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As a parameter that quantitatively measures the shielding effect of the Earth’s magnetic
field on energetic particles, the geomagnetic cutoff rigidities will change significantly with
the long-term change of geomagnetic field. In this article, by using the numerical simulation
method, combined with the variation trend of the Earth’s main field International
Geomagnetic Reference Field (IGRF) model and the energetic particles’ windows
(EPWs), the variation characteristics of the cutoff rigidities of geomagnetic energetic
particles in the vertical direction from 1965 to 2025 were studied. The study found
that there is a close relationship between the cutoff latitude corresponding to the
cutoff rigidities and the background magnetic field intensity, but they are not in a
simple linear relationship. The changes of the cutoff rigidities and geomagnetic field in
the northern and southern hemispheres are asymmetric. The weakening of the
geomagnetic field will push the cutoff latitudes toward the near equatorial region in the
southern hemisphere, but for northern hemisphere the phenomenon is not always
credible. In the northern hemisphere, the areas of EPWSs will decrease at a relative rate
of 0.03%/yr, but in the southern hemisphere, it will increase at a rate of about 0.05%/yr to
0.12%/yr. The long-term trajectory of the positions of the EPWs’ central points do not
correspond to geomagnetic poles, nor the magnetic dip poles, relatively speaking, its
position is closer to the geomagnetic poles. The study can be used for a long-term
forecasting of cutoff rigidities caused by background geomagnetic field variations.

Keywords: geomagneticfield, cutoff rigidities, energetic particles, long-term, energetic particles’ windows

1 INTRODUCTION

Energetic particles play a useful key-role in space weather storms forecasting (Mavromichalaki et al.,
2006) and in the specification of magnetic properties of coronal mass ejections (CMEs), shocks, and
ground level enhancements (GLEs). Meanwhile, the ionosphere and atmosphere of the Earth can be
affected by the energetic particles which enter the magnetosphere at low altitudes (Nesse Tyssoy
etal, 2013; Galand, 2001). Furthermore, energetic particles are major space weather phenomena that
can produce hazardous effects in the near-Earth space environment. Understanding the physical
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processes of the energetic particles has both scientific and
practical significance, considering their serious impact on the
space environment and space systems (e.g., harming the
spacecrafts in the inner magnetosphere) (Koons et al., 1998;
Baker and D., 2000). Therefore, the study of the coupling
mechanism between interplanetary and magnetospheric
energetic particles is an important issue in solar terrestrial
space physics.

Energetic protons are the main component of cosmic rays, and
the interplanetary energetic particles can penetrate the protective
layer of electronic components, resulting in single-event
inversion, which poses a threat to the health of astronauts. At
the same time, it will also reduce the service life of solar cells and
affect polar short wave communication. In serious cases, it will
cause damage to electronic components, cause satellite failure,
and even completely destroy the satellite (Baker and D, 2000;
Koons et al., 1998). Also, the variation of the energetic particle
environment can affect the airplane routes across the polar region
(Alken et al., 2020). Also, some researchers found that the cosmic
rays can affect the climate (Kirkby, 2007), which will have a long-
term variation.

The access of energetic protons into the magnetosphere is
controlled by the magnetic field. As the first barrier of the Earth,
the geomagnetic field can effectively prevent the entry of
interplanetary energetic particles and reduce the radiation of
energetic particles in near-Earth space. Stormer (1955) first
theoretically described the behavior by assuming that the
magnetic field is a dipole field. In a pure dipole magnetic field,
particles are shielded by a potential barrier from an inner
forbidden region whose boundary is defined by the following
equation as (Stormer, 1955):

Mg cos® A "
r=y—2 ——
mvc 1+ V1+cos*A

where M is the dipole moment, A is the geomagnetic latitude, r
is the radial distance from the center of the dipole with the unit of
r being Re (the Earth radii), m is the mass, c is the speed of light, g
is the charge of particles, and v is the particle speed. In order to
predict the energetic particles transporting to a specific location
through the magnetosphere, the concept of geomagnetic rigidity
is used. The geomagnetic rigidity is defined as R = mvc/q. As a
parameter that quantitatively measures the shielding effect of the
Earth’s magnetic field on energetic particles, the geomagnetic
cutoff rigidity describes the rigidities threshold of energetic
charged particles when they pass through the geomagnetic
shielding effect and reach the observation points (Smart and
Shea, 2005). From Eq. 1, the cutoff rigidity at any point in space
can be expressed as

R(GV)=— ——— (2)

" (1+VTI+cos1)”

where constant C = 60 is derived by the dipole model (Kress
et al,, 2010), and GV is the unit of the rigidity.

