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Abstract. According to the widespread concept, the magnetosphere shields the planet's 
atmosphere from erosion caused by the solar wind. We have previously shown that during 
geomagnetic polarity reversals, when the magnetic field weakens to about 10% of the present one, 
its shielding is still effective. This conclusion was obtained for quiet periods of solar activity. 
However, since the duration of a geomagnetic reversal can cover several thousand years, during 
which many extreme events can occur, changes in solar parameters such as solar wind pressure and 
EUV-flux should be considered. At high EUV-flux, the concentrations of nitrogen and oxygen, as 
well as their losses, increase in the Earth's upper atmosphere. We have considered the most 
significant mechanisms of heavy ion escape from Earth's atmosphere and estimated their losses 
within the framework of a semi-empirical model. The results show that a weak geomagnetic field 
and strong solar activity lead to a change in the dominant escape mechanism and to significant 
atmospheric losses of preferentially lighter isotopes. 
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INTRODUCTION 
On Earth over the past 600   million years (this geological period is characterized by the 

emergence of multicellular life and is called the Phanerozoic), five mass extinctions of all species 
of living beings have occurred [1]. The last mass Cretaceous-Paleogene extinction about 
65   million years ago, which affected about 75   % of all living organism species and included the 
extinction of non-avian dinosaurs, was not the most significant. The largest Permian extinction 
252   million years ago destroyed 96   % of all marine species and 73   % of terrestrial vertebrate 
species [1]. The causes of these events are still being debated [2], in particular, external impacts 
are considered (for example, Earth's collision with an asteroid at the end of the Cretaceous period), 
major volcanic eruptions (in the late Permian and Triassic periods), global cooling or warming of 
the climate. Paleontological data show that four great Phanerozoic extinctions: Ordovician, 
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Devonian, Permian-Triassic, and Triassic-Jurassic [3] followed the polarity change of geomagnetic 
superchrons (intervals of fixed polarity of the geomagnetic field lasting several tens of millions of 
years) with a delay of approximately 10–20   million years after the end of each superchron.  

Geomagnetic inversions occur chaotically and against the background of significant 
weakening of the magnetic field [4,   5]. According to the hypothesis [6], a weakened magnetic 
field cannot effectively protect the planet's atmosphere from dissipation under the influence of the 
solar wind (SW). Therefore, multiple inversions over millions of years, in principle, could lead to 
continuous loss of atmospheric oxygen and a significant drop in its level [7]. Another argument in 
favor of this hypothesis is the increase in the ratio of heavy isotopes to light ones during inversions 
(light isotopes evaporate more quickly) [8].  

Figure   1 shows the frequency of inversions (a), the level   /   mass of oxygen (b), and the 
change in the ratio of nitrogen isotopes (c) during the Phanerozoic era (0–550   million years ago; 
the count starts from our modern Cenozoic era). The time intervals of mass extinctions and 
superchrons (including periods of rare inversions) are shaded with vertical light and dark gray 
stripes, respectively.  

When comparing the dependencies in Fig.   1   (a-c) it is clearly visible that four periods of 
superchrons (dark bands) are followed by subsequent periods of mass extinction of living beings 
on Earth (light gray bands), and during the 2nd, 3rd, and 4th extinctions, the relative content of 
oxygen molecules in the atmosphere steadily decreases. Is it possible to conclude based on this that 
the change in polarity (inversion) of the geomagnetic field is connected with the decrease in oxygen 
concentration in the Earth's atmosphere and the subsequent mass extinction of different species of 
living organisms on Earth? Below are the results of a study aimed at estimating the impact of both 
long-term and relatively rapid magnetic inversions on the composition of the Earth's atmosphere, 
which in turn affects the diversity of biological species.  

