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Abstract  
 
We considered basic mechanisms of atmospheric particle acceleration and estimated the escape 
rates of ionospheric ions (H+ and O+) during the geomagnetic field reversal. It is assumed that during 
the reversal the Earth's magnetic field deviates from the current dipole configuration, and the 
quadrupole component dominates. The standoff distance of the quadrupole magnetosphere is about 
of 3 Earth's radii and therefore a magnetic shielding protects the atmosphere from sputtering and 
ion pickup but not from the polar and auroral winds. 
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1. Introduction 

 
The geomagnetic field is not stable and undergoes long-term changes. Relatively long periods of evolutionary 

changes are followed by rapid geomagnetic reversals that last an average of the order of 250 000 years [Glassmeier 
et al., 2009]. The last one, the Matuyama-Brunhes reversal, occurred 780 000 years ago. The further geomagnetic 
reversal is expected geologically soon, in about 1600 years [Tsareva et al., 2018], which is currently confirmed by a 
weakening of Earth’s magnetic field and a shifting of the magnetic poles. An open question for research is what 
happens to the atmosphere during the reversal process. 

According to the widely accepted concept, the magnetosphere protects the planetary atmosphere from erosion 
by the solar wind. In the absence of induced and convective electric fields, ionospheric ions cannot be accelerated 
to energies above the escape energy necessary to overcome the gravitational pull of the planet. Atmospheres of 
unmagnetized Mars and Venus, on the contrary, are subject to erosion, since the interplanetary magnetic field (IMF) 
easily reaches their ionosphere. 



Can we expect the loss of a significant part of the Earth’s atmosphere during the polarity transition, when the 
magnetic field strength decays to about 10% or less of its present value? For example, Wei et al. [2014] have 
suggested that geomagnetic reversal could significantly enhance the oxygen escape rate and be responsible for the 
mass extinction. On the other hand, a number of researchers [Gunell et al., 2018; Strangeway et al., 2010; Barabash, 
2010], contrary to the above paradigm, supposed that no, we cannot, since the escape rate of ions is determined by 
the total energy transferred from the solar wind into the ionosphere and is thus limited by the transfer efficiency 
and the size of the interaction region of the solar wind and magnetosphere [Barabash, 2010]. The present-day 
magnetosphere focuses the energy flux of the solar wind falling on the magnetopause into a small auroral zones. 
The energy flux in these zones is typically reaching values 10 – 100 times higher than in the case with no 
magnetosphere. It increases the ionospheric outflow of heavy ions (O+), but has little effect on the light ones (H+) 
[Brain et al., 2013]. 

Gunell et al. [2018] have studied the dependence of the escape rate of ions on the magnetic moment of the 
planet. However, their rate estimates were obtained only for the magnetic moment of dipole field. According to the 
simulation [Glatzmaier and Roberts, 1995], during the reversal, the dipole component of the magnetic field decays 
with time and the quadrupole one can become dominant. In this paper we consider losses of the atmosphere of the 
Earth during the field reversals taking into account the quadrupole and the dipole components of the magnetic 
field. Since the quadrupole field also evolves in time, its magnitude and configuration at the reversal time may be 
random. And, for simplicity, we consider an axisymmetric quadrupole. 

The main escape processes consist of Jeans escape, photochemical escape and sputtering for neutral particles 
[Brain et al., 2016], and ion pickup and polar wind for charged particles. The mechanisms – sputtering, 
photochemical or charge exchange escape [Tian et al., 2013] – described for neutral particle escape involve charged 
particles, therefore, a planetary magnetic field can influence their effectiveness. 

Jeans escape is a classical thermal escape mechanism occurring when the energy of some particles in the high 
tail of distribution reach escape energy. Neutral atoms with energies exceeding the escape energy can also appear 
as a result of dissociative recombination of O⁺2  , CO⁺and CO⁺2   ions. Sputtering is a result of Coulomb collisions between 
exospheric neutrals and energetic ions. Fast-moving ions (of the solar wind or magnetosphere origin) can escape 
from a magnetic trap if they exchange charge with neutrals in the atmosphere (charge-exchange escape). Planetary 
ions which occur in plasma flow are picked up and can escape (pickup escape). Ions escaping through open magnetic 
field lines in the polar region and cusps correspond to polar and auroral winds, see sec. 3.1 and 3.2. 

