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S U M M A R Y
Changes in the Earth’s magnetic field can deeply modify the polar caps and auroral zones,
which are the regions of most frequent precipitation of energetic particles. The present field is
characterized by a dominant dipole plus weaker multipolar components. The field varies greatly
in time, with the most drastic changes being polarity reversals that take place on average every
∼200 000 yr. During a polarity transition the field magnitude may diminish to about 10 per cent
of its value prior to the reversal due to a decreasing dipolar component and by becoming mostly
multipolar in nature. Polar caps depend on the geomagnetic field configuration so changes in
their morphology are expected as a consequence of the variation and reversal of this field. We
model polar caps’ location by considering a superposition of the internal geomagnetic field
and a uniform external field and then following the open field lines to the Earth’s surface. Polar
caps’ location and shape for different magnetic field reversal scenarios are analysed in this
work. Two polar caps near the present dipole axis intersection with the Earth’s surface prevail
for a dipole decrease to a certain extent, below which the southern hemisphere polar cap moves
to mid-latitudes. An axial dipole collapse gives a pair of polar caps both at mid-latitudes of the
southern hemisphere, while in a dipole rotation scenario the polar caps reside at the equator.
If reversals occur due to an energy cascade from the dipole to higher degrees, more than two
polar caps may appear. In our energy cascade scenario, four polar caps at various latitudes
of both hemispheres prevail. These results indicate that during reversals auroral zones may
reach mid- and low-latitude regions, and the atmosphere may become more vulnerable to the
direct effect of energetic particle precipitation. This vulnerability is particularly striking at the
southern hemisphere where reversed flux patches appear on the core–mantle boundary and
weak intensity characterizes the present field at the Earth’s surface.

Key words: Environmental magnetism; Magnetostratigraphy; Palaeointensity; Palaeomag-
netism; Reversals: process, time scale, magnetostratigraphy.

1 I N T RO D U C T I O N

The Earth’s magnetic field shields the planet from the solar wind.
However, some energetic particles precipitate along geomagnetic
field lines through the magnetospheric plasma sheet into the auroral
ionosphere powering current systems, heating the upper atmosphere
and displaying auroras (Russell 2000; Hunsucker & Hargreaves
2003). Polar caps are these regions above the Earth’s surface of open
magnetic field lines. Their boundary, also called open-closed field
line boundary, separates the open magnetic field lines connected
to the interplanetary magnetic field from the closed lines of the
magnetosphere.

The magnetosphere varies over different timescales. On an hourly
to daily scale its variations are due to changes in the solar wind con-
ditions, while on long-term timescales, much greater than decadal,
they are linked to changes in the Earth’s magnetic field that affect
the size as well as the geometry of the magnetosphere (Vogt et al.
2007). In the present-day Earth’s magnetosphere, the dipole axis is
almost perpendicular to the solar wind flow direction. Assuming that
magnetospheric configuration varies self-similarly with the dipole
moment intensity M, several authors derived scaling relations for
the location of its boundary which are valid for pure dipolar fields
(Siscoe & Chen 1975; Vogt & Glassmeier 2000; Glassmeier et al.
2004). Willis et al. (2000) assumed a fixed spherical magnetopause
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that behaves as a perfectly conducting surface for an idealized pos-
sible multipolar configuration during a geomagnetic reversal.

Polar caps’ location and shape can be determined by identifying
and following these open field lines using mathematical modelling
that can be executed with different complexity levels. On one ex-
treme numerical magnetohydrodynamic (MHD) models consider
every detail of the dynamic structure and interaction between the
solar wind and the magnetosphere (Gombosi et al. 2004). On the
other extreme oversimplified fast models can be easily executed and
manipulated (Polvani et al. 2017). The latter was used in this work.
Even though Polvani et al. (2017) refer to climate models, their
arguments can be well applied to our case. They refer to the Earth
system models that are usually extremely complex. To overcome
this complexity, the Community Earth System Model, which is a
fully coupled global climate model maintained by the National Cen-
ter for Atmospheric Research, will include a hierarchy of simpler
models, which can shed some light and help to obtain a fundamental
understanding of the studied system, which is often not accessible
even with extremely complex simulations, precisely because of their
complexity.