  
  

Fig.   1.  
(a) — frequency of geomagnetic inversions in the Phanerozoic era and their modeled values 

(dotted), for which data are missing [5]. (b) — percentage ratio and mass of atmospheric oxygen 
O 2 [7]; (c) — secular changes in nitrogen isotope ratios δ 15 N with a mean value of +2.0±0.3   ‰ 

(dotted line) [8]. The average long-term trend is represented by a black curve and the area of 
uncertainty around it. The symbol δ expresses the change in isotope ratios between a sample and 
a standard: ( / 1) 1000‰sample standardX R Rδ = − ⋅ , where R is the ratio of heavy   /   light isotope of 

element X .  
  
  
Throughout Earth's history, the mass of its atmosphere has not been constant [9]. The 

variability of the atmosphere is confirmed by engineering estimates of flight and thermoregulation 
of large dragonflies from the Late Carboniferous, which indicate that air density was much higher 
and changed during geological time [10,   11]. Analysis of the flight characteristics of Miocene 
giant birds also suggests that relatively recently, about 7   million   years ago, the atmospheric 
density was significantly greater [12]. Changes in pO 2 (partial pressure of O 2 ) found in the 
composition of air trapped in rock salt also indicate variable atmospheric density from the 
Cambrian period to the Permian with significant changes in the content of both oxygen and nitrogen 
[13].  



The dissipation of nitrogen ions was not taken into account in most atmospheric studies, as 
it was experimentally impossible to reliably separate N + from O + ions due to their similar masses. 
Statistical data on the relative contribution of N + to ionospheric outflow are also lacking. It is known 
that with increasing solar activity, the upper atmosphere becomes enriched with N + ions [14]. For 
example, observations from the ISIS -2 satellite showed that during the geomagnetic storm in 
August 1972   , the ionosphere at latitudes 55°-80° and altitude ~1400   km consisted predominantly 
of N + ions [14]. Additionally, during high solar activity and strong magnetic storms, the losses of 
heavy ions (O + and N + ) increase much more than those of H + ions [15,   16]. The non-thermal 
outflow of O + from the ionosphere increases by 100   times, while the non-thermal outflow of H + 

increases only by 3   times when the F10.7 flux increases by 3   times (from solar minimum to 
maximum) [16].  

To test the hypothesis about the influence of multiple geomagnetic inversions on the loss 
of a significant part of the atmosphere, which likely led to mass extinctions, estimates of 
ionospheric losses of nitrogen N + and oxygen O + ions were made based on a developed semi-
empirical model, both for the present time and at the moment of geomagnetic inversion, taking into 
account changes in solar wind (SW) pressure and EUV radiation during the Phanerozoic era.  

  
SOLAR PARAMETERS  

This section is dedicated to the evolution of solar parameters (solar wind pressure and EUV 
radiation) during the Phanerozoic era, and their influence on Earth's ionosphere and 
magnetosphere. EUV radiation leads to photoionization of planetary neutrals and heating of the 
upper atmosphere with its subsequent expansion. High EUV flux from solar flares and superflares 
can lead to extreme thermal or hydrodynamic dissipation of the atmosphere. To determine the 

dependence of radius  , density exon  , and temperature exoT  of the exobase (i.e., the height at 
which upward-moving particles experience on average one collision; variables related to the 
exobase are denoted by the subscript exo ) on EUV flux, the hydrodynamic model proposed in [17] 
was modified.  

  
  
Fig. 2. (a) — density profiles of oxygen O + (solid) and nitrogen N + (dashed) ions, (b) — 

temperature and (c) — height of the exobase, obtained from the theoretical model [14] similar to 
the GAIT model [21], under different conditions of solar EUV flux (normalized to the current 

average solar energy flux ~1×EUV, which represents the solar EUV energy flux   ≈   5.1   mW/m 
2 ).  

  
  
Altitude profiles of oxygen and nitrogen ion densities in the atmosphere depending on the 

intensity of EUV radiation (with weighting factors of 1, 3, and 4.5 compared to the current level) 
are shown in Fig.   2a. They can be approximated by the Chapman function for a simple ionospheric 
layer [18]:  
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Here  is the maximum density at the height  of the F2 layer peak. The scale height 
( ) ( ) /BH h k T h mg=  has a linear trend at the upper boundary of the F2 layer [19], which is in good 



agreement with the expected linear dependence of temperature ( ) exoT h T ah= +  with a positive 
temperature gradient /a T h≡ ∂ ∂  , equal to 0.31  K   /   km for the oxygen layer at a temperature 
of 1000exoT ≈  K. This profile assumes an idealized globally averaged atmosphere in hydrostatic 
equilibrium and ionized by plane-parallel monochromatic EUV radiation, while neglecting Earth's 
magnetic field.  

