
Abstract. Earth's global magnetic field generated by an internal
dynamo mechanism has been continuously changing on differ-
ent time scales since its formation. Paleodata indicate that
relatively long periods of evolutionary changes can be replaced
by quick magnetic inversions. Based on observations, Earth's

magnetic field is currently weakening and the magnetic poles
are shifting, possibly indicating the beginning of the inversion
process. This paper invokes Gauss coefficients to approximate
the behavior of Earth's magnetic field components over the past
100 years. Using the extrapolation method, it is estimated that
the magnetic dipole component will vanish by the year 3600 and
at that time the geomagnetic field will be determined by a
smaller value of a quadrupole magnetic component. A numer-
ical model is constructed which allows evaluating and compar-
ing both galactic and solar cosmic ray fluxes in Earth's
magnetosphere and on its surface during periods of dipole or
quadrupole domination. The role of the atmosphere in absorb-
ing particles of cosmic rays is taken into account. An estimate of
the radiation danger to humans is obtained for the ground level
and for the International Space Station altitude of� 400 km. It
is shown that in the most unfavorable, minimum field interval of
the inversion process, the galactic cosmic ray flux increases by
no more than a factor of three, implying that the radiation
danger does not exceed the maximum permissible dose. Thus,
the danger of magnetic inversion periods generally should not
have fatal consequences for humans and nature as a whole,
despite dramatically changing the structure of Earth's magne-
tosphere.

Keywords: geomagnetic dynamo, magnetic field inversion, geomag-
netic field, modeling, galactic cosmic rays, solar cosmic rays,
radiation safety

1. Introduction

Earth's magnetic field undergoes cyclic variations on differ-
ent timescales ranging from minutes, days, and hundreds of
years up to several million years. The longest global changes
in the geomagnetic fieldÐinversionsÐ represent reversals of
the magnetic field direction, which very crudely can be
considered a magnetic dipole field. Paleomagnetic data
based on the thermoremanent magnetization of massive
materials suggest that the inversions have happened several
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times over Earth's geological history [1±3]. The restored
history of the geomagnetic field inversions (magnetochrono-
logical scale) spans a period of about four bln years. The
present magnetic epoch (the period between magnetic
polarity changes), which is known as the Brunhes epoch,
started about 730 thousand years ago, after the Matuyama
epoch [2, 4±6]. Detailed research has established that short
periods of polarity changes, so-called episodes, occurred
inside the epochs. For example, during the Matuyama
epoch, the Jaramillo episode is known to have happened
about one million years ago, in which the inverse magnetic
field lasted for about 60 thousand years, a relatively short
time interval. According to estimates, the inversion itself can
last from 100 years (with a dipole inclination decay of about
2� per year according to Ref. [7]) up to approximately 5±
10 thousand years [8±10].

As a rule, the magnetic field inversions occur against the
background of a significant weakening of the geomagnetic
field, which started before the polarity changes. Prior to the
polarity change, the amplitude of secular variations increases
[5, 11]. The motion of the virtual magnetic pole (the line
connecting the North and South Magnetic Poles) during the
inversions is rather chaotic but occurs within a limited
longitude band. During the inversions, Earth's magnetic
field (also called paleomagnetic) is most likely multipole and
can be described by models based on the geomagnetic
dynamo mechanism [4, 12±14]. In several papers, magnetic
field models are used to reconstruct the structure of the
magnetosphere during the geomagnetic field inversions and
to assess their impact on the circumterrestrial space (for
example, using magneto-hydrodynamic (MHD) models as
presented in papers [10, 15±17]). It should be noted, however,
that the effect of the geomagnetic field inversions on the
global structure of the magnetosphere, on the system of
electric currents in it and on the magnetospheric plasma
content is far from fully understood.

The magnetic inversions are thought to occur chaotically
[4]. The periods between them can last from several dozen
thousand years to several million years. The last field
reversal occurred about 730 thousand years ago at the
border between the Matuyama and Brunhes epochs [18].
That a new magnetic field inversion is possibly starting now
can be inferred from magnetic field changes over the last
hundred years, shown in Fig. 1. This figure is constructed
using the IGRF (International Geomagnetic Reference
Field) model of Earth's magnetic field in the period from
1900 until 2020. The figure suggests that a significant shift in
the location of the magnetic poles (the points on the
conventional surface of Earth at which the magnetic field is
strictly normal to the surface) is occurring during this period:
the North and South Poles have shifted by more than
2000 km and 1000 km, respectively. Here, the change in the
location of the `geomagnetic' poles of the central and shifted
dipoles [19] (the points at which the dipole axis crosses
Earth's surface) is not very large. At the same time, the
magnetic dipole moment has decreased by 7.5%, while the
contribution from the high-order harmonics of the magnetic
field, in contrast, has increased by � 50%. In the preceding
several centuries, the rate of the weakening of the dipole field
was 5% per century [20]. These data enable us to suggest that
the inversion process will not appear to be a literally `dipole
overturn', but a transformation of the dipole into a multi-
pole (and eventually the formation of a new dipole with the
opposite location of the poles).
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An important factor affecting the formation of the upper
atmosphere and ionosphere of Earth and undoubtedly
impacting the biosphere is the incoming flux of galactic
cosmic rays (GCRs)Ðatomic nuclei accelerated to energies
from 109 to 1020 eV. GCRs consist of 90% protons, 7%
alpha-particles, and 3% charged nuclei with Z > 2 and
electrons. In the whole, Earth's magnetic field deflects
charged particles; therefore, only particles with energies
exceeding some threshold value can enter the atmosphere.
For example, at a latitude of 50� north, the magnetic cut-off
(the threshold energy of particles) is 0.66 GeV for protons,
and 1.3 GeV for alpha-particles. The magnetic cut-off value
depends on the latitude: it is higher at the equator than near
the magnetic poles. Charged particles with energies below the
threshold ones aremostly captured by themagnetosphere and
are distributed inside it by filling the magnetospheric
structures: Van Allen belts, the plasma sheet of the tail, the
ring current, etc.