Jeans and photochemical escape processes can be excluded from the further consideration since they do not 
depend on the magnetic field strength and configuration. Photochemical escape is not significant for Earth, since 
the energy of O-fast atoms arising in process of the dissociative recombination on Earth is not sufficient to overcome 
its gravity. 

There are two possible scenarios of atmospheric erosion during reversal, depending on the magnitude of the 
magnetic field. If the intrinsic magnetic field is weaker or equal to the induced one, then the planet’s ionosphere is 
directly affected by the solar wind, similarly to Mars and Venus (unmagnetized planets). Ionized atoms of the 
exosphere (mainly H for Earth), accelerated by the convection electric field in the solar wind, escape by the pickup 
process. Pickup ions can also produce sputtering of neutrals. The induced magnetosphere also contains some 
analogs of ‘polar caps’ with expansion of the ionospheric plasma driven by the ambipolar electric field [Dubinin et 
al., 2017, 2011] 

If the intrinsic magnetic field is stronger than the induced one, then it deflects the solar wind, thereby preventing 
ion pickup and sputtering, but contributes to the ions escape from the polar caps and cusps, i. e. the polar and 
auroral wind outflows. According to Slapak et al. [2017], only an insignificant part of the weakly accelerated H+ ions 
can be captured by the magnetic field and returned to the atmosphere. 

 
 

2. Dayside magnetopause and plasmapause sizes 
 
2.1 Magnetopause 
 
Changes in the magnetosphere and plasmasphere sizes due to long-term geomagnetic variations of the dipole 

component were considered by Glassmeier et al. [2004]; Siscoe and Chen [1975]. But since during the reversal it is 
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assumed that the Earth’s magnetic field deviates from the current dipole configuration, and the quadrupole 
component dominates, we estimated the magnetosphere and plasmasphere sizes for an axisymmetric quadrupole 
configuration. 

The pressure balance between the dynamic pressure of the solar wind and the magnetic pressure of the 
magnetosphere (excluding atmospheric pressure) reads: 

 
                                           𝑝𝑠𝑤 = (𝐵𝑝 +𝐵𝑚𝑐)2 / (2𝜇0) (1) 

 
 

where 𝑝𝑠𝑤 = 𝜌𝑠𝑤𝜈2𝑠 𝑤 denotes the solar wind pressure (Pa), 𝜇0 = 4 𝜋 ×10-7 H/m is vacuum permeability 𝐵𝑝 is the 
planet’s magnetic field (T) and 𝐵𝑚𝑐 is the magnetic field of the magnetopause currents. 

For a known magnetopause form, regardless of its scale, this sum can be represented as 𝐵𝑝 + 𝐵𝑚𝑐 = 2𝑓0𝐵𝑝, where 𝑓0 is a form-factor. For the spherical magnetosphere a form-factor is 𝑓0 = 1.5 , and for a more realistic magnetopause 
shape (not a sphere) the coefficient 𝑓0 = 1.16 [Voigt, 1995]. 

At the subsolar point of magnetopause, the dipole field strength is 𝐵𝑑𝑖𝑝 = �𝑔₁0  �( 𝑅𝐸 / 𝑅𝑠,𝑑𝑖𝑝)3, and the quadrupole 
field strength is 𝐵𝑞𝑢𝑎𝑑 = 3/2 � 𝑔₂0  �(𝑅𝐸 / 𝑅𝑠,𝑞𝑢𝑎𝑑)4, where 𝑔₁,₂0   are the leading dipole and quadrupole Gaussian 
coefficients taken for 2015 year 𝑔₁0   = ‒29.4 𝜇 T and 𝑔₂0   = ‒2.5 𝜇 T from the IGRF-12 model of Thebault et al. [2015], 
and RE and Rs are the Earth’s radius and the magnetopause standoff distance. 

Solar wind pressure changes over time (see sec. 3.4), so the dipole magnetopause standoff distance varies in the 
range Rs,dip = 6‒15 RE. The quadrupole magnetopause standoff distance is: 

 
 
 

                                                               
(2) 

 
The average magnetopause standoff distance of the dipole magnetosphere is 10 𝑅𝐸 at a solar wind speed of 500 

km/s and a density of 2.5 particles/cm. The average magnetopause standoff distance of the quadrupole 
magnetosphere under the same conditions is 3.36 𝑅𝐸. If the Earth magnetic field disappeared, the ionospheric 
plasma would stop the solar flux at a standoff distance of 𝑅𝑖𝑚𝑏 = 1.2 𝑅𝐸 (i. e. where solar wind dynamic pressure 
balances the thermal pressure of the ionosphere 𝑝𝑠𝑤 = 𝑛𝑘𝑇). Since 𝑅𝑠,𝑞𝑢𝑎𝑑 > 𝑅𝑖𝑚𝑏, the magnetic field protects the 
ionosphere from direct solar influence. 