The Earth’s magnetic field at present can be approximated by a
geocentric dipole with its axis tilted about 11◦ with respect to the
Earth’s rotation axis. This dipole accounts for ∼80 per cent of the
magnetic field at the Earth’s surface and the remaining ∼20 per
cent is made up by non-dipolar components (Merrill et al. 1998).
Palaeomagnetic measurements show that the Earth’s magnetic field
varies greatly, with the most drastic changes being polarity reversals
that take place on average every ∼200 000 yr considering the last 80
million yr. The duration of the transition period leading to a polarity
reversal is ∼1000–8000 yr (Clement 2004).

Although the understanding of geomagnetic reversals has im-
proved considerably over the years with palaeomagnetic studies
and geodynamo simulations (Jacobs 1994; Valet et al. 2012; Valet
& Fournier 2016), some properties are still under debate. Hulot
et al. (2010) found based on numerical dynamos that the chaotic
nature of the geodynamo renders predicting when the next mag-
netic field reversal will occur impossible. Morzfeld et al. (2017),
using low-dimensional models, predicted that the field will not
reverse in the next 4000 yr. There is also the uncertainty about
the dominance of a dipolar or multipolar configuration during a
polarity transition. Obviously the axial dipole vanishes during a
reversal when the dipole axis crosses the equator. Amit et al.
(2010) summarized several reversal scenarios with two extremes
for the dipolar component: a dipole collapse and a dipole rota-
tion from one hemisphere to the other. In the latter case, only the
axial dipole would vanish by transferring its energy to the equa-
torial components. Regarding the non-dipolar field, Amit et al.
(2010) considered three main possibilities: (1) decrease and re-
covery in phase with the dipole collapse, (2) remains unchanged or
(3) grows throughout the reversal possibly due to energy transfer
from the dipole (Amit & Olson 2010; Huguet & Amit 2012) or
dynamo configurations favouring the generation of a non-dipolar
field.

If during a polarity transition either a multipolar configuration or
an equatorial dipole prevails, a significant change in magnetic poles
number and location is expected. Changes in the geomagnetic field
can then deeply alter the zones of particle precipitation into the upper
atmosphere, altering also the spatial structure of neutral temperature
and winds, ionosphere electron density, chemical processes and
ionosphere–magnetosphere coupling.

Siscoe & Chen (1975) were among the first to study in detail
the effects of a polarity transition on the Earth’s magnetosphere.

They deduced that the stand-off distance RMP of the dayside magne-
topause scales with the dipole magnetic moment, M, as RMP ∝ M1/3

and that the latitude of the edge of the polar cap, λp, varies in terms of
M according to cos(λp)∝(1/M)1/6, that is, it moves equatowards as M
decreases. Vogt & Glassmeier (2001) and Glassmeier et al. (2004)
derived a similar scaling law given by cos(λp)∝(1/M)γ -1/2, where γ

is the scaling exponent of the tail radius, RT, that is, RT∝Mγ . Siscoe
& Sibeck (1980) estimated the shape of the auroral zones during a
polarity reversal with a field dominated by non-dipolar components.
They found a geographical displacement and an elongation of the
polar cap borders, enclosing an area which remained roughly con-
stant. Sterenborg et al. (2011) considered a number of solar wind
scenarios ∼3.5 Gyr ago to estimate the polar cap latitude extent for
different Earth’s reversal conditions. However, they used only the
dipolar field component.

Directly linked to polar caps are the auroral zones and ovals,
since polar cap boundaries also correspond to their inner limit.
This limit becomes enlarged under geomagnetic storm conditions.
The auroral oval is a band of almost permanent auroras about 10◦

wide in latitude, where particles from the Sun are accelerated down
the magnetic field lines onto the upper atmosphere. It is broader
on the nightside of the Earth and is more or less fixed in space
while the Earth rotates underneath it. It is sometimes used as a
synonym of auroral zone, but there are some differences (Akasofu,
1983; Feldstein, 2016). The auroral zone corresponds only to the
nightside part of the oval, and the field lines here are closed and map
to the plasma sheet in the magnetosphere. For the present day field,
the belt of maximum occurrence of auroras in terms of the number
of nights of auroral appearance per year is called auroral zone. It is a
narrow, circular belt with its centre line at 67◦ geomagnetic latitude.
However, the instantaneous belt of aurora, which is called auroral
oval, is eccentric with respect to the geomagnetic pole and lies at
around 67◦ at the midnight meridian and 76◦ at the noon meridian.
The oval is fixed with respect to the Sun and the Earth rotates under
this oval. The auroral zone is the locus of the midnight part of the
average auroral oval, as the Earth rotates under the oval once a day
(Akasofu, 1983).