This equation can give the global cutoff rigidities simply and
quickly, but because the dipole magnetic field cannot completely
and accurately describe the real Earth’s background magnetic

C cos* A
2
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field, especially in the period of intense magnetospheric activity,
such as magnetic storm and substorm, the Earth’s magnetic field
will be compressed or stretched, resulting in the reduction of the
effectiveness of the geomagnetic field described by the dipole
magnetic field. With the continuous improvement of numerical
simulation calculation, the global cutoff rigidities distribution
image is given. At the same time, with the continuous progress of
satellite observation technology and the continuous improvement
of numerical simulation calculation, it is found that the cutoff
rigidities of energetic particles corresponding to latitude should
be calculated by more complex formulas (Dmitriev et al., 2010).
Meanwhile, due to the long-term variation of the geomagnetic
field, especially the geomagnetic change has accelerated
significantly in recent years (Alken et al., 2020), the shielding
effect of the geomagnetic field on energetic particles will change
significantly, resulting in the change of the background energetic
particle environment caused by the entry of solar/galactic cosmic
rays into the magnetosphere. Therefore, it is necessary to
remeasure the cutoff rigidities of energetic particles caused by
the change of magnetic field. Although some researchers (Shea,
1971; Bhattacharyya and Mitra, 1997; Kudela and Bobik, 2004;
Smart and Shea, 2009; Dorman et al., 2017; Cordaro et al., 2018,
2019) have studied the cutoff rigidities of energetic particles for
the long-term variation of the geomagnetic field, their research
either used the earlier geomagnetic field model until the year 2000
(Shea and Smart, 2001) or did not give the difference behavior for
different hemispheres. Some authors calculated the cutoff
rigidities only for one or several stations (Shea and Smart,
2001) or the limited area (Cordaro et al., 2018, 2019). Shea
et al. (1987) studied the cosmic ray vertical cutoff rigidities as
a function Mcllwain L-parameter for different epochs of the
geomagnetic field, while the Mcllwain L-parameter cannot give
the three-dimensional locations exactly. Dorman et al. (2017)
studied this problem for the entire global world using the
numerical simulation method, but they did not give a
parameter relationship to evaluate the background change of
high-energy particles.

All studies did not give the overall change of the cutoff latitude,
nor the quantitative parameters were used to study its change
trend, especially the change of the central point corresponding to
the cutoff latitude, which has not even received any research and
attention. Since not many articles on the change of the cutoff
rigidities are available, we consider this article of utmost
importance. This article will study this problem from different
aspects, especially the inconsistency between the change of cutoft
rigidities and the long-term change of the geomagnetic field.
Using the newest IGRF model and more refined grid division
(compared with the grid 5 x 15 in latitude and longitude
(Bhattacharyya and Mitra, 1997)), this article will focus on the
overall change at different times. At the same time, we will study
its geometric center point and explore the correlation between
them in combination with the change of the position of the
magnetic poles.

The following parts of this article will discuss different
contents, respectively. The second section will introduce the
numerical simulation method. The third section shows the
inconsistency of the change trend by analyzing the change of
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geomagnetic fleld and cutoff rigidities. Finally, a brief summary
and discussion are made.

2 SIMULATION METHOD

The equation of charged particle’s motion in the magnetosphere
can be written as
% =qv x B, (3)
where p is the relativistic momentum of the particle, v is the
velocity, q is the charge, and B is the magnetic field. Here, the
electric field is ignored. Following Smart et al. (2000), we calculate
charged particle trajectories time backward. If a particle can reach
the boundary of the magnetosphere before its total trajectory path
length exceeds 1000 Re, the rigidity is considered an allowed
rigidity (Kress et al., 2004). However, if the particle intersects the
solid Earth or the particle is still moving in the magnetosphere
after its total trajectory path length exceeds 1000 Re, the rigidity is
considered a forbidden one.