In Fig.   2a shows that for all considered values of EUV radiation, the density of nitrogen 
ions N + in the atmosphere is always lower than the density of O + ions, which is consistent with the 
results of [20]. The difference in their densities decreases with increasing altitude and EUV 
radiation level. Fig.   2b demonstrates the temperature and height of the exobase as functions of 
EUV flux (in units of the current EUV flux, corresponding to the solar energy flux of 5   mW/m 2 

). The figure shows vertical dashed lines indicating characteristic levels of EUV radiation during 
the X2 solar flare of 07.XI.2004, for the solar maximum in cycle 23, and the X17 solar flare of 
28.X.2003. When the solar EUV flux exceeds the current one by approximately 5   times, the 
temperature and height of the exobase begin to rise sharply. At such a critical level of irradiation, 
Earth's thermosphere may experience a rapid transition from hydrostatic equilibrium to 
hydrodynamic dissipation ( hydrodynamic blow-off ). Modeling has shown that the transition of 
the thermosphere to a state of atmospheric blow-off occurs at an exobase temperature of 7000–
8000  K, which is in agreement with studies   [16,   21].  

Solar wind (SW) is a key energy source for the planet's plasmasphere [22], but its efficiency 
strongly depends on the magnitude and configuration of Earth's own magnetic field. The planet's 
modern magnetic field, characterized by the leading Gaussian dipole coefficient 0

1 = 30g   μT [23], 
interacts with the SW to form a magnetosphere extending on average to 10  R E (Earth radii) at the 
subsolar point (i.e., at the intersection of the dayside magnetopause with the Earth   -  Sun line) and 
effectively prevents direct interaction of the SW with the planet's ionosphere.  

Despite disagreements about the reliability of paleomagnetic measurements, it is believed 
that the geomagnetic field strength during reversal decreases to 10–20% of its current strength 
[24,   25]. However, during the period of multiple reversals from 3.36 to 3.03   million   years ago, 
for approximately 60   thousand.   years, weak fields with intensities less than 10% dominated 
[26,   27]. Geodynamo models can reproduce various inversion scenarios depending on the 
expected behavior of the conductive fluid inside the Earth [28]. According to the model [29], the 
total intensity of the geomagnetic field during inversion decreases to 10%, with the quadrupole 
component dominating over the dipole. We neglect the dipole component and consider two cases: 
a quadrupole field with modern intensity of 0

2 = 2.5g   μT and with a tenfold reduced intensity of 
0
2 = 0.25g   μT, as in work [6]. The average distance to the magnetopause of the quadrupole field 

at the subsolar point under quiet solar conditions is 3.4  R E or 1.9  R E for 0
2 = 0.25g   μT and 

0
2 = 0.25g   μT, respectively [23]. The distance to the magnetopause is determined from the balance 

between the dynamic pressure of the SW 2
sw p sw swP m n v=  and the pressure of the planet's magnetic 

field 2
E E 02 ( ) /P B r= µ  (or the thermal pressure of the ionosphere for an induced magnetosphere).  
In work [6], an assessment of the evolution of solar parameters in the Phanerozoic era is 

provided. Since the Sun's mass loss rate ( M  ) depends on the star's age ( t  in billions of years) 

and its activity (X-ray flux  ) as 1.15 0.20 2.33 0.55~ ~XM F t± − ±
  , 600   million   years ago, the SW with 



pressure ~sw swP Mv  was 1.5   times denser than the modern SW with 0swP  [30,   31], and EUV 
fluxes were 1.5   times higher. However, comparison with the sun-like star 18  Scopii 
(HD   146233) aged 300   million   years allows estimating the upper limit swP  at 3.7   times higher 
than the current 0swP  .  