Figure 1 shows a dipole (a) and quadrupole (b) field lines, and combines models of a open and closed dayside 
magnetospheres. The field lines disturbed by the solar wind correspond to Voigt (1981) model of the dayside 
magnetosphere, whose magnetic field is 𝐁𝑝 + 𝐁𝑐𝑓 + 𝐁𝑖𝑚𝑓, where 𝐁𝑝 is the intrinsic planet field (dipole and/or 
quadrupole), 𝐁𝑐𝑓 is the magnetic field of the Chapman-Ferraro current system and 𝐁𝑖𝑚𝑓 – IMF. The quadrupole 
magnetospheres, their field lines topology and the system of large-scale currents were investigated by Vogt et al. 
(2004) using the MHD modeling. 

 
 
2.2 Magnetosphere and Plasmasphere 
 
In the open magnetosphere model, first proposed by Dungey (1961) for the southward IMF, the reconnection 

(or fusion) of interplanetary and geomagnetic field lines partially opens the Earth’s magnetic field to the solar 
wind (Figure 1). The reconnection of the interplanetary and quadrupole field lines alternately opens the northern 
and southern lobes of the magnetic field when the IMF is directed southward and northward, respectively. Cross-
tail current flows along  direction in northern lobe and against  in southern one. 

The solar wind electric field Esw = ‒[vsw × Bsw] is related to the electric field of the magnetospheric convection  
Econvection = kEsw and can be derived from the scalar potential Stern (1973) 

         Φ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = 𝑘𝑣𝑠𝑤 (𝐵𝑠𝑤,𝑧𝑦 ‒ 𝐵𝑠𝑤,𝑦𝑧), (3) 
 

𝑅𝑠,𝑞𝑢𝑎𝑑 = ₄�    �            �3 𝑅𝐸 = 2.3 ‒ 4.6 𝑅𝐸.𝑅𝑠,𝑑𝑖𝑝 𝑅𝐸
𝑔₂0   𝑔₁0  3 2
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where 𝜈𝑠𝑤 = 500 km/s is the solar wind speed assumed to be uniform, 𝐵𝑠𝑤,𝑧 = ‒5 nT, 𝐵𝑠𝑤,𝑦 = 0 nT are the components 
of IMF, k is the efficiency of magnetic reconnection (k~ 0.2 [Levy et al., 1964]). 

The magnetospheric convection potential is proportional to the size of the interaction region of the solar wind 
with the dayside magnetosphere, determined through its cross-sectional area 𝜋h2, where h is the maximum distance 
from the dayside magnetopause to the planet-sun line, shown in Figure 1. From the ratio of the cross-sectional 
areas of the dipole magnetosphere and half of quadrupole magnetosphere, taking into account that at any time 
only one lobe of the quadrupole magnetic field can be opened to the solar wind it follows that convection potential 
of quadrupole magnetosphere is . In a nonrotating Earth 
reference frame, the effective electrostatic potential includes the corotation potential ΦΩ, which can be derived 
from the coefficients of the geomagnetic field spherical harmonics as follows: 

 
        ΦΩ = [W×𝐫̂] ∙ A, [W×𝐫] = Ω𝑟 sin 𝛳𝐣� , (4) 

 
where W = 2𝜋 / 86400 z s-1 is the angular velocity of Earth’s rotation, 𝛳 and 𝜙 are polar and azimuthal angles, 

Φ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = ℎ2𝑞𝑢𝑎𝑑 /2ℎ2𝑑𝑖𝑝Φ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = 0.125 Φ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛𝑞𝑢𝑎𝑑 𝑑𝑖𝑝 𝑑𝑖𝑝

Figure 1. The field lines of the dipole (a), quadrupole (b) and mixed dipole-quadrupole (c) fields are perturbed (solid lines) 
and unperturbed (gray dashed) by the solar wind. Green lines are open field lines in the presence of the southward 
IMF. The height h is the maximum distance from the dayside magnetopause to the planet-sun line, indicated by 
the red arrows in panels (a) and (b); ℎ�𝑎𝑣 is average of two heights indicated in panel (c).