The lowest rigidity above which all rigidities are allowed is
denoted as the upper cutoftf rigidity R,y and the highest rigidity
below which all rigidities are forbidden is denoted as the lower
cutoff rigidity Ry,;,,. From a rigidity much higher than the possible
Rnax to a rigidity much lower than the possible Ry,;,, we scan the
rigidity values at the discrete intervals R = 0.001 GV. In this way,
we obtain the values of R, and R, and the allowed and
forbidden rigidities between R,z and R.;, are denoted as
ORatiowed and ORpypiddens respectively. Thus, the effective cutoff
rigidity, R is calculated with the formula

Rinax

Reff = Rypax — z 6Rallowed~ (4)

Rinin

In our numerical method, Eq. 3 is integrated with the fourth
order Runge-Kutta method. The step size in time is set to be equal
to 0.01 of particles’ gyro-period throughout the trajectory (Kress
et al., 2004). We consider that the particles access the position
from the vertical direction. So, the initial velocities vy, (x; = x, y, z)
of the particles at the given position x, y, and z are

®)

where v is the initial velocity of particles, and the altitude of the
position is set to be 450 km as the initial position, according to
Smart and Shea (2003). In addition, the inner boundary is set to
be 1.0R, from the Earth center. The x, y, and z coordinates are
applicable when using the magnetospheric coordinates which are
right-handed, orthogonal, and Earth-centered coordinate
systems (Smart et al. (2000)). The coordinates we use here are
the GEO (geographic coordinate system) and GSM (geocentric
solar-magnetospheric).

It should be noted that during the numerical simulation with
the main field of International Geomagnetic Reference Field
(IGRF) as the background magnetic field, the inner and outer
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boundaries are set at a radial distance of an Earth radius. At the
same time, because IGRF is the Earth’s main field, the
magnetopause-type given by Tsyganenko (Tsyganenko, 1995,
1996; Tsyganenko and Stern, 1996) is not suitable to describe
the simple IGRF magnetopause. Therefore, in the simulation
process, we only use the total time and total distance of particle
motion and the maximum range of particle motion in three-
dimensional, rather than using the magnetopause-type given by
Tsyganenko as the outer boundary. At the same time, as the
dependence of cutoff rigidities on latitude is significantly greater
than that on longitude, but the longitude dependence of
geomagnetic field change is obvious, in order to analyze the
global spatial change characteristics with high precision, we use
the latitude direction interval of 1 degree and longitude direction
of 10 degrees to grid the world. The temporal and spatial
evolution characteristics of global vertical cutoff rigidities are
calculated. For the detailed numerical simulation process of
calculating the cutoff rigidities, please refer to Chu and Qin
(2016).

Considering the change of the long-term geomagnetic field,
here, we only use the main field as the background field for
numerical simulation. The main field model we used here is the
International Geomagnetic Reference Field (IGRF) model (http://
www.ngdc.noaa.gov/IAGA/vmod/igrfhtml). The model is a
standard mathematical description of the Earth’s main
magnetic field and its secular variation. The IGRF model is
standardized for a particular year, reflecting the most accurate
measurements available at that time and indicating a small-scale,
slow time variation of the Earth’s magnetic field. The model is
usually updated every 5 years to make sure the results given by the
model are the most accurate at present. In December 2019, the
13th generation of the International Geomagnetic Reference Field
(IGRF) was released by the International Association of
Geomagnetism and Aeronomy (IAGA) Division V. Working
Group (V-MOD). This model updates the previous generation
with a definitive main field model for epoch 2015, a main field
model for epoch 2020, and a predictive linear secular variation for
2020 to 2025 (Alken et al., 2020). Since the moving speed of the
pole was accelerated in the 1960s, we set the time range for our
study after 1965. Meanwhile, since the dipole point has crossed
the primary meridian in recent years and the IGRF 13 model can
deduce the magnetic field data in 2025, we will continue our
research until 2025. To calculate the main sources contribution of
the geomagnetic field and coordinate transformations, we use the
source code package GEOPACK-2008 provided by Tsyganenko.
All the aforementioned computer codes for magnetospheric field
and coordinate transformation calculations are downloaded from
the website http://geo.phys.spbu.ru/tsyganenko/modeling.html.