In this work, the polar caps’ location and shape are determined for
different geomagnetic field configurations during reversals. These
scenarios were recently considered by Zossi et al. (2018) in a study
of the ionospheric Hall and Pedersen conductances. The method
used to estimate the polar caps is described in Section 2, followed
by the obtained results in Section 3. A discussion is given in Section
4 and the main conclusions are summarized in Section 5.

2 M E T H O D O L O G Y

The different geomagnetic field configurations are described in sub-
section 2.1. We consider a superposition of the internal geomagnetic
field plus a uniform external field as outlined in subsection 2.2 to
obtain the magnetosphere configuration. Polar caps were assessed
by following the resulting open field lines and tracing them to the
Earth’s surface as explained in subsection 2.3.

2.1 The Earth’s magnetic field configurations

The International Geomagnetic Reference Field (IGRF version 12)
model (Thébault et al. 2015) was used to specify the initial (before
the reversal) magnetic field B for all scenarios. B is given in terms
of the internal magnetic scalar potential V by B = -∇V, which is
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expanded by the series

V (r, θ, ϕ, t) = a
13∑

n = 1

n∑
m = 0

(a

r

)n+1

× {[
gm

n (t) cos (mϕ) + hm
n (t) sin (mϕ)

]
Pm

n (cosθ )
}
,

(1)

where a = 6371.2 km is the Earth’s mean reference spherical ra-
dius, r the radial distance from the centre of the Earth, θ the geo-
centric co-latitude, ϕ the east longitude, Pm

n (cosθ ) the Schmidt
quasi-normalized associated Legendre functions of degree n and
order m, and gm

n and hm
n the Gauss coefficients which are functions

of time t.
We considered the first three degrees only, that is, n = 1, 2

and 3, which correspond to the dipolar, quadrupolar and octupolar
components, respectively, because multipolar components decrease
with r−(n+1), that is, very rapidly with radial distance. The transi-
tional field was first modelled by gradually decreasing the coef-
ficients of the dipolar component, that is, those corresponding to
n = 1(g0

1, g1
1 and h1

1), while keeping unchanged the quadrupolar
and octupolar coefficients. The three other end-member scenarios
considered for the reversal are: an axial dipole collapse where the
axial dipolar component is set to zero while maintaining the equa-
torial dipole components as well as degrees 2 and 3 unchanged
(i.e. only setting g0

1 = 0), a dipole rotation where the energy of
the axial component is transferred to the equatorial components
proportional to their original energies (i.e. setting g0

1 = 0 and in-
creasing g1

1 and h1
1), and a third scenario consisting of an energy

cascade where the energy of the dipolar components is transferred to
the quadrupolar and octupolar components also proportional to the
original energy of each degree and order (i.e. setting g0

1, g1
1 and h1

1

to zero and increasing the next 12 Gauss coefficients, which corre-
spond to the 5 quadrupolar and the 7 octupolar terms). For the last
two scenarios, a constant total magnetic energy on the core–mantle
boundary calculated based on the Mauersberger–Lowes spectrum
(Lowes 1974) was considered, given by

R =
∑

n

Rn =
∑

n

(n + 1)
(a

c

)2n+4 ∑
m

[(
gm

n

)2 + (
hm

n

)2
]

, (2)

where c = 3480 km is the radius of the core. The configuration of
the remaining components in each case (the equatorial dipole com-
ponents in the first, and the quadrupolar and octupolar components
in the second) was maintained by keeping the proportions constant.
That is, given g0

1, g1
1 and h1

1 for present conditions, the dipole ro-
tation reversal scenario consists of g∗0

1 = 0 and g∗1
1 and h∗1

1 given
by

2
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where R1 = R∗
1 , that is,

(
g0

1

)2 + (
g1

1

)2 + (
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1

)2 = (
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1

)2 + (
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1

)2
.