At altitudes on the order of several dozen kilometers
from the ground, primary cosmic rays strongly interact
with atomic nuclei of the air to produce pions �p�, kaons
(K), nucleon±antinucleon pairs, hyperons, and other
elementary particles. The charged pions �p�� produced
either decay to form muons and neutrinos or further
interact with nuclei. At ultrahigh energies of the primary
particles (E > 105 GeV), the number of secondary
progeny particles that form so-called extensive air
showers (EASs) in nuclear and electron±photon cascades
in Earth's atmosphere becomes as high as 106ÿ109. Thus,
the impinging of GCRs into the atmosphere can initiate
the development of cascades of nuclear active particles, as
well as electron±photon cascades. The maximum muon
generation occurs at altitudes of � 10ÿ20 km. Fluxes of
high-energy muons are weakly absorbed in the atmo-
sphere; therefore, secondary cosmic radiation at sea level
mostly consists of muons (the hard component with an
intensity of Jm � 0:82� 10ÿ2 cmÿ2 sÿ1 srÿ1), electrons,
and photons (the soft component with an intensity of
Jn � 0:31� 10ÿ2 cmÿ2 sÿ1 srÿ1).

The spatial distribution of these fluxes in the terrestrial
magnetosphere depends on the geomagnetic field configura-
tion, and their value is determined by solar activity and the
perturbed state of the geomagnetic field. TheGCR intensity is
established to change by a factor of two in counterphase with
the solar activity. This is due to the fact that during periods of
maximum solar activity, the perturbed heliospheric magnetic
field deflects charged particles incoming from deep space.
During the solar activity minimum, the cosmic radiation
intensity is about J � 0:2 cmÿ2 sÿ1 srÿ1, and during the solar
maximum, it is J � 0:08 cmÿ2 sÿ1 srÿ1. Nuclear interactions
of the GCR particles with atmospheric atoms ultimately
change its composition and density. The atmosphere char-
acteristics also change due to precipitation of particles
captured in the Van Allen radiation belts. Thus, to analyze
and forecast the atmospheric state, the spatial distribution
and energy spectra of GCR particle fluxes should be known.
To do this, numerical models have been elaborated that take
into account the change in charged particle fluxes, depending
on the solar activity. Such models should be used jointly with
the model of charged particle penetration into Earth's
magnetosphere.

The terrestrial magnetosphere is a target not only for
GCRs, but also for solar cosmic rays (SCRs), which are
accelerated charged particles ejected from the Sun by solar

flares or during decays of prominences. The ejected particles
(protons, electrons, and light nuclei with an energy from
0.1 MeV to several hundred MeV and even several dozen
GeV) can reach Earth's orbit after interacting with the
interplanetary medium. The effect of SCR on Earth's
magnetosphere mainly appears either at high altitudes [for
example, in the orbit of the International Space Station (ISS)]
or indirectly through filling of the Van Allen belts, magneto-
spheric storms, polar precipitations of particles, etc. The
intruding SCRs into the ionosphere at polar latitudes can
lead to additional ionization and corresponding worsening of
short-wavelength radio communications. There is evidence
that SCRs can significantly damage the terrestrial ozone
layer. Enhanced fluxes of SCRs can also be important
sources of radiation hazard for astronauts and equipment
on board space vehicles. As for the radiation hazard onEarth,
most SCRs, being less energetic than GCRs, are cutoff by
Earth's magnetic field and are absorbed in the atmosphere;
therefore, SCRs cannot significantly affect the terrestrial
radiation background.

A detailed picture of magnetic field behavior during
inversions is absent because of the complexity of analysis
of paleomagnetic data and the long timescales of these
events [20, 21]. The geomagnetic field is known to have a
quadrupole component, in addition to the dipole one, as
well as higher-order multipoles. There is some evidence
that the total energy of the magnetic field does not vary
significantly during inversions, i.e., part of the energy of
the dipole magnetic field can be redistributed among
higher-order multipole moments [22±24]. However, the
amplitudes of these components rapidly decrease with
distance, and in the case of diminishing of the dipole
component during inversion, the quadrupole component
will become dominant. Some data (see, for example,
Ref. [23]) suggest that during certain inversions with dipole
decay, the quadrupole component could dominate and its
amplitude increase by about 10% compared to the present-
day level. Such was a possible magnetic field configuration
during the Jaramillo inversion [25].

The magnetic field evolution during inversion can be
calculated using dynamo models [4]. As there is no clear
understanding of the flow of matter in Earth's interior, the
dynamo models can reproduce different scenarios of the
magnetic field evolution during the inversions, depending on
the assumed behavior of matter in the liquid core of Earth.
Estimates show that the diminishing of the geomagnetic field
during inversion results in an increased GCR flux in the inner
magnetosphere and an enhanced GCR/SCR flux intensity
near Earth, in particular at altitudes of the trajectories of
space satellites and the ISS. Inversion is a relatively rare event
that has never occurred during the era of homo sapiens on
Earth, so its inevitable advent clearly causes some trouble and
poses the question of the radiation hazard for humans during
the inversion. The issues of the cosmic radiation hazard for
the bio- and technosphere, the `blow-off' of Earth's atmo-
sphere to outer space, ozone layer disappearance and other
elements of a possible ecological catastrophe, which are
frequently discussed in the literature and by the mass media,
are beyond the scope of the present paper.