3 SIMULATION RESULTS AND
DISCUSSION

Since the change of cutoff rigidities is mainly caused by the
change of the Earth’s magnetic field, the long-term variation
characteristics of the IGRF magnetic field are given here first.
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FIGURE 1 | Contour of the background magnetic field calculated by the IGRF 13 model from 1965 to 2025 by every 20 years and absolute and relative changes of

Delta MagneticField (%)

-6

0 60 120 180 240 300 360
Longitude

3.1 Long-Term Variation of Geomagnetic
Field

Here, we will focus on only two aspects: the change of global
magnetic field intensity and the movement of magnetic poles.
The movement of magnetic poles includes the magnetic dip
poles and geomagnetic poles in both northern and southern
hemispheres. According to the article by Alken et al. (2020), the
geomagnetic poles are calculated from the three dipole Gauss
coefficients and correspond to where the magnetic dipole axis
intersects a sphere of mean Earth radius 6371.2km. The
magnetic dip poles are defined as the locations where the
main magnetic field as a whole is normal to the Earth’s
surface, represented by the WGS84 reference ellipsoid. They
can be defined as the locations where the magnetic field
component tangent to the ellipsoid vanishes.

For the convenience of picture expression, we will give the
image of background magnetic field in limited years and give the
change information. Figure 1 shows the global contour map of the
total field intensity at the altitude of 450 km at an interval of

20 years from 1965 to 2025. The map shows that Siberia and the
Southern Ocean between Australia and Antarctic in the southern
hemisphere own the largest field intensities. Also, South America,
which is known as the South Atlantic Anomaly (SAA), is the region
of significantly weaker field. Usually, in this region, because the
radiation environment of energetic particles is much higher than
that in other areas, many payloads will be shut down in this area to
ensure the safety of satellite operation. Interestingly, Terra-Nova
et al. (2019) found that a region which is close to SAA minimum
longitude has a second minimum intensity. This region can be
found at the Earth’s surface, but it cannot be found at our
simulation height (450 km). The global contour map of
variation of the total field intensity is given in Figure 1. From
the figure, we can find that the global magnetic field intensity has
two obvious reduction regions from 1965 to till date. However, the
global background magnetic field intensity does not always
decrease, especially in the eastern hemisphere, and there is also
an obvious enhancement, but the enhancement range is not so
large compared with the weakening range.
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FIGURE 2 | Center location of the IGRF magnetic field for different years from 1900 to 2025 with the time resolution of 5 years. The blue dots are the magnetic dip
pole centers, and the red ones are the geomagnetic pole centers. The data are from the article by Alken et al. (2020).
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FIGURE 3| lllustration of the geomagnetic cutoff rigidities penumbra. This figure shows the maximum, minimum, and effective cutoff rigidity at an interval of 1 MeV

for the calculation of the rigidity at an altitude of 450 km, determined by trajectory calculations. In this illustration, black indicates forbidden rigidities, and white indicates
allowed rigidities. Note that the cutoff is not sharp and that as the rigidity is decreased. The transmission of cosmic rays changes from fully allowed at rigidities above the
maximum computed cutoff, Rmax, to partly allowed in the cosmic ray penumbra, to totally forbidden at rigidities below the minimum computed cutoff, Rmyn. In
addition, they are either allowed or forbidden to access with rigidities between Rp,ax and Rmin, SO it is named the penumbra area. The panel from top to bottom represents
the changes of the penumbra of the cutoff rigidities at the same location in 1965, 1985, 2005, and 2025, respectively.

The position with the strongest relative decrease is in the
magnetic equatorial regions of North and South America and the
outer boundary of the SAA region, in which the outer boundary
of the SAA region decreases most strongly, with a relative change
of about 15%.

Figure 2 is the pole positions of the IGRF magnetic field for
different years from 1900 to 2025 with the time resolution of
5 years. The blue dots are the magnetic dip poles, and the red ones

are the geomagnetic poles. The data are from the article by Alken
et al. (2020). There are significant differences between the two due
to the non-dipolar structure of the Earth’s magnetic field. For more
than a century, the change of the dip poles is more obvious than
that of the geomagnetic poles. Usually, when the interplanetary and
magnetospheric coupling mechanism is studied, the geomagnetic
poles are used, as they can be used to specify the relative orientation
of the Earth’s magnetic field with respect to the Sun.
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FIGURE 4 | Same as Figure 3 but for different hemisphere.