respectively. The vector potential A = 𝛼 𝛽 of the dipole and quadrupole superposition is known from Tsareva 
[2019], where 𝛽=𝛳𝐣� /(𝑟 sin 𝛳) and  
 
 

            
(5)

 
 

hence ΦΩ (𝑟,𝛳) = Ω𝛼(𝑟, 𝛳). 
The corotation electric field EΩ = ‒[W × r] × B causes the cold particles to rotate eastward along with the Earth 

(at any field configuration) with velocity vE = [EΩ × B] / B2. 
The effective electrostatic potential for the cold (𝜇 = mv2⊥  / (2B)= 0) particles motion is Φ𝑒𝑓𝑓 = Φ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 + Φ�. 

Remind that for hot particles of the plasmasheet, the potential of the gradient drift exceeds the corotational 
potential and leads to charge separation, i. e. the appearance of the electric field of polarization [Kivelson and 
Russell, 1995]. 

Figure 2 shows the equipotential lines Φ𝑒𝑓𝑓, along which charged particles drift. The last closed equipotential 
line of the convection electric field in the magnetosphere is a plasmapause. The plasmapause divides the azimuthal 
flow of dense cold plasma, which rotates around the Earth continuously and forms the plasmasphere, and the 
convective plasma flow directed from the magnetotail to the dayside magnetopause. 

As can be seen from Figure 2, for the dipole configuration, the plasmapause field is located on the field lines at 
equatorial latitudes (Φ |𝛳=0= ‒87 𝑅𝐸/𝑟 kV). The nearest standoff distance to the plasmapause is 2.2 𝑅𝐸. There is 
one point in the dusk meridian, where the flow velocity is zero [Kivelson and Russell, 1995], which represents an 
exact balance between competing processes of convection and corotation. At this point, �Φ𝑒𝑓𝑓 /�𝑟 = 0, �Φ𝑒𝑓𝑓/�𝛳 = 0 and �Φ𝑒𝑓𝑓/�𝜑 = 0, from where . 

For a quadrupole, there are two points on the dusk meridian. One point is located at the northern latitude of 
metastable circular orbit 𝛳 = 63.4° (Tsareva, 2019), when 𝐵𝑠𝑤,𝑧 < 0, and another one is located at the southern 
latitude 116.6°, when 𝐵𝑠𝑤,𝑧 > 0. A standoff distance from the point to the quadrupole axis is = 2.5 𝑅𝐸. The nearest standoff distance of plasmapause from 
the axis is 1.3 . 

𝑑𝑖𝑝 Ω

𝑟𝑧𝑒𝑟𝑜‐𝑓𝑙𝑜𝑤=�Ω𝑅𝐸 |𝑔₁0|/(𝑘𝑑𝑖𝑝𝑣𝑠𝑤 | 𝐵𝑠𝑤,𝑧|) = 5.2 𝑅𝐸𝑑𝑖𝑝

𝑟𝑧𝑒𝑟𝑜‐𝑓𝑙𝑜𝑤 sin 𝛳= ³�3/2Ω𝑅𝐸|𝑔₂0  |0.8/(𝑘𝑞𝑢𝑎𝑑𝑣𝑠𝑤 | 𝐵𝑠𝑤,𝑧|) �0.8

𝛼(𝑟, 𝛳) = 𝑅𝐸²  sin2𝛳 ��      �𝑔₁0  +       �     �2𝑔₂0  cos𝛳�,𝑅𝐸 𝑟 𝑅𝐸 𝑟3 2

∇⃗ ∇⃗
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Figure 2. Equipotential contours of convection and corotation electric fields in dipole (a) and quadrupole (b) 
configurations at solar wind speed 𝜈𝑠𝑤 = 500 km/s. (a) in a plane 𝑧 = 0, IMF is directed southward, 𝐵𝑠𝑤,𝑧 = ‒5 nT; 
on a cone 𝑧 = ± √𝑥2 + 𝑦2 /tan63.4°, IMF is directed either southward (b) or northward (c). The reconnection of 
the interplanetary and quadrupole field lines alternately opens the northern and southern lobes of the magnetic 
field, respectively.