For the energy cascade scenario, the transfer to the quadrupole and
octupole coefficients considering g∗0

1 = g∗1
1 = h∗1

1 = 0 is given by

(n + 1)
(
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)2n+4(
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)2
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.

Here R = R∗
2 + R∗

3 , since R∗
1 = 0.

Note that the reversal scenarios described above are just simple
selected cases that may illustrate possible transitional fields. Al-
though the size of the Gauss coefficient of each spherical harmonic
degree and order varies in at least one of these scenarios, clearly
these four scenarios do not cover all possible transitional fields.
For example, in all scenarios including energy cascade the relative
strengths of the quadrupole and octupole terms remain unchanged,
while in reality the transitional geomagnetic field may be more
complex.

2.2 Magnetic field superposition

A simple configuration of the magnetosphere and the open field
lines can be obtained by the superposition of a dipole field, for the
present Earth’s field conditions, representing the internal geomag-
netic field of the core origin, and a uniform field in the direction
of the interplanetary external field (Stern 1973, Hill & Rassbach
1975). The polar cap surfaces are obtained by projecting the open
magnetic field lines of the resulting configuration to the Earth’s
surface.

In general, the total field, BT, of the superposition between a
uniform field of intensity BU inclined an angle α with respect to the
geographic North (taken as the reference for the polar angle θ ), and
a field B of spherical components Br, Bθ and Bϕ , results:

BrT = BU cos(θ − α) + Br

BθT = −BUsin(θ − α) + Bθ

BϕT = Bϕ.

(5)

For a given B the polar caps will clearly depend on α. In the
ideal case of an axial dipolar field, the superposition is with a field
that is parallel to the dipole field in the equatorial plane (α = 0),
hence the only open field line would be that with 90◦ inclination,
that is, the polar caps are reduced to a point located at each pole.
For the opposite condition, that is, α = 180◦, the open field lines
projected to the Earth’s surface delineate a circular polar cap with
the maximum possible area for given BU and B. These situations
are clearly depicted in fig. 1 of Hill & Rassbach (1975). For a gen-
eral multipolar configuration, a sweep for α between 0◦ and 180◦

should be considered in order to obtain the polar caps’ configura-
tions. We considered BU = 49 nT that is almost 10 times greater
than typical quiet interplanetary magnetic field, IMF, values since
it represents the equivalent magnetic field that would produce the
solar wind dynamic pressure at the subsolar point converted into
magnetic pressure (Hill & Rassbach 1975). This value results from
considering (Beard 1960)

(
2ρv2

)
sw

= B2

2μ0
, (6)

where ρ is the proton density (proton mass multiplied by the solar
wind numerical proton density), v the solar wind velocity, μo the
magnetic permeability and the subscript ‘sw’ denotes ‘solar wind’.
Mean solar wind values for quiet conditions used for ρ and v,
namely ρ = 2.5 × 106 m−3 and v = 350 km s−1, yield |B| = 49 nT,
which is used as BU.

2.3 Magnetic field lines estimation

Following magnetic field lines is not a trivial mathematical problem.
In the case of symmetrical fields, there are in general analytical solu-
tions for the field lines. For generic fields numerical simulations can
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be performed with a computer algebra system such as Mathematica
(Hastings et al. 2016).

If the magnetic field B = (Bx, By, Bz) is known as a function of
position, then the magnetic field line element dl = (dx, dy, dz) can
be obtained using the condition that the line direction at every point
is the direction of the field at that point, that is, dl × B = 0. Hence
the magnetic field line is defined by

dx

Bx
= dy

By
= dz

Bz
. (7)

Considering sufficiently small differential elements dx, dy and
dz, it is possible to plot the magnetic field lines by solving eq. (7)
with a fourth-order Runge–Kutta method. Field line visualizations
are extremely useful in imaging solutions of numerical dynamo
simulations, including during polarity reversals (Aubert et al. 2008).