3.2 Long-Term Variation of Cutoff Rigidities
The cutoff rigidities penumbra is an effective concept, which can
reflect the motion of energetic particles at the observation
position. The rigidity penumbra is shown in Figures 3, 4 for
the north and south hemispheres for different years. These two
figures show the maximum, minimum, and effective cutoff
rigidity at intervals of 1 MeV for the calculation of the rigidity
at an altitude of 450 km, determined by trajectory calculations. In
this illustration, black indicates forbidden rigidities, and white
indicates allowed rigidities. The transmission of energetic
particles changes from fully allowed at rigidities above the
maximum cutoff rigidity, R,y to partly allowed in the cosmic
ray penumbra, to totally forbidden at rigidities below the
minimum cutoff rigidity, Ry,. In addition, they are either
allowed or forbidden to access with rigidities between R«
and R, so it is named the penumbra area. The panels from
top to bottom represent the changes of the penumbra of the cutoff
rigidities at the same location in 1965, 1985, 2005, and 2025,
respectively. Because the cutoff rigidities are not symmetrical
about the magnetic equator or geographical equator and in order
to compare the cutoff rigidities of the same order, we selected
observation points with different longitude and latitude in the
northern and southern hemispheres for comparative analysis.
The geographical longitude and latitude of the observation point
in the northern hemisphere are 30 and 300, while in the south
hemisphere they are —50 and 300, respectively. By comparing
different years, it can be found that from 1965 to 2025, the
effective, maximum, and minimum cutoff rigidities of the same
location in the northern hemisphere show an increasing trend.
While, the trend in the southern hemisphere is the opposite,
showing a decreasing trend. In the northern hemisphere, the
effective cutoff rigidities changed from 4.234 GV in 1965 to
5.257 GV in 2025, which represents an increase of 24%. At the
same time, the southern hemisphere changed from 6.763 to 4.482
GV, which represents a decrease of 34%.

Then, we expand the study scope to the global world. From
Figure 5, which shows the variation of the global cutoff
rigidities, it can be seen that there are mainly four regions of
change in cutoff rigidities worldwide. Some regions of the
northern hemisphere show that the cutoff rigidities decrease
with the weakening of the magnetic field; however, there are also
some regions where the cutoff rigidities increase while the
magnetic field becomes weaker. Figures 6, 7 show the
histogram of variation of background geomagnetic field and
cutoff rigidities with the longitude and latitude between 1965
and 2025. The upper panel indicates that the relative change of
the magnetic field changes with the longitude/latitude, and the
lower panel indicates the relationship between the relative
change of cutoff rigidities and longitude/latitude. The
longitude and latitude distribution images corresponding to
the changes of magnetic field and cutoff rigidities show that
there is a deviation of about 60 degrees in longitude, and the
dependence on the latitude is basically with expectations in the
southern hemisphere. But, in the northern hemisphere, the
relationship between the two is complex, which shows an
anticorrelation relationship, which is puzzling. At the same
time, although the second minimum intensity region of the
magnetic field at the simulation altitude is not shown in the
magnetic field distribution map, it can be found that the cutoff
rigidities in this region have changed significantly (Longitude 0,
about 30 south latitude). This finding is exciting because it
shows that the magnetic field in the bottom region plays a
decisive role in the motion of energetic particles. This also
means that in the numerical simulation of energetic particles,
especially in the process of single particles, it is necessary to
reasonably and carefully set the inner boundary to prevent the
deviation of particle motion caused by unreasonable boundary
setting.

In order to illustrate the dependence of the change of cutoff
rigidities caused by the change of the magnetic field, the
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relationship of the variation of the global rigidities and the global
geomagnetic field is shown in Figure 8. It can be easily found that
normally the decrease of the magnetic field cannot always lead to
the decrease of the cutoff rigidities. For the global grids with the
spatial resolution by 1 for latitude and 10 for longitude, nearly
40% of the changes of these two parameters are inconsistent.
When the magnetic field becomes intense, 16.543 9% of the cutoff
rigidities will become smaller, while 23.173 7% will become larger.
Also, when the magnetic field becomes smaller, 11.694 3% of the
cutoff rigidities will become smaller, while 48.572 7% will become
larger.