2.3 Plasmaspheric plumes and wind 
 
The plasmasphere expands during quiet times and then, during a main phase of a magnetospheric storm, is 

eroded by convection, producing sunward extending plumes. During the storm’s recovery phase, the plasmasphere’s 
outer region of a low density is refilled by an upward ionospheric plasma. At high geomagnetic activity the enhanced 
magnetospheric convection removes ~50% of mass of the plasmasphere. The mass fluxes in the plumes are 
1025‒1027 ions/s [Andrè and Cully, 2012; Welling et al., 2015], much of which is lost via dayside reconnection. There 
is also a plasmaspheric wind that provides steady transport of cold plasma across the field lines from the 
plasmasphere with escape rate of 1025 ions/s. 

Since the entire quadrupole plasmasphere lies inside the magnetosphere, i. e. r  <Rs,quad , the plumes are 
formed within the magnetosphere with the same intensity and regularity as in present field configuration. Thus, 
these loss mechanisms are weakly dependent on the magnetic field [Gunell et al., 2018], but contribute to the total 
ion escape rate. 

 
 

3. Ion acceleration mechanisms 
 
The main sort of ions flowing from the ionosphere are singly charged oxygen (O+), hydrogen (H+) and helium 

(He+). Ions escaping from the polar caps can be accelerated to keV energies in the cusp, or can remain cold drifting 
in the magnetotail [Nilsson et al., 2012]. We divided ion outflows into two categories: “classical polar wind” and 
“auroral wind” driven by solar radiation and by localized solar wind energy dissipation, respectively. 

Ion outflows vary with solar EUV flux (F10.7 index), solar wind pressure (psw) and geomagnetic activity (Kp 
index). Higher X-ray and EUV radiation leads to an expansion of exosphere and higher escape rates at solar 
maximum or when the Sun was young [Lammer et al., 2018]. Solar wind dynamic pressure also plays a significant 
role in delivering energy to the ionosphere. Fok et al. [2005] found the gross dependence of auroral wind outflows 
(O+/s) on solar wind dynamic pressure (nPa) fluctuations as log(𝑄𝑎𝑤,0+) = 25.97 ± .64 + .61log(𝑝𝑠𝑤). 

 
 
3.1 Polar wind  
 
The source of acceleration for the polar wind ions is an ambipolar (polarization) electric field that forms when 

the faster and mobile electrons begin to separate from the ions. It is affected by solar thermal irradiation 
(illumination). The polar wind is considered in the context of global ionospheric convection, with Joule dissipation 
and the precipitation of soft electrons (<500 eV) effects on the ambipolar electric field [Ogawa et al., 2000; 
Strangeway et al., 2005]. Ions in the polar wind are convected into the plasma sheet and then sunward, replacing 
the denser plasma being removed toward the subsolar magnetosphere. 

In the polar caps, we observe polar wind ions with escape rate 𝑄  = 7.8 × 1025 H+/s [Engwall et al., 2009] and 𝑄  = 8× 1024 O+/s [Yau and Andrè, 1997]. 
The escape rate of ions from the polar caps is proportional to their area [Gunell et al., 2018] and can be expressed 

through the ratio 
 
 
 

             

(6) 

 
where 𝛼 is the sort of ions, 𝑟𝑒𝑥𝑜 =6871 km is the exobase radius, defined as the altitude where the atmospheric scale 
height is equivalent to the mean free path. The exobase distance can increase to 7371 km at high solar activity. 
Position of the exobase does not change with a change of the field topology (𝑟𝑒𝑥𝑜,𝑞 = 𝑟𝑒𝑥𝑜,𝑑). 

Assuming the average standoff distance to the dipole and quadrupole magnetopause, the ratio of the areas of 
open field line regions is Θ𝑞𝑢𝑎𝑑 / Θ𝑑𝑖𝑝 = 0.112/0.11 = 1.01 (see Appendix A). Thus, the total area of the polar caps 
and equatorial belt of the reversing quadrupole field almost coincides with the area of the polar caps of the present 
dipole field, therefore the escape rate of polar wind ions will change slightly. We note that in the quadrupole 