In this paper, we study the flux levels of GCR/SCR
protons and the radiation safety on Earth and in the
circumterrestrial space during magnetic inversion using the
most realistic scenario (a decrease in the magnetic dipole field
by 10% or to zero during the inversion). To justify the
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inversion regime, we construct a geomagnetic dynamo model
to estimate the general trend in the changes of the geomag-
netic field multipolar components. Based on extrapolation of
the field decomposition coefficients, we estimate when the
inversion will begin, the dipole field will vanish, and later the
sign of the magnetic field will change across Earth's entire
surface. Using a numerical model of Earth's magnetosphere
during the inversion and by integrating trajectories of GCR/
SCR particles, we estimate radiation doses at altitudes of 400
and 100 km, as well as on the ground level. We also estimate
the regions of precipitation of energetic particles onto Earth's
surface.

2. Geomagnetic dynamo model

To study geomagnetic field inversion regimes, we have used a
nonlinear aO-dynamo model described in Ref. [26] [see
equations (1), (2)], taking into account that the radius
restricting the outer liquid core of Earth, where the magnetic
field generation takes place, is about 1=3 of the planet's
radius. We have analyzed the parametric space for the dipole
and quadrupole field proceeding from the low-mode approx-
imation [27].

It should be noted that the low-mode approximation is
one of the possible means of obtaining simplified models to
clarify the physics of the magnetic field generation in celestial
bodies. It is assumed that the excited magnetic field of a star
or a planet can be described by a comparatively small number
of parameters, which enables one to substitute the dynamo
equations with a suitably chosen dynamical system of
equations of not-too-high an order. Such an approach was
first proposed in Ref. [28] and further elaborated in papers
[29±35].

The analysis of the dynamo equations in our case showed
that if the dipole field demonstrates chaotic inversions, the
quadrupole field is not constant and also evolving in a certain
way in time, such that the strength of the quadrupole field at
the instant of the dipole field inversion is random.

The study showed that the dynamo model reproduces the
inversion regime under conditions when the value of some of
the governing parameters fluctuates. In this model, the
governing parameters include the amplitudes of differential
rotation, the alpha-effect, and meridional flows. Notice that
direct measurements of these physical characteristics are
difficult, and in the models mainly their distribution with
depth in the liquid core is estimated.

The alpha-effect manifests itself in the degree of mirror
asymmetry of the convection, i.e., in the dominance of right
eddies over left ones in one hemisphere, and vice versa in the
other hemisphere. This left-and-right asymmetry arises in a
stratified medium due to the action of the Coriolis force.
Paper [36] suggested a qualitative explanation of how
chirality fluctuations lead to the appearance of a long-term
evolution of the geomagnetic field accompanied by numerous
inversions. The results obtained in Ref. [36] were confirmed in
study [34] proceeding from the low-mode approximation.

As model [26] takes into account meridional flowsÐ the
global convective flows of matter in the liquid outer core of
EarthÐwe have checked how such flows can affect the
inversion process. The analysis revealed that in the magnetic
field vascillation regime (i.e., oscillations around a nonzero
time average value), a drastic decrease in the meridional
circulation amplitude by about 30% leads to magnetic field
inversion.

Figure 2a plots the theoretical dependence of Earth's
dipole field amplitude B�t� as a function of time t based on
the solution of the dynamo equations [26] for the regime of
random inversions caused by meridional flow fluctuations.
The timescale in this figure spans the interval from 0 to 2 mln
years. The figure shows that large fluctuations of the
meridional flows leading to inversion are rare, about once
every several hundred thousand years. Figure 2b depicts the
velocity V�t� of the meridional flow of matter as a function of
time t under the assumption that in the main part of the
magnetic field generation region the meridional flows are
directed oppositely to the magnetic field vector. Since in this
paper we focus on the qualitative picture of magnetic field
inversion mechanism, the meridional flows in Fig. 2 are
remained in model units.

In our model, the value of the quadrupole magnetic field
during the inversion of the dipole field is random. Figure 3
demonstrates the dispersion of the maximum quadrupole
field amplitudes B across Earth's surface as the dipole field
crosses zero for 102 consecutive inversions. It is seen that the
quadrupole geomagnetic field strength on Earth's surface
does not exceed approximately 0.05 G.

3. Problem setup. Numerical model

Our task is to study numerically the geomagnetic field
evolution, to calculate the spectral change in the SCRs/
GCRs penetrating into Earth's magnetosphere until they
enter the atmosphere, and to estimate the radiation hazard
at the ground level. To this end, we consider a spherical model
region around Earth, in which themagnetic fieldBEarth can be
represented as a superposition of two components: the dipole
one and the quadrupole one, taken with different weight
coefficients. A layout of the model with Earth's quadrupole
magnetosphere is shown in Fig. 4. Calculations have been
carried out in the solar±magnetospheric coordinate system, in
which the X-axis points from Earth's center towards the Sun,
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theY-axis is directed from themorning to the evening, and the
Z-axis is coincident with the magnetic dipole axis prior to the
inversion and is directed to the north.