3 R E S U LT S

Fig. 1 shows the Earth’s magnetic field intensity and inclination for
a dipole collapse scenario: the current configuration and two stages
where the dipolar components were decreased by 50 and 90 per
cent, respectively, of their current values. The patterns of intensity
and inclination are only mildly modified by a 50 per cent reduction,
in which the dipole still remains the dominant degree. In this case
and in the current field morphology, the intensities are lowest at
the South Atlantic (Figs 1a and c; see also, e.g. Terra-Nova et al.
2017) and the absolute values of the inclination are larger at higher
latitudes (Figs 1b and d). However, when the dipole is reduced to 10
per cent the higher degrees take over, resulting in distinctive more
complex patterns of intensity and inclination (Figs 1e and f). Fig.
2 shows the three other end-member scenarios for the reversal: the
axial dipole collapse, the dipole rotation and the energy cascade.
Note that the axial dipole collapse scenario (Figs 2a and b) gives
very different results from the final stage of dipole collapse, in which
10 per cent of the dipole is retained (Figs 1e and f). For example,
lowest intensities appear in the former in the western hemisphere
whereas in the latter in the northern hemisphere. The dipole rotation
scenario yields a clear equatorial dipole signature in the inclination
at the height of a reversal (Fig. 2d), as expected. The energy cascade
scenario (Figs 2e and f) produces similar complex patterns as in the
final stage of the dipole collapse scenario (Figs 1e and f).

Fig. 3 shows, as an example of the method, the magnetic field
lines obtained with eq. (5) summing the internal geomagnetic field
configurations considered in Figs. 1-2 and a uniform external field
of 49 nT intensity. The dominant axisymmetry of the field is lost
when the axial dipole vanishes; this can be noted from the difference
between Figs 3(c) and (e) compared to Figs 3(b) and (d), respec-
tively, which show different meridional cross-sections of the same
magnetic field configurations.

As expected, far from the Earth the imposed uniform external
field dominates the overall configuration (downward-pointing field
lines in Fig. 3) while closer to the Earth the internal geomagnetic
field dictates the orientation. In the present day configuration close
to the Earth, the magnetic field lines are organized around two
magnetic poles near where the dipole axis intersects the surface
(Fig. 3a). Axial dipole collapse in the 90◦ meridian cross-section
also gives two magnetic poles but near the equator (Fig. 3b). In
other cases the multipolar configurations result in four magnetic
poles (Figs 3c, d and e).

Polar caps were determined using eq. (7) for open field lines
connecting to the uniform external field, given by eq. (5). Figs 4 and
5 show the polar caps obtained for the different geomagnetic field

scenarios considered.
In the case of a gradual decrease of the dipolar component, since

the multipolar field decreases with altitude faster than the dipole
field, the latter is still dominant in the solar wind coupling processes
at the magnetosphere boundary. This can be noted in Fig. 4 where
only two polar caps appear near where the dipole axis intersects
the Earth’s surface for a 50 per cent residual dipolar component.
Even for a 10 per cent residual dipolar component only two polar
caps appear but here the southern polar cap is off the dipole axis
to mid-latitudes. This means that at the magnetopause position the
dipolar field still dominates the interaction with the solar wind.
However, in these cases polar caps do not behave according to the
scaling laws mentioned previously, according to which polar cap
limits should extend equatorwards with a consequent increasing
polar cap area. In fact, the scaling relation does not hold in these
cases where self-similarity is almost completely lost. Instead, the
polar cap elongates and its centre shifts equatorwards as in Fig. 4(c)
in the southern hemisphere. This happens because open field lines
at the magnetopause are dominated by the dipolar component, but
when approaching the Earth the field configuration begins to be
dominated by multipolar components, which redirect and compress
the area where the fields reach the Earth. Polar caps appear where
the intensity and the absolute inclination are large. For present day
and 50 per cent reduction this gives two polar cap regions 180◦

apart. For 90 per cent reduction the polar caps appear at Siberia
and south of Australia (Fig. 4c) where large intensities (Fig. 1e) and
large absolute inclinations (Fig. 1f) are found.