𝑑𝑖𝑝 0,𝑝𝑤,𝐻𝑑𝑖𝑝 0,𝑝𝑤,𝑂

𝑄𝑝𝑤,𝛼 = 𝑄0,𝑝𝑤,𝛼          = 𝑄0,𝑝𝑤,𝛼 ,𝑆𝑞𝑢𝑎𝑑 𝑆𝑑𝑖𝑝
2𝜋𝑟²𝑒 𝑥𝑜,𝑞Θ𝑞𝑢𝑎𝑑 2𝜋𝑟²𝑒 𝑥𝑜,𝑑Θ𝑑𝑖𝑝

𝑞𝑢𝑎𝑑 𝑧𝑒𝑟𝑜‐𝑓𝑙𝑜𝑤
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configuration, the area of the equatorial belt is 2 times higher the area of both polar caps. 
If we consider the pure dipole magnetic field with the strength less in 10 times than the present value, then the 

average subsolar magnetopause standoff distance will be 𝑅𝑠,𝑟𝑒𝑣.𝑑𝑖𝑝 𝑅𝑠,𝑑𝑖𝑝 = 4.6 𝑅𝐸, and the area of the polar 
caps will increase in Θ𝑟𝑒𝑣.𝑑𝑖𝑝 / Θ𝑑𝑖𝑝 = 2.23 times. 

 
 
3.2 Auroral wind  
 
The energization of ions in the cusp is caused by their resonant heating by broadband low-frequency electric field 

fluctuations (BBELF), which promote the formation of super-thermal and energetic upwelling ion population in 
the form of ion beams and conics [Yau and Andrè, 1997]. Upwelling is the most stable ion outflow from the cusp, 
and is dominated by O+ ions. It displays the effects of both parallel and perpendicular energization to energies from 
one to tens of eV. Pollock et al. [1990] estimated the outflow rate of upwelling ions from two hemispheres 𝑄0,𝑢𝑝𝑤,𝑂+ 
= 2×1025 ions/s, 𝑄0,𝑢𝑝𝑤,𝐻+ = 0.5×1025 ions/s and 𝑄0,𝑢𝑝𝑤,𝐻𝑒+ = 0.1×1025 ions/s. We took these escape rates as average 
auroral wind rates. 

It is not known whether BBELF waves are generated locally or propagate from the boundary of the 
magnetospheric region [Bouhram et al., 2004]. However, since transverse ion heating occurs in a wide range of 
heights and is partially controlled by the components of the IMF [Miyake et al., 2000], it is assumed that the waves 
responsible for heating the ions can be generated in the dayside reconnection region. The energy of these waves with 
a frequency equal to the ion gyrofrequency (<10 Hz for O+ at altitude of 2.5 – 6.5 𝑅𝐸, 0.2 – 4.0 Hz for H+ at altitude 
of 6 – 9 𝑅𝐸 [Le et al., 2001], is transmitted by plasma instabilities, as well as by the Poynting descending flux to a 
lower altitude in the ionosphere cusp. 

The escape rate of auroral wind outflows is proportional to the area of cusp, which is part of the polar cap, i. e. 
proportional its cross section 𝜋h2 [Gunell et al., 2018], and the energy flux of the solar wind falling on the 
magnetopause. The escape rate increases with the magnetic moment of a dipole field until it reaches the maximum 
ion flux provided by the ionosphere. The maximum ion flux O+, measured by the DE-1 spacecraft during the high solar 
and magnetic activity and integrated over both polar caps, is about 3×1026 ions/s [Yau and Andrè, 1997]. This upper 
limit, reached by the outflow rate O+, makes it possible to judge the effectiveness of the magnetospheric shield. 

The escape rate of auroral wind outflows for the quadrupole configuration can be estimated as  
 
 

 
          

(7) 

 
The areas of open field line regions in the two field configurations are almost the same 𝑆𝑞𝑢𝑎𝑑 / 𝑆𝑑𝑖𝑝 = 1.01. And 

the ratio of the cross sections of the magnetospheres is ℎ²𝑞𝑢𝑎𝑑 / ℎ²𝑑𝑖𝑝 = 0.22 (Figure 1). Thus, the escape rate of 
auroral wind ions is reduced by 4.5 times. 

For a dipole field with reduced strength of 10 times, this ratio is ℎ²𝑟𝑒𝑣.𝑑𝑖𝑝 / ℎ²𝑑𝑖𝑝 = 0.21, but with 𝑆𝑟𝑒𝑣.𝑑𝑖𝑝 / 𝑆𝑑𝑖𝑝 = 2.23, 
the escape rate of auroral wind outflows will decrease by about 2 times. 