Figure 9 shows the cutoff latitude boundary with a cutoff
rigidity of 200 MV in the northern and southern hemispheres
(the cutoff latitude boundary is calculated by spline
interpolation  here). Different colors represent the
simulation results of the background magnetic field in
different years. The colors “black,” “yellow,” “red,” “pink,”
“green,” “sky blue,” and “blue” represent 1965, 1975, 1985,
1995, 2005, 2015, and 2025, respectively. The left one is the
boundary of the EPW in the northern hemisphere, and the
right one is in the southern hemisphere. The cutoff latitude

boundary image shown in the figure can be fitted with ellipses,
and the eccentricity of ellipses in the northern and southern
hemispheres is different. Obviously, the boundary curve in the
southern hemisphere is similar to that of a circle, while in the
northern hemisphere is more inclined to the shape of an
ellipse, and the elliptical eccentricity in the northern
hemisphere is greater than that in the southern hemisphere;
this result is consistent with the result given by Dmitriev et al.
(2010). The cutoff latitude boundary corresponding to the
cutoff rigidities changes obviously with the magnetic field,
especially in the northern hemisphere. However, this variable
situation brings some difficulties to our study because it is
difficult to determine how the global energetic particles
radiation environment will change through the -cutoff
latitudes. Therefore, we introduced the concept of energetic
particles” windows.

3.3 The Energetic Particles’ Windows

As a concept corresponding to the cutoff rigidities, the cutoff
latitude is expressed as the latitude boundary corresponding to
the same cutoff rigidities. From the aforementioned global
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FIGURE 6 | Histogram of variation of background geomagnetic field and cutoff rigidities with the longitude between 1965 and 2025. The upper panel indicates that
the relative change of the magnetic field changes with the longitude, and the lower panel indicates the relationship between the relative change of cutoff rigidities and
longitude.

contour of cutoff rigidities, it can be found that when the cutoff
rigidity is smaller than 11GV, the cutoff latitudes can form a
closed curve. Different from the method of using the cutoff
latitudes, we here define a region, energetic particles’ windows
(EPWs), where the vertical cutoff rigidities of energetic
particles are less than or equal to a threshold value, R,. A
simple example is given in Figure 10; the shaded region
indicates the EPWs with the threshold R, = 200 MV, and
the big black dot indicates the center of the window. By
calculating the area above the cutoff latitudes, the variation
characteristics of the cutoff rigidities can be evaluated (Refer to
Chu and Qin (2016) for detailed description).

3.4 Area Variation Characteristics
Corresponding to Cutoff Latitudes
The areas and the centers of the EPWs can give us a better
understanding of the coupling processing between the
interplanetary and the magnetosphere. In this chapter, the

area of the EPWs will be studied. Figure 11 shows changes
of the EPWs’ area with time under different background
magnetic fields for both the north and south hemispheres.
The colors “black,” “red,” “orange,” “pink,” “green,” “sky
blue,” “blue,” “violet,” “gray,” and “purple” represent 0.1, 1,
2,3,4,5,6,7,8,and 9 GV, respectively. It is expected that when
the intensity of the background magnetic field becomes weaker,
the cutoff rigidities at the same location will become smaller,
resulting in the shift of the cutoff latitude boundary to the
equator. However, the change trends in the northern and
southern hemispheres are obviously different. Next, we will
give the time change rate of the area corresponding to EPWs.
Although the change trend of EPWs’ area in the northern and
southern hemisphere is obviously different, when we select the
standard, we take 1965 as the reference for both the northern
and southern hemispheres. All of the information is given in
Figure 11. Compared with the temporal change rate of EPWs’
area in the northern and southern hemisphere, the temporal
change rate in the southern hemisphere is greater than that in
the northern hemisphere. Figure 12 shows the area temporal
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change rate of EPWs corresponding to different rigidities
obtained by polynomial fitting. The slope of the line obtained
by first-order polynomial fitting in the northern hemisphere is
less than 0, and the absolute value of the slope becomes smaller
with the increase of the rigidities. The slope of the line varies
between —0.03/yr and -0.004/yr. While in the southern
hemisphere, they are large than 0, and the slope of the line
becomes larger and larger when the rigidities increase. The
maximal value is 0.12/yr, and the minimum is 0.056/yr.
These parameters suggest that due to the change of the
background magnetic field, the radiation flux of energetic
particles in the southern hemisphere will increase by 5.6 to
12% in hundred years. In the northern hemisphere, the value
will be around —3%. In combination with the change trend of the
northern and southern hemispheres, from a global perspective,
as shown in Figure 13, the radiation flux of energetic particles of
different rigidities will increase by 1.1% to 5.6% in hundred
years. Although its impact may be limited in the short term,
when its time scale reaches a millennium or even longer, the
radiation environment will change dramatically. Kudela and
Bobik (2004) used the simulation method under the model