An axially symmetric magnetospheric model is used, in
which the ring and tail currents, as well as the effects of the
radiation belts, can be ignored [17]. The interplanetary
magnetic field BIMF in this model is not taken into account
�BIMF � 0�. Model particles imitating SCR and GCR
protons are ejected towards Earth from a spherical surface
with a radius of 12:5RE centered on Earth (the approximate
location of the present-day magnetopause in the head part of
the magnetosphere). The initial energy distribution from
10 MeV to 100 GeV corresponds to the GCR [37] and SCR
[38] spectra. Each particle was randomly ejected inside a cone
with the axis passing through the starting point and Earth's
center at opening angle p=2 and was traced in the given
magnetic field B, constant in time, ignoring electrical fields.
Therefore, the particle's velocity module is conserved
�jvj � const�, and the equation of motion of such aÐ
generally speakingÐrelativistic particle in SI units has the
form

dr

dt
� v ; �1�

m
dv

dt
� Ze

���������������
1ÿ jvj

2

c 2

s
v� B :

This tracing enabled calculation of energy spectra of
particles at distances of 400 km from Earth's surface, where
the ISS trajectory passes, and at 100 km above the ground
where the atmosphere boundary is located. The radiation
hazard at ground level due to secondary particles from

protons passing through the atmosphere was estimated. To
validate the method, modeling in the present-day dipole field
was carried out and the results were compared with radiation
flux measurements performed at various altitudes in 2015.

Two inversion scenarios have been employed. The first
assumed that the geomagnetic field at the moment of
inversion represents a superposition of the residual dipole
field with a strength of 10% of the present-day value and the
quadrupole field. The second one assumed Earth's magnetic
field to be purely quadrupole at the moment of inversion. The
geomagnetic field BEarth was specified using the IGRF-12
model [39, 40]. The magnetic field potential U satisfies the
Laplace equation DU � 0, which has a solution in the form of
a harmonic series:

U�r; y;f� �
X1
n�0

Xn
m�0

1

r n
�
am
n cos �mf�� bm

n sin �mf��Pm
n �cos y�:

�2�
After normalizing the radial distance to Earth's radius R,

we introduced the coefficients gm
n � am

n =R
n�2 and hm

n �
bm
n =R

n�2 to obtain

U�r; y;f� � R
X1
n�1

Xn
m�0

�
R

r

�n�1�
gm
n cos �mf�� hm

n sin �mf��
� Pm

n �cos y� : �3�
Here r, y, f are geocentric coordinates, gm

n �t� and hm
n �t�

are the Gauss coefficients generally depending on time t, and
Pm
n are the Legendre polynomials of the nth power and mth

order normalized according to the Schmidt rule:

P 0
n �x� � Pn; 0�x� ;

�4�

Pm
n �x� �

�
2�nÿm�!
�n�m�!

�1=2

Pn;m�x� ;

where

Pn;m�cos y� � sinm y
dm

d�cos y�m Pn�cos y� :

The corresponding magnetic field components B � ÿHHU
are expressed as

Br � ÿ qU
qr

; By � ÿ 1

r

qU
qy

; Bf � ÿ 1

r sin y
qU
qf

; �5�
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As described above, we represent the geomagnetic field as
a superposition of the dipole and quadrupole components:

BEarth � Bdip � Bquadrup : �7�
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Figure 4. Layout of Earth's paleomagnetosphere. Shown are lines of force

of the quadrupolemagnetic field. The dashed curves indicate three levels at

which particle energy spectra are calculated. At a distance of 12:5RE from

Earth, the geomagnetic filed effect is small compared to the solar wind

field; therefore, it is possible to set the initial GCR source on this

conditional sphere with a given radius. The ISS trajectory passes at a

distance of 400 km above the ground, (spectrum 1 GCR). In this region,

part of the charged particle flux is cut off by Earth's magnetic field.

Marked is the atmospheric boundary located 100 km above the ground

(spectrum 2 GCR). The arrows show the directions of velocities of traced

model particles.
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The first three terms of the magnetic dipole Bdip decom-
position have the form

B dip
r � 2

�
R

r

�3�
g 0
1 cos y� �g 1

1 cosf� h 1
1 sinf� sin y

�
;

B dip
y � ÿ

�
R

r

�3�ÿg 0
1 sin y� �g 1

1 cosf� h 1
1 sinf� cos y

�
; �8�

B dip
f � ÿ

�
R

r

�3

�ÿg 1
1 sinf� h 1

1 cosf� :

The magnetic quadrupole Bquadrup can be represented as
follows:

B q
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The coefficients g and h as functions of time during the
period from 1900 till 2020 are known from the IGRF-12
model. Presently, the dipole coefficients g 0

1 , g
1
1 , h

1
1 decrease

with time, and the quadrupole ones, g 0
2 , g 1

2 , g 2
2 , h 1

2 , h 2
2 ,

increase. We have extrapolated the leading dipole coefficient
up to the year 4500 (Fig. 5). The figure suggests that by the
year 3580 the leading dipole coefficient will have vanished,
i.e., assuming a constant dipole field decay rate, magnetic
field inversion should occur.