= ³�0.1

𝑄𝛼𝑤,𝛼 = 𝑄0,𝑢𝑝𝑤,𝛼       .𝜋ℎ²𝑞𝑢𝑎𝑑   𝑆𝑞𝑢𝑎𝑑 𝜋ℎ²𝑑𝑖𝑝   𝑆𝑑𝑖𝑝
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Ions Escape Present-day Dipole Reversing Quadrupole Weak Dipole

Auroral wind, H/s    5 X 1024 1.1 X 1024 2.3 X 1024

Polar wind, H/s 7.8 X 1025 7.9 X 1025 1.7 X 1026

Auroral wind, O/s    2 X 1025 4.4 X 1024 9.4 X 1024

Polar wind, O/s    8 X 1024 8.1 X 1024 1.8 X 1025

Total escape, kg/s 0.9 0.5 1.1

Table 1. Escape rates of ionospheric hydrogen and oxygen ions for the present dipole field, quadrupole reversing field 
and weak dipole (i.e. with magnetic field strength ratio 𝑔₁0/𝑔₂0 = 0.8).



3.3 Dipole-quadrupole Magnetosphere 
 
The field lines of the dipole-quadrupole magnetic field are defined by  from Eq. (5). The latitudes of the polar caps 

boundaries (𝜃) satisfy the equality 𝛼(𝑟𝑒 𝑥𝑜, 𝜃) = 𝛼(𝑅𝑠, 𝜃( )) where 𝜃( ) are the latitudes of metastable circular orbits 
[Tsareva, 2019]. The solution of this equation is shown in the Figure 3.  

At 𝑔₁0  / 𝑔₂0   = 0 the magnetic configuration is pure quadrupole one, there are three regions – a two polar caps and 
an equatorial belt, in which the field lines are open and connect to the solar wind. As the ratio 𝑔₁0  / 𝑔₂0   increases, the 
equatorial belt moves to the southern polar cap where they connect at a point, marked by vertical line in the Figure 3. 
After this line, the dipole component dominates in the magnetic field, the two polar caps, asymmetrical in size due 
to the quadrupole contribution, become smaller until they become equal. 

Vogt et al. [2007] illustrated the change in the boundaries of the polar caps with an increase in the quadrupolar 
contribution to the dipole-quadrupole magnetosphere. They looked at several values of the dipole moment, the 
minimum of which one is about one-tenth of its present value. We have considered a change in the polar caps 
boundaries with a decrease in the dipole moment down to zero (Figure 3). 

±±
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Figure 3. Polar cap boundary latitudes as a function of 𝑔₁⁰ /𝑔₂⁰ (dipole and quadrupole magnetic field strength ratio).

Figure 4. Hydrogen and oxygen ion escape rates as a function of magnetic field strength at the magnetic pole. Magnetic 
field is an axisymmetric superposition of dipole and quadrupole fields (solid lines) or a pure dipole field (dashed 
lines) as in the work of Gunell et al. (2018). Left: Oxygen ion escape rates for polar and auroral winds and ion 
pickup; Right: Total (polar and auroral) ion escape rates (without ion pickup). 



The ion escape rates from the polar caps are proportional to their sizes depending on the magnetic field. Figure 
4 shows the H+ and O+ ion escape rates as a function of magnetic field strength at the magnetic pole. Solid and 
dashed curves correspond to the mixed dipole-quadrupole configuration and purely dipole configuration considered 
by Gunell et al. [2018]. Purple vertical line shows the reversing magnetic field without a dipole component.  
The total escape rate grows with decreasing magnetic field strength, but drops sharply when the field configuration 
is reversed and then increases again. 

 
 
3.4 Ion pickup  
 
Scenario when the solar wind is in a direct contact with the Earth atmosphere/ionosphere was considered by Wei 

et al. [2014] similar as was done for the unmagnetized Mars [Lundin and Dubinin, 1992]. The estimatel was based on 
the momentum transfer between the solar wind and planetary plasmas. The (accelerated) escaping magnetospheric 
flux (E) is related to the incident solar wind flux (sw) and the local (decelerated) solar wind flux (swE) as: 

 
 

 
    (8) 

 

 
where 𝑣, 𝑚, 𝑛 is speed, mass, density, 𝛿= 𝛿𝑠𝑤 / 𝛿𝐸 defines the relative momentum exchange thickness term [Pérez-
de-Tejada, 1998].  
 