geomagnetic field (n = 2+) and found that the maximum cutoff
rigidity decreased from about 24 to 17 GV between 0 and
2000 years which means the time change rate is about
0.015%/yr. This value is obviously smaller than our
simulation results which means that the variation maybe
much more complex than what we expect. The linearity
maybe impossible to claim with reliability accepted approach
abnormal development of behavior of geomagnetic cutoff
rigidity (Dorman et al., 2017); however, we can still use this
method to evaluate the change of cutoff rigidities, as these values
have the same order.

The pitch angle dependence of the cutoff rigidities that is
carried out by our group (Chu et al,, 2021) shows that the
energetic particles corresponding to the cutoff rigidities
tend to reach the observation points along the opposite
direction of the magnetic field. This suggests that compared
with the northern hemisphere, a large number of particles will
tend to reach near-Earth space from the southern hemisphere.
With the time goes, the flux of energetic particles in the
southern hemisphere will be significantly higher than that
in the northern hemisphere.
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3.5 Variation Characteristics of EPWs’

Center Points

As one of the characteristics of geomagnetic field variation, by
the end of 2019, the longitude of the magnetic dipolar pole in
the north hemisphere has crossed the prime meridian (Alken

et al,, 2020) and also the geomagnetic poles are always in
motion. Therefore, it will be very meaningful for us to study the
corresponding relationship between the central point of the
EPWs and the magnetic pole point. The center of the EPWs is
the geometric center, and we do not perform any weighting
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of the EPW.

FIGURE 10 | Schematic diagram of EPWs defined in the article. Here,
we use 200 MV as the cutoff rigidity, and the black dot represents the center
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here. For the area surrounded by the above cutoff latitude, the
longitude and latitude information of its geometric center can
be calculated. As an important parameter, Dmitriev et al.
(2010) used satellite observation results to fit the longitude
and latitude coordinates of the center point of the cutoff
latitude elliptic boundary. Here, we directly use the
numerical simulation method to obtain the longitude and
latitude information of the central points. Combined with
the analysis of Figures 2, 14, we can find that the central
points of EPWs are closer to the magnetic pole point of
geomagnetic rather than the magnetic pole point of the
dipole magnetic field. This is easy to understand because
IGRF gives the main geomagnetic field, not a simple dipole
magnetic field. Although the dipole magnetic field plays a
major role, the influence of other orders cannot be ignored.
Combined with the paleomagnetic data, it can be obtained that
the dipole moment of the geomagnetic field has decreased by
nearly 1/4 in the past 1000 years. In sharp contrast to the
decrease of the dipole moment, the non-dipole part of the
geomagnetic field has increased rapidly. For 100 years,
quadrupole and octupole are enhanced by 95% and 74%,
respectively (Courtillot and Mouel, 1988; WEI and XU,
2001; Kudela and Bobik, 2004).

Meanwhile, compared with the position of the magnetic pole,
the central points of EPWs are closer to the geographical north
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FIGURE11 | Changes of the EPWs’ area with time under different background magnetic fields for both the north and south hemispheres. The colors “black,” “red,”
“orange,” “pink,” “green,” “sky blue,” “blue,” “violet,” “gray,” and “purple” represent 0.1, 1, 2, 3, 4, 5, 6, 7, 8, and 9 GV, respectively.

Southern Hemisphere
108 LARRERRRRRLLRRN RRLRLRLERE RELLLLELEN ML LA L

106

104

Area(%)

102

100

(S]] I T P TTTNY FETTTTRTTE PRI ST F

1970 1980 1990 2000 2010 2020
Year

Frontiers in Earth Science | www.frontiersin.org

11

March 2022 | Volume 10 | Article 818788


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Chu et al.