Figure 6 depicts the surface magnetic field module as a
function of latitude and longitude. All fields were then
computed with the Gauss coefficients obtained for the year
2015. Figure 6a plots multipole components of the geomag-
netic field through the 5th order, and Fig. 6b shows multi-
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poles without the dipole component. As noted above, the
higher the order of the multipole component, the faster it
decays with distance. Therefore, we restricted ourselves by
considering a combination of the first two components: the
dipole and quadrupole ones. Figure 6c demonstrates the field
containing only the dipole and quadrupole, and Fig. 6d shows
the quadrupole field (it is assumed that during the magnetic
inversion expected around the year 3600 the dipole field will
have fully disappeared). It can also be noted that themagnetic
field strengths with multipoles up to the 5th order inclusive
(Fig. 6a) and up to the 2nd order inclusive (Fig. 6c) do not
differ significantly. We will also consider a superposition of
the 10% dipole and quadrupole fields. Such an inversion with
the incomplete disappearance of the dipole component has
been assumed in some papers [15, 17].

4. Radiation environment
in the near-Earth space and on the ground

As the GCR particle energies are on average a few orders of
magnitude higher than those of SCRs and most of them
(92%) are protons, we will assume that the radiation
environment near Earth is mainly determined by GCR
protons and EAS particles produced by the interaction of
GCR protons with the atmosphere. Figure 7 presents the
model logarithmic spectra of the GCR particles (protons p�,
electrons eÿ, helium ions 4

2He�, and oxygen ions 16
8O
�)

outside Earth's magnetosphere. It is seen that the flux density
of GCR protons with energies above 30 MeV significantly
exceeds those of other GCR particles. Therefore, we have
ignored in the present paper contributions from GCR
electrons and heavy ions to the radiation environment on
Earth. It is also known [46] that protons with energies below
the pion creation threshold (� 300 MeV) lose energy in
atmospheric interactions for ionization and excitation of
atomic nuclei in the air. With decreasing energy, the effective
cross section of proton ionization losses increases. As a result,
all low-energy protons are rapidly decelerated and absorbed.
Thus, to estimate the radiation dose on Earth's surface, only
GCR protons with energies above 300 MeV will be consid-
ered.

The radiation situation in the ISS orbit is somewhat
different: it requires taking into account the effect of GCR
and SCR protons. The electron flux density has been ignored
again, because electrons are much less dangerous than
protons due to different mechanisms of their impact on
humans [46].

To verify the model particle energy spectra, a comparison
of the calculated and observed spectra in the present-day
magnetic field (2015) was performed, in particular, with
measurements carried out at the ISS (2015). The differential
GCR and SCR proton spectra were calculated at different
distances from the Earth using the model with the corre-
sponding source spectra on the 12:5RE sphere. The calculated
spectra were compared at the altitude of 400 km and latitudes
50�ÿ55� with the ISS data obtained at the 400 km altitude
and y � 51:6� latitude. The obtained spectra are presented in
Figs 8 and 9. The figures demonstrate that the calculated
spectra (curves 3) corresponding to present-day conditions
are in a rather good agreement with the ISS data (curves 2).
Thus, we can conclude that the model quite adequately
calculates the high-energy particle fluxes penetrating into
Earth's magnetosphere from interplanetary space.

Figure 10 displays regions available for GCR protons at
an altitude of 100 km above sea level before field inversion
(Fig. 10a) and during the inversion: the inversion scenario
shown in Fig. 10b includes 10%of the dipole field and 90%of
the quadrupole field, while in Fig. 10c only the quadrupole
field is present.

Clearly, the disappearance of the dipole component
should change not only the `geography' of particle precipita-
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tion but also the number of particles. The increase in the
number of protons and their precipitation zone area at the
moment of field inversion suggests a worsening of the
radiological hazard in the circumterrestrial space. In Fig. 10c
(pure quadrupole), one can also see the penetration of
particles into the South Atlantic Anomaly (SAA) regionÐ
the region with the weakest modern geomagnetic field, less
than 0.32 G at sea level. The SAA is located in the latitude
interval fromÿ50� to 0�, and at longitudes fromÿ90� to�40�
(Fig. 6a). However, at the moment of inversion, the magnetic
field topology would be such that the SAA would have a
higher magnetic field strength (Fig. 6b), and the particle flux
there would increase.

In passing through the atmosphere, the number of
`primary' protons decreases due to nuclear interactions and
ionization losses, but interactions of the high-energy `pri-
mary' protons with nuclei generate a certain number of
`secondary' protons, because a destroyed nucleus decays
into protons and neutrons with lower energies [41, 42]. The
results reported in Refs [43, 44] suggest that positive and
negative muons, as well as neutrons generated by nuclear
interactions, mostly contribute to the radiation exposure
dose. Below, we provide estimates of the radiation situation
on Earth due to secondary particles, which are virtually
independent of the magnetic field strength.

Figures 11 and 12 illustrate the mean energy spectra of
GCR and SCR protons at the entrance to Earth's magneto-

sphere and upon entering the atmosphere: at a distance of
12:5RE from Earth's center (curve 1), at a distance of 100 km
from the ground in the year 2015 (curve 4), and for two
possible field configurations at the moment of magnetic
inversion (curves 2, 3 correspond to scenarios shown in
Figs 10b, c, respectively). The mean energy spectra of these
two inversions were found to be identical, although the
particle spatial precipitation regions (Figs 10b, c) are differ-
ent.

Figures 11 and 12 suggest that in 2015 the GCR and SCR
proton fluxes in the circumterrestrial space with energies
below 100 MeV exceed those at the inversion moment.
However, as discussed above, they do not contribute to the
radiation exposure on the ground. Therefore, the part of the
spectrum below 300 MeV (the pion creation threshold) has
been ignored in calculations of the radiation on Earth's
surface.