In the cases of axial dipole collapse and dipole rotation, a clear
displacement of the two polar caps to low latitudes can be noted
as a result of the dominant role of the equatorial dipole component
(Figs 5a and b). However, while in the dipole rotation scenario the
polar caps reside at the equator due to the dominance of the enhanced
equatorial dipole (Fig. 5b), in the axial dipole collapse the polar caps
are almost exclusively in the southern hemisphere (Fig. 5a). This
is due to the overall higher intensities in the southern hemisphere
in this scenario (Fig. 2a) combined with the particular longitudes
where large absolute inclinations appear for the same scenario (Fig.
2b). In the energy cascade case, due to a non-axial quadrupolar
dominance, four polar caps are found (Fig. 5c). Once again note
that these four polar caps correspond remarkably well to locations
with large intensities (Fig. 2e) and large absolute inclinations (Fig.
2f). The octupolar field is less influential because it decreases with
altitude faster than the quadrupolar field.

4 D I S C U S S I O N

4.1 Comparison with MHD models

In this paper polar caps were determined using a field superpo-
sition and field-lines tracing method, which is an intuitive way to
calculate polar caps’ location. Even though we considered geomag-
netic fields expanded until spherical harmonic degree and order 3
only, inclusion of higher degrees does not change our results. Of
course the approach can be improved by adding realistic magne-
topause, currents and magnetotail. However, our simple approach
based on a reasonable approximation for the magnetospheric field
benefits from a low computational cost without resorting to neither
big databases nor large MHD simulations.

Zieger et al. (2006) considered a pure axial dipole moment. They
observed that the scaling exponent of the power-law relation be-
tween the polar cap latitude and the dipole moment depends also
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Figure 1. Intensity of the Earth’s magnetic field |B| (nT) and inclination I (degrees) obtained from IGRF-12 for (a and b) present conditions, (c and d) 50 per
cent decrease of dipolar components and (e and f) 90 per cent decrease of dipolar components. Note the different scales for intensity.

on the IMF axial component Bz. For strong negative Bz the polar
cap size increases faster with the decreasing dipole moment than in
the self-similar model. Our results are in good agreement with their
results for Bz = 0. The scale exponent of the polar cap size is the
ideal 1/6 in both cases.

In the case of the dipole rotation scenario (Fig. 5b), as Zieger
et al. (2004) pointed out in their equatorial dipolar magnetosphere,
the open field line configuration will change during daily rota-
tion of the Earth. Fig. 5(b) corresponds to the superposition of the
equatorial dipole parallel and antiparallel to the solar wind flow
direction.

Vogt et al. (2007) considered a dipole plus an axial quadrupole
geomagnetic field. They pointed out that at one of the geomag-
netic poles, the quadrupole and the dipole fields point into opposite
directions leading to a decrease in the total field strength, so the
open solar wind flux has to be distributed over a larger surface
area. At the opposite pole, where both field contributions point to
the same direction, the total field strength increases resulting in a
smaller polar cap. In the present-day geomagnetic field in terms of
total quadrupolar energy on the core–mantle boundary, the axial,
tesseral and sectoral components represent 23, 65 and 12 per cent,
respectively. In our reversal scenarios we keep these proportions
constant, so the axial quadrupole is not dominant. Consequently,
instead of an increasing polar cap in one hemisphere and a decreas-
ing in the other, we find an elongation of almost circular initial polar

caps and also a shift of the centre location of the southern polar cap
as the axial dipolar component decreases (Fig. 4).

4.2 Scaling laws

The scaling relations proposed by previous studies, which are rigor-
ously valid under the hypothesis of self-similarity, can be deduced
analytically assuming a pure axial dipole at the centre of the Earth in
order to obtain self-similar conditions while decreasing the Earth’s
magnetic field intensity.

The polar cap latitude can be obtained analytically with the su-
perposition method considering a pure axial dipole (Hill & Rass-
bach, 1975). In this case, from eq. A3 of Hill & Rassbach (1975)
cos2(λP) = 3(RT/RMP)/[2 + (RT/RMP)3]. Since (RT/RMP)3 � 1, then
cos(λP) ∝ RMP

−1/2 and consequently cos(λP) ∝ M−1/6. In this case,
λP = 68.1◦ for M = 8.1022 Am2 and |B| = 49 nT. This scaling
law is equal to that obtained by Siscoe & Chen (1975) where they
equate the magnetic flux at the polar cap to the flux through the
magnetosphere tail.

