (c) for the
year 2020 (lower panel).

2a 

2b 

2c 

Fig. 2. Contour plot showing the differences in the calculated cut-off
rigidities between (a) years 2020 and 2010, (b) years 2015 and 2010 and (c)
years 2020 and year 2015.

M. Gerontidou et al. Advances in Space Research xxx (xxxx) xxx
The main conclusions of this work can be briefly pre-
sented below:

(a) This work ensures that the calculation of the world-
wide grids of the cut-off rigidity for vertical directions
of arrival of the cosmic ray particles at the altitude of
8

20 km above the surface of the international reference
ellipsoid for the current epoch of 2020, is noteworthy.
As we can conclude the calculated values of the ver-
tical cut-off rigidity during the last decade show only
minor changes.



Fig. 3. Contour plot showing the differences between the cut-off rigidity
calculated in this work and in Shea and Smart (2019) for the epoch of
2015.

M. Gerontidou et al. Advances in Space Research xxx (xxxx) xxx
(b) Cosmic ray cut-off rigidity tables and maps over the
world concerning the epochs 2010, 2015 and 2020
covering the last decade, have been computed in
order to investigate their long-term variation. Minor
changes observed in Fig. 2 during these years, are
consistent with the North Atlantic anomaly, although
it needs a longer time period for study (Gvozdevsky
et al., 2019).

(c) From our analysis it is resulted that the calculated
values of cut-off rigidity during the year 2015 are in
a good agreement with those ones presented by Shea
and Smart (2019) for the same year. It means that our
calculation procedure for the calculations of the years
2010 till the year 2020 follows well the international
standards.
Fig. 4. Map of isodynamic curves of th

9

Summarizing we can say that no significant variation in
the threshold of the effective geomagnetic rigidity during
the last decade, was occurred. However the estimation of
the worldwide cut-off rigidity every five-year is important
for the neutron monitor network measurements, in partic-
ular for the neutron monitor stations located near and at
the periphery of North and South Atlantic anomaly
(Gvozdevsky et al., 2019; Smart and Shea, 2008). Notewor-
thy that the calculated cut-off rigidity values is a basic ref-
erence of charged particle access to different geographical
locations and they are very useful for the Space Weather
studies and the calculation of the radiation dosesin the
atmosphere.
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