Long-Term Variation of Cutoff Rigidities

Northern Hemisphere
e

-0.01

-0.02

PolyFit

-0.03

0040 o0y
4 6
Rigidity (GV)

FIGURE 12 | Area time change rate of EPWs corresponding to different rigidities obtained by polynomial fitting.

Southern Hemisphere
e ———

o2~ 71

0.10

0.08

0.04 E
0.02 .
oooL o o0y
0 2 4 6 8 10
Rigidity (GV)

Global World

104

Area(%)

98

96

1970 1980 1990

FIGURE 13 | Same as Figure 11 but for the global world.

2000 2010 2020

Year

pole in the northern hemisphere, but in the southern hemisphere,
the situation is just the opposite, and the central points of EPWs
are closer to the low latitudes.

The central points of EPWSs are usually close to the morning and
dusk side, not on the day side or night side. This phenomenon may
be due to the fact that the cusp region in the northern and southern
hemispheres is usually on the dawn and dusk side, not on the day
or night side. The cusp region is still the central region from where
energetic particles enter the near-Earth space. Another interesting
phenomenon is the relationship between the particle’s rigidity and
the longitude and latitude of the EPWSs’ center. Figure 15 shows

the center location of the EPW for different rigidities. It can be
found that in the south hemisphere, the longitude of the center
points changes obviously with the particle’s rigidity; however, the
situation in the northern hemisphere is somewhat different, and its
change is not so strong. This may be because the Earth’s magnetic
field is not very effective in restraining or shielding the very high
energy particles, especially when the energetic particles enter near-
Earth space from the southern hemisphere. As this problem does
not belong to the main content of this article, it will not be
discussed in detail here and will be studied in the future works.
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4 CONCLUSION

A good description of energetic particle precipitation requires a
good view that covers the temporal and spatial variation of the
cutoff rigidities. The main purpose of this article was to present
the variation of the cutoff rigidities caused by the background
magnetic field for a long term. This investigation considers the
fact that the geomagnetic field is not static but constantly
changing in time and space. In this article, the vertical
geomagnetic cutoff rigidities were calculated numerically by
solving the trajectories of energetic particles in the
geomagnetic field (IGRF-13 model) from 1965 to 2025 every
year. Our numerical simulations show that there is a close
relationship between the cutoff latitude corresponding to the
cutoff rigidities and the background magnetic field intensity, but
they are not in a simple relationship. The changes of the cutoff
rigidities and geomagnetic field in the northern and southern
hemispheres are asymmetric. For the grids of 1 x 10 in latitude
and longitude, nearly 40% of the changes between the magnetic
field intensity and the cutoff rigidities are inconsistent, which
means when the magnetic field intensity becomes smaller/larger,
40% of the corresponding cutoff rigidities will become larger/
smaller. From 1965 to 2025, the maximum cutoff rigidity
decreased from 6.9 to 3.9 GV which occurred in the southern
hemisphere of (330, —45), and the maximum cutoff rigidity
increased from 7.2 to 10.0 GV in the northern hemisphere of
(320, 21). On the other hand, by defining the energetic particles
windows (EPWs), the areas and the centers of the EPWs were
studied. The time change rate of the EPWs’ areas is between
—0.03/yr and —0.004/yr in the northern hemisphere, while in the
southern hemisphere, it is 0.12/yr and the minimum is 0.056/yr,
compared to the time change rate of about 0.015%/yr from 0 to
2000 years suggested by the article by Kudela and Bobik (2004).
The long-term trajectory of the geomagnetic north poles does not
correspond to the positions of the central point of EPWs. The
weakening of the geomagnetic field will push the cutoff latitude
toward the near equatorial region in the south hemisphere, but
for the north hemisphere, the phenomenon is not always credible.

The energetic particles outside the magnetosphere tend to
enter the near-Earth space in the direction antiparallel to the
magnetic field other than in the direction along the magnetic field
lines which combined the result that with the weakening of the
magnetic field, in the southern hemisphere, the area of the EPWs
will become larger and larger, and the radiation caused by the
solar and cosmic energetic particles will be more intense. We have
a reason to believe that the central position of the aurora may
change with the movement of the central point of the energetic
particles’ windows (EPWs.)

In the future work, the non-vertical cutoff rigidities caused by
the geomagnetic fields will be studied, to find out whether the
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