The polar cap area, AP = 2πRT
2[1-cos(90-λP)] (from a spherical

cap area equation), varies more strongly with M. This follows from
considering cos(90-λP) = [1-cos(λP)]1/2, which after a Taylor series
approximation results in AP ∝ M−1/3. Then, a 50 per cent decrease
in M, with M = 8.1022 Am2 and |B| = 49 nT at RMP, gives a small λP

shift from 68.1◦ to 65.3◦, with a consequent ∼27 per cent increase
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Figure 2. As in Fig. 1 for (a and b) axial dipole collapse, (c and d) dipole rotation where axial dipole energy is transferred to the equatorial dipole and (e and
f) energy cascade where dipolar energy is transferred to the quadrupolar and octupolar terms. Note the different scales for intensity.

in the polar cap area. A 90 per cent decrease in M would result in
a λP shift to 56.9◦ (∼16 per cent decrease) and an almost double
polar cap area. These scaling laws predict that dipole decrease will
be accompanied by a shift to lower latitudes of the polar caps’ limit
but at a rate much lower than the relative dipole moment decrease.

In general, predictions from the analytical scaling laws for a pure
axial dipole are not valid for more complex scenarios. In the cases
analysed here, where multipolar components are included, as the
axial dipole decreases the self-similarity assumption becomes less
valid. Polar cap shapes are no longer circles described by single lat-
itudes delineating its limits. Instead, they elongate and their centres
move towards lower latitudes, eventually being more than two for a
dipole collapse.

5 C O N C LU D I N G R E M A R K S

Using eq. (6) to obtain the magnetopause subsolar distance it can be
noted that, although the most robust and dramatic feature of rever-
sals is the decrease in the axial dipole, even for a dipole moment de-
crease to 10 per cent of its present value the magnetopause stand-off
distance would be at ∼5 Earth radii. For a given quadrupole/dipole
ratio at the Earth’s surface, at the magnetopause the ratio would de-
crease by a factor 5 because the quadrupolar component decreases
with 1/r4 whereas the dipole decreases with 1/r3. The dipole field
is therefore influential in determining the polar caps locations even
when it is strongly reduced.

Westward drift of non-dipole components (e.g. Campbell 2003;
Aubert et al. 2013) were not considered in this study, so polar
caps shown in the simulated scenarios could probably appear in
different longitudes. Our results are therefore robust in terms of the
number of polar caps and their latitudes, whereas their longitudes
may drift or oscillate about a preferred location. Such a motion
may be confined to a limited longitudinal range if strong lower
mantle thermal heterogeneity controls the geodynamo (e.g. Amit
et al. 2015).

Our results provide a glimpse into possible magnetospheric con-
ditions during reversals. The superposition of the interplanetary
field with a dominantly axial dipole field during chrons yields at
the Earth’s surface two poles near the dipole axis (Fig. 3a), whereas
during reversals either two poles near the equator (Fig. 3b) or a
more complex morphology of more than two poles (Figs 3c–e) may
emerge. The superposition of the internal and external field may
give strong longitude dependence of the magnetospheric conditions
during reversals (Figs 3b–e). This result demonstrates the likely
complexity of the field morphology in the magnetosphere when the
internal core origin geomagnetic field undergoes dramatic changes
such as polarity transitions.

The locations of polar caps exhibit dramatic variability for dif-
ferent reversal scenarios. We found that polar caps typically appear
where both the field intensity and the absolute value of its inclina-
tion are large. Two polar caps near the dipole axis intersection with
the Earth’s surface prevail for a dipole decrease to a certain extent
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Figure 3. Superposition of a uniform external field and the Earth’s internal magnetic field (blue arrows) for (a) present field configuration (prime meridian
cross-section), (b) axial dipole collapse (90◦ meridian cross-section), (c) axial dipole collapse (prime meridian cross-section), (d) energy cascade (90◦ meridian
cross-section) and (e) energy cascade (prime meridian cross-section). Inner circle represents the Earth. Note the different scales of panel (a).
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Figure 4. Polar caps’ locations for (a) present field configuration, (b) 50 per
cent reduction of the dipolar components and (c) 90 per cent reduction of
the dipolar components.