A comparison with Fig. 10a shows that in the near-Earth
space (100±400 km) with an account for the low-energy
spectrum (below 100 MeV) the mean radiation background
turns out to be higher in the present-day magnetic field than
during inversion due to the presence of high-latitude zones
with enhanced radiation exposure. At the same time, at the
ISS latitudes, the proton flux density at the inversion moment
should still be higher than in 2015 (see Figs 8 and 9).

It is possible to explain the increase in the GCR and SCR
proton fluxes at low energies for the 2015 magnetic field as
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follows. Let us estimate at which distance r � from Earth's
center the external magnetic field is capable of significantly
changing the initial (without themagnetic field) trajectories of
charged particles, such that they could reach the given
altitudes over the ground level. Since the dipole magnetic
field strength decreases with distance more slowly than the
quadrupole field strength does, the number of magnetized
low-energy particles in the modernmagnetic field (dominated
by the dipole component) is higher than during the magnetic
field inversion. The magnetization criterion can be formu-
lated as the inequality RLarm�r ��=r �4 1, where RLarm�r �� �
mv?=�eB�r ��� is the Larmor radius of the rotating particle,
and r � is its radial distance from Earth's center.

The upper estimates of r � being sought for can be
obtained by simple numerical tracing of particles with
energies below 10 MeV (the least energetic in the range
considered): r �max � 21:5RE in the 2015 magnetic field, and
r �max � 9RE and r �max � 5RE in inversion fields consisting of
10% of the dipole and quadrupole and pure quadrupole,
respectively. These estimates imply that the modern magnetic
filed can magnetize low-energy protons at large distances.
The magnetized protons cannot go into the outer magneto-
sphere and then escape into the interplanetary space, but can
be captured in spiral trajectories and, by moving along
magnetic field lines at high latitudes, can precipitate to
Earth, which increases their flux density. However, in the
quadrupole field, a large number of particles with energies of
< 100 MeV do not hit Earth but escape into the outer

magnetosphere and ultimately into the interplanetary mag-
netic field.

Let us assess the biological impact ofGCRprotons. To do
this, let us represent the formula for the effective radiation
dose power [45] in the form

HR � 1

r

�
F�E�Q�E� dE

dx
dE ; �10�

where Q�E� is the quality coefficient of the ionizing radiation
(GOST 8.496-83 GSI), r is the density of the medium, dE=dx
is the ionization losses described by the known formula [46],
and F�E� is the differential particle energy spectrum. The
differential spectra used in the calculations are represented in
Figs 8, 9, 11, and 12. Here, in Figs 8 and 11 are shown GCR
proton spectra during the solar activity (SA) minimum at
altitudes of 400 km (in the ISS orbit) and at 100 km above the
ground level, and in Figs 9 and 12 are presented SCR proton
spectra at the SA maximum at the same altitudes. These
spectra are chosen such because the maximum radiation
doses on the ground level are found during the SA minima
due to GCR particles, and in the ISS orbit due to SCR
particles during SA maxima.

The calculated effective radiation doses caused by GCR
and SCR protons are listed in Tables 1±5, according to which,
the GCR and SCR proton flux densities are higher for the
pure quadrupole field than for a superposition of 10% of the
dipole and quadrupole fields; therefore, below we will assume
a pure quadrupole field during the magnetic field inversion.

Table 1. Radiation dose power [mSv dayÿ1] in the ISS orbit for three magnetic field configurations and without a magnetic field at the solar activity
maximum.

2015 éeld 10% dipole� quadrupole 0% dipole� quadrupole Without magnetic éeld

GCR 0.23 0.77 0.87 1.08

SCR 1.45 15.56 22.28 113.7

GCR�SCR 1.68 16.33 23.15 114.8

Table 2. Radiation dose power [mSv dayÿ1] in the ISS orbit for three magnetic field configurations and without a magnetic field at the solar activity
minimum.

2015 éeld 10% dipole� quadrupole 0% dipole� quadrupole Without magnetic éeld

GCR 0.37 1.3 1.4 2

SCR 0.04 0.42 0.62 3.26

GCR�SCR 0.41 1.72 2 5.26

Table 3.Radiation dose power [mSv dayÿ1] from protons with energies of> 300 MeV at an altitude of 100 km from the ground for three magnetic field
configurations and without a magnetic field during the solar activity maximum.

2015 éeld 10% dipole� quadrupole 0% dipole� quadrupole Without magnetic éeld

GCR 0.27 0.68 0.73 0.97

SCR 0.31 0.6 0.67 1.9

GCR�SCR 0.58 1.28 1.4 3.9

Table 4.Radiation dose power [mSv dayÿ1] from protons with energies of> 300 MeV at an altitude of 100 km from the ground for three magnetic field
configurations and without a magnetic field during the solar activity minimum.

2015 éeld 10% dipole� quadrupole 0% dipole� quadrupole Without magnetic éeld

GCR 0.46 1.25 1.31 1.87

SCR 0.006 0.011 0.012 0.035

GCR�SCR 0.47 1.26 1.32 1.91
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In the ISS orbit, SCR protons mainly contribute to the
radiation dose during the SA maximum (86% of the total
radiation dose power fromGCRs and SCRs for the modern
field, and 97% for the pure quadrupole field). Table 1
suggests that during inversion the total radiation dose
power is 23.2 mSv dayÿ1 (or 8500 mSv yrÿ1). According to
Table 6, these doses accumulated in one year would exceed
the permissible radiation limit of 200 mSv, which can
significantly restrict the duration of stay of astronauts in
orbit, even with account for shielding. Figure 13 shows the
radiation dose power decrease with shielding thickness (from
the space suit to the ISS outer sheet).