 
    

(9) 

 
 

The typical solar wind density 𝑛𝑠𝑤 and velocity 𝑣𝑠𝑤 are 5 cm-3 and 400 km/s. Since solar wind particles are H+, 
for a dominant O+ population 𝑚𝑠𝑤 / 𝑚𝐸 =1/16. 𝑣𝐸 is pick-up velocity for the terrestrial ions, using 𝑣𝐸 = 10 km/s (the 
Earth escape speed near the MP). From the Mars observations, the speed and density of the decelerated solar wind 
are 𝑣𝑠𝑤𝐸 = 40 km/s and 𝑛𝑠𝑤𝐸 = 1 cm-3. 

The cross section of the momentum transfer (MT) region, where the transfer of solar wind energy and momentum 
takes place, is defined as 𝐴 = 𝜋 (𝑅²𝑀𝐿𝐵 ‒ 𝑅²𝑀𝑃), it lies between the mass loading boundary (MLB) and the magnetopause 
(MP) at the terminator. The MLB represents the diffuse outer boundary encompassing the region of heavy mass-loading 
of the solar wind by terrestrial plasma and neutral gas. The distance of MLB is 𝑅𝑀𝐿𝐵 = 𝑅𝑀𝑃 +𝛿(𝑅𝑀𝑃 ‒ 𝑅𝐸 ‒ 100 𝑘𝑚). 

Wei et al. [2014] suggested that for high values of the density of the terrestrial O+ ions in the interaction region 
the escape rate might be significant. For example, taking 𝑛𝐸 = 3×103 cm‒3, when 𝑅𝑀𝑃 = 𝑅𝑖𝑚𝑏 = 1.2 𝑅𝐸, one obtain  𝑄𝑝𝑖𝑐𝑘𝑢𝑝 = 1.5×1028 O+/s. 

 
 
4. Conclusions 

 
It is shown that during the reversal of the geomagnetic field the standoff distance of the quadrupole 

magnetosphere is about of 3 𝑅𝐸 and therefore a magnetic shielding of the Earth atmosphere is still effective. The 
Earth’s intrinsic magnetic field protects the atmosphere from sputtering and ion pickup [Lammer et al., 2007], but 
contributes to the polar and auroral winds through open field lines from polar caps and cusps. We assume that the 
main sources of polar and auroral winds are solar illumination and solar wind energy, respectively. Both escape 
processes are proportional to the area of open field line regions. The auroral wind also depends on the cross-
sectional area of interaction of the solar wind and the magnetosphere. 

Since the magnetic moment of the dipole field decreases during the geomagnetic reversal, the area of the polar 
caps and the ion escape rate from them increases until the magnetic field configuration changes. A change in the 
field configuration leads to the emergence of new quadrupole equatorial belt and two polar caps, their total area 

𝛿 = � �²    �1‒              �‒1.𝑣𝐸 𝑣𝑠𝑤
𝑛𝐸𝑚𝐸 𝑛𝑠𝑤𝑚𝑠𝑤

𝑛𝑠𝑤𝐸𝑣²𝑠𝑤𝐸 𝑛𝑠𝑤𝑣²𝑠𝑤

𝑄𝑝𝑖𝑐𝑘𝑢𝑝 = 𝛿  �𝑛𝑠𝑤𝑣𝑠𝑤‒               𝑛𝑠𝑤𝐸𝑣𝑠𝑤𝐸� 𝐴 = 𝑛𝐸𝑣𝐸 𝐴,𝑣𝑠𝑤𝑚𝑠𝑤 𝑣𝐸𝑚𝐸
𝑣𝑠𝑤𝐸 𝑣𝑠𝑤
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reaches a minimum when the dipole component disappears (the pure quadrupole configuration), therefore, the 
total ion escape rate drops sharply and then increases with decreasing quadrupole field strength (Figure 4). Table 
1 gives average estimates of the escape rates of ionospheric ions at the time of reversal for the dipole and quadrupole 
field configurations. 

The atmosphere plays a key role in protecting earthly life from radiation Tsareva et al. [2018]. Estimated the 
radiation doses on Earth from cosmic rays during magnetic field reversal, assuming the thickness of the Earth’s 
atmosphere to be unchanged. According to our estimates, the escape rates of atmospheric particles during the 
reversal process will increase by 2.5 times (Figure 4), i. e. the atmosphere will become slightly thinner, but by the 
time of the reversal the escape rates will decrease by 2 times, and the atmosphere will become a little more dense. 
Thus, in order to estimate doses, we can assume that the Earth’s atmosphere does not change on average during the 
reversal period. 
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