(Figs 4a and b). However, when the dipole is further reduced, non-
trivially the northern polar cap remains at high latitudes whereas
the southern polar cap moves to mid-latitudes including a long thin
branch all the way to the equator (Fig. 4c). A complete axial dipole
collapse gives a pair of polar caps, both at mid-latitudes of the
southern hemisphere (Fig. 5a). These results point to a remarkable
hemispheric dichotomy, which is most likely related to the more
non-dipolar field below the southern hemisphere, in particular the
presence of reversed flux patches below the South Atlantic on the
core–mantle boundary (e.g. Terra-Nova et al. 2017). Finally, if re-
versals occur due to an energy cascade from the dipole to higher
degrees, more than two polar caps may appear. In our energy cascade
scenario, four polar caps at various latitudes of both hemispheres
prevail (Fig. 5c). These results indicate that polar caps may reach
extraordinary locations during reversals.

The magnetospheric field configuration and the resulting shape
of the polar cap region are much more complex than described here.
The real interaction of the solar wind and the Earth’s magnetic field,
together with coupling mechanisms, feedbacks and the impact of

Figure 5. As in Fig. 4 for (a) axial dipole collapse, (b) dipole rotation
where axial dipole energy is transferred to the equatorial dipole and (c)
energy cascade where dipolar energy is transferred to the quadrupolar and
octupolar terms.

the ionosphere, are not included in our model. However, because
polar caps are assessed at the Earth’s surface, the main factor deter-
mining the polar caps’ locations is the internal geomagnetic field.
We therefore consider that, overall, for the geomagnetic field sce-
narios considered here, the real polar cap configurations would not
be significantly different than in our results.

Stadelman et al. (2010), who also did not use an MHD model,
traced particle trajectories in palaeomagnetospheres under condi-
tions of a geomagnetic polarity transition using quantitative para-
metric models, and assuming a fixed-shape magnetopause given by
a half-sphere with radius rm representing the dayside and a semi-
infinite cylinder with radius rm on the nightside, with the Earth
placed within the half-sphere. They argued that MHD simulations
are computationally more expensive and their spatial resolution is
limited in some regions to treat trajectories. They scaled the size of
this fixed-shape magnetosphere according to the magnetic moment
of each considered configuration. In this way they estimated cut-off
latitudes, which divide regions with and without particle impacts
and impact areas by following the trajectories of particles with a
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range of energies initiating outside the magnetosphere, similar to
our procedure of following open magnetic lines to the Earth. They
considered ‘closed’ magnetospheres, and ‘inner’ lines were reached
according to the particle’s energy. This is equivalent to open lines in
our case. Their impact areas are ‘equivalent’ to polar caps for cer-
tain particles energy. For the axial dipole, in fact, their impact area
corresponds to the region between 90◦ and a cut-off latitude, which
would represent our polar cap limit. The increasing particle energies
that increase the impact area would correspond in our case to a de-
creasing magnetic field (which they also considered). Even though
Stadelman et al. (2010) considered only dipole and quadrupole
moments they give a generalization to higher multipoles.

Since polar cap boundaries correspond to the inner limit of the
auroral oval, which becomes enlarged under geomagnetic storm
conditions, increasing polar cap zones could result in visible au-
roras in various regions of the Earth. Although our results do not
point to a significant increase in polar caps’ area during reversals,
some reversal scenarios may dramatically decrease the latitudes of
polar caps (Fig. 5), potentially reaching highly populated areas.
This might have harmful consequences since these are zones vul-
nerable to particle precipitation effects. Maybe the most relevant
problem in these areas is the total ‘blackout’ of ionospherically
propagating radio signals affecting long-distance communications
as well as satellite geolocation, leaving airplanes and ships tem-
porarily without positioning systems, with interruptions that can
last several days. Another consequence of particle precipitation is
changes in atmosphere chemistry, with dissociation of ozone maybe
the worst of these alterations (Winkler et al. 2008; Glassmeier &
Vogt 2010; Sinnhuber et al. 2012). Understanding the dependence
of polar caps’ locations on drastic geomagnetic field changes such
as reversals, but also due to dipole decrease as has been observed
during the historical era (e.g. Finlay 2008), may provide both fun-
damental understanding to the interaction of the solar wind with
the geomagnetic field as well as practical help to society in dealing
with technological challenges.
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