The radiation background in the ISS during the SA
minimum is quite different. The SCR proton spectra at the
SA minimum are one and a half orders of magnitude below
those at the SA maximum plotted in Fig. 8. The calculations
showed (see Table 2) that at the moment of inversion, the
total radiation dose power would be 2 mSv dayÿ1 (or
730 mSv yrÿ1).

Table 3 presents calculations of radiation dose powers
averaged over the planet surface fromGCR and SCRprotons
with energies above 300MeV at an altitude of 100 km. At this
altitude, GCR and SCRparticles almost equally contribute to

the radiation background for both the modern magnetic field
and the field during magnetic inversion. However, the
radiation situation on Earth's surface is mainly determined
by high-energy GCR protons, whose dose at the altitude of
100 km, as seen from Tables 3 and 4, during the SAmaximum
is two times as low as during the minimum. Correspondingly,
the same ratio of radiation doses can be expected on the
ground.

Table 4 presents the radiation power doses for GCR and
SCR protons with energies above 300 MeV at the altitude of
100 km during the SA minimum. As expected, the SCR
particles do not significantly contribute in this case to the
total radiation background.

To estimate the radiation dose power on the ground level,
we calculate the radiation dose ratio at the altitude of 100 km
for the inversion (HR3 � 1:32 mSv dayÿ1) and modern (2015)
(HR2 � 0:47 mSv dayÿ1) fields: HR3=HR2 � 3. By assuming
that Earth's magnetic field is zero (HR3 � 1:9 mSv dayÿ1),
the corresponding radiation dose power ratio would be
HR1=HR2 � 4. By approximately setting constant atmo-
spheric properties, we can assume that the obtained coeffi-
cient will be conserved on Earth's surface at the time of
inversion, too.

According to the PARMA model (PHITS-based Analy-
tical Radiation Model in the Atmosphere; PHITSÐParticle
andHeavy IonTransport code System), to estimate CR fluxes
[44], in 2015 at the solar activity minimum the human
radiation exposure at sea level due to cosmic rays was about
8� 10ÿ4 mSv dayÿ1, or 0.3 mSv yrÿ1. From Table 6 showing
the impact of the yearly radiation dose on humans, it is
possible to conclude that a three- or even a four-fold increase
in this dose will not be dangerous for humans over the natural
duration of the human life (4 100 years). For completeness,
the assumed radiation dose powers on Earth's surface at the
SA minimum are taken into account in Table 5.

5. Discussion

The geomagnetic field inversion process, which has likely
started at present, can affect the structure of Earth'smagneto-
sphere, the radiation situation [47, 48], and life on Earth in
general [9, 10, 16, 49, 50]. During the inversion, in addition to
the dipole component reversal, a shift of the quadrupole
component is possible. In this case, the magnetic anomalies
will change location, which also contributes to the cosmic
radiation redistribution on Earth.

Paper [49] assumed that during the magnetic inversion
period particles from the Sun hitting Earth are barely
deflected by the magnetic field, and these particles, together
with particle precipitations from the Van Allen belts, would
make further life on Earth impossible. However, later paper
[50] argued against this possibility, because, even if the
geomagnetic field was totally absent, no impact of energetic
particles on the biosphere should be expected, since the
atmosphere effectively absorbs the primary particles of solar
and cosmic origin. This statement was confirmed bymeasure-
ments in Ref. [10] revealing that at altitudes from 18 to 12 km
above sea level the equivalent radiation dose due to cosmic
particles decreases by about a factor of two, and at altitudes
from 12 to 6 km it decreases by about a factor of 7±10.
Therefore, the atmosphere plays the role of a reliable shield
against primary cosmic particles.

However, atmospheric screening is not yet perfect; there-
fore, the impact of the magnetic field inversion on humans on
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Table 5.Corrected radiation dose power [mSv yrÿ1] on Earth's surface for
three magnetic field configurations and without a magnetic field (during
the solar activity minimum).

2015 éeld 10% dipole�
quadrupole

0% dipole�
quadrupole

Without
magnetic éeld

0.3 0.8 0.85 1.2

Table 6. Impact of g-radiation dose on humans.

Dose, mSv Impact on humans

0 ë 200 No visible damage

200 ë 500 Possible changes in blood composition

500 ë 1000 Change in blood composition, damage

1000 ë 2000 Damage, possible incapacitation

2000 ë 4000 Total disability, possible fatality

4000 50% mortality

6000 Lethal
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Earth remains an open issue. The problem should be
considered taking into account all factors determining the
conditions for life on Earth [8±10, 51, 52]. The consequences
of magnetic inversion could also include, in addition to higher
radiation dose, ozone layer exhaustion [53±56] and various
climatic changes on Earth [51, 57]. Paper [58] argues that such
an important part of the magnetosphere as radiation belts
should disappear when the dipole field would be minimized
during magnetic field inversion, with only the quadrupole
component surviving. Some authors have found sufficiently
compelling correlations between magnetic epochs/episodes
andmass extinctions of living creatures onEarth [9, 10, 47, 48]
and glacial epochs [59]. Apparently, the causal connections
between life and the geomagnetic field are indirect and
involve chains of different processes [60, 61]. The magnetic
field polarity change is shown to be well correlated with
periods of raised extinction of some living organisms and the
appearance of new species [62, 63]. The correlation between
the polarity change and plant boundaries on the Earth was
also confirmed [64].

Thus, the impact of inversions on the biosphere and on
humans, in particular, can be significant, although it is quite
possible that such changes appear on paleomagnetic time-
scales and not during the lifetime of an individual or even the
span of several generations.

Unlike low-energy SCRs, during the geomagnetic dipole
field disappearance, high-energy SCR fluxes will be much
higher inside Earth's magnetosphere and will provide larger
radiation exposures to the ground. A long-term period of
increased radiation lasting one thousand years or even more
could be dangerous for humankind, its technological envir-
onment, and near-Earth space expeditions. The question is:
can humankind survive in the periods of increased radiation
fluxes during magnetic inversions?

To elucidate this issue, we have carried out numerical
simulations to estimate radiation threats for humans from
GCR and SCR fluxes on the ground and at the ISS altitude of
400 km during an inversion period, when, according to the
hypothesis, the dipole component of the geomagnetic field
should totally or partially disappear. The model results and
their analysis suggest that for the ISS orbiting at 400 km SCR
particles, whose flux should increase by a factor of 14 over the
present-day value, are the most dangerous.

Thus, radiation exposure to astronauts could be as high as
6000mSv yrÿ1 or 8500mSv yrÿ1 (without shielding) at the SA
maximum.Most of the low-energy solar wind particles will be
absorbed by the atmosphere and will not reach Earth's
surface. At the same time, the radiation at the ground level
should increase due to secondary GCRs (muons) and photon
radiation, to which the atmosphere is transparent.

By assuming constant atmospheric properties by the
beginning of inversion epoch, it is possible to predict a
three-fold radiation increase at the solar activity minimum
and a two-fold increase at the solar activity maximum.
However, taking into account the present SA minimum
radiation level at sea level of 8:02� 10ÿ4 mSv dayÿ1, a
three-fold increase in the radiation background should not
be dangerous for humans. Nevertheless, there is no certainty
that on the full inversion timescale of 5±10 thousand years the
elevated radiation background is totally safe for humans and
organic life on Earth. It cannot be ruled out that the
accumulation of genetic mutations [65±67] could have
remote effects and appear on a longer timescale on the order
of the inversion duration or longer.

To conclude, we can say that the results of our calcula-
tions, on the one hand, disprove studies arguing a significant
heightened radiation impact on all living organisms on Earth
at the period of magnetic field inversion: no critical radiation
background rise has been found. At the same time, our results
have a preventive character suggesting a radiation danger for
humans in space (for example, in orbital stations at certain
latitudes of < 60�) during magnetic inversion periods.

6. Conclusion

In the present paper, we considered a possible scenario of the
disappearance of the dipole component of the geomagnetic
field during Earth's magnetic dipole inversion. An aO-
dynamo model for the dipole and quadrupole field compo-
nents was constructed. We considered two possible inversion
scenarios: (1) with quadrupole and 10%-dipole magnetic
fields, and (2) only with a quadrupole field. For both
scenarios, we calculated GCR and SCR proton spectra and
their flux distributions across Earth and estimated the change
in the effective proton radiation doses.

We have shown that, assuming constant atmospheric
properties, the mean effective doses of GCR protons (SCR
protons make a minor contribution) should increase about
three-fold over the 2015 level. It has been shown that the
magnetic field configuration change will result in the
redistribution of higher radiation regions over Earth's sur-
face (these regions are now located around the North and
SouthMagnetic Poles), which can have negative effects on the
health of the human population in these regions.

On Earth, the radiation mainly caused by GCR particles
inversely correlates with solar activity periods, i.e., it reaches a
maximum during the solar activity minimum. As for the ISS,
the maximum radiation caused by SCR and GCR particles
correlates with the maximum solar activity, because SCR
particles mainly contribute to the radiation environment in
the ISS orbit. Estimates show that during an inversion at the
maximum solar activity the power of SCR andGCR effective
doses in the ISS orbit (at the latitude of 51:6� and altitude of
400 km) should increase by a factor of 14 compared to the
2015 level, which is due to the latitudinal redistribution of the
radiation. Here, the general radiation background at the
400-km altitude during inversion can be a factor of 4.5 lower
than the present-day value because of the decrease in the
capture rate of the low-energy SCR component by the Earth's
lower-sized quadrupole magnetosphere.

The main problem discussed in the present paper was the
reality of an increased radiation hazard for humans on Earth
during a magnetic field inversion. The results obtained give a
negative answer. Indeed, although, on average, the radiation
background should increase by a factor of about three during
the solar minimum period, and the elevated radiation regions
should be redistributed and their areas will apparently
increase due to the dipole field decrease, such radiation
doses are not dangerous for humans and other living
creatures. At the same time, for astronauts aboard the ISS
orbiting at 400 km above the ground, during an inversion
period a 14-fold radiation increase can be dangerous.
Undoubtedly, in this case, a correction of the orbits of space
vehicles would be required.

It should be stressed that the issues of the impact of
elevated radiation dose on Earth's biosphere and the long-
term evolution of the magnetosphere during magnetic
inversions remain poorly understood and require more in-
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depth studies. A detailed consideration of the radiation
environment on the ground and in the near-Earth space,
taking into account different scenarios of the magnetic field
change in time, will be presented by the authors in further
studies.
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