The solar EUV flux changes by a factor of 3   in accordance with the eleven-year solar cycle 
(i.e., the energy flux varies in the range 2.5 8−   mW/m 2 ) [32] and can increase by 2.6   times 
during X-class solar flares [33]. The average SW pressure varies between 1.4–8   nPa without 
considering the influence of space weather. During the ascending phase of the solar cycle, solar 
activity increases and, consequently, the frequency of geomagnetic storms, during which the 
dynamic pressure of the SW can reach 50–100   nPa.  

  
DISSIPATION MECHANISMS  

In this section, we will consider the most significant mechanisms of heavy ion dissipation 
from Earth's atmosphere and present semi-empirical models for estimating their loss rates. The 
main mechanisms of atmospheric particle acceleration are shown in Table   1, summarizing the 
results of works   [34-38]. For each mechanism, paper [39] presented loss rates of oxygen and 
hydrogen atoms and ions as a function of dipole magnetic field strength. Based on these estimates, 
the most significant mechanisms of heavy particle loss were identified. For planets with a strong 
intrinsic magnetic field, the greatest contribution to atmospheric losses comes from heavy ions 
escaping along open field lines at geomagnetic poles (corresponding to mechanism 6 in Table   1). 
If the intrinsic magnetic field is weaker than the induced one, the solar wind directly interacts with 
the ionospheric plasma and neutral gas, which facilitates ion capture and scattering. Earth's 
ionospheric losses caused by the solar wind were estimated in [6] and significantly exceed losses 
due to other mechanisms [39], which are not considered in this paper. We assume that losses of 
neutral atoms are less significant than losses of ionized particles.  

Ions that have left the ionosphere can either immediately escape the magnetosphere or 
circulate within it and, ultimately, either escape into open space or return to the ionosphere. 
Previously, it was assumed that a significant number of oxygen ions leaving Earth through cusps 
and polar caps return to the atmosphere [40], but recent observations have shown that the return 
flows of heavy ions are insignificant [41,   42].  

  
Table 1. Main mechanisms of planetary atmosphere dissipation [32].  

No.  Mechanisms  Type  Form  Explanation  

(1)  Jeans escape  
(Jeans escape)  

Thermal,  
neutrals  

H, He  Particle velocity in the high-energy 
tail of the distribution exceeds the 
escape velocity.  

(2)  Hydrodynamic 
blow-off  
(Hydrodynamic 
blow-off)  

Thermal,  
neutrals/  
ions  

All  Similar to the mechanism of solar 
wind formation (works in extreme 
radiation conditions)  



(3)  Photochemical 
heating  
(Photochemical 
heating)  

Thermochemical,  
chemical, 
neutrals  

H, He  Photochemical reaction (under EUV 
influence) includes heating and 
decomposition of molecules, leading 
to their products escaping into space.  

(4)  Ion pickup  
(Ion pickup)  

Non-thermal, 
ions  

H, He  Convection electric field sw sw×v B  
"picks up" excited ionospheric ions.  

(5)  Secondary 
sputtering  
(Secondary 
sputtering)  

Non-thermal, 
neutrals  

All  Ionospheric ions, accelerated by SW, 
re-impact the upper layers of the 
atmosphere, causing the ejection of 
neutrals  

(6)  Excitation by EM 
waves and field-
aligned potentials  

Non-thermal, 
ions  

All  SW energy, locally retained at low 
altitudes, causes electromagnetic 
disturbances that excite ionospheric 
ions.  

(7)  Large-scale 
momentum transfer  
(SW-driven escape)  

Non-thermal, 
ions  

All  Large-scale momentum transfer 
from SW to planetary plasma beyond 
the magnetosphere boundary.  

  
  

Losses from cusps and polar caps  
Polar wind (we will designate it below with the index pw ) facilitates the ejection of thermal 

ions from the atmosphere due to electron pressure gradients along the magnetic poles [43,   44]. 
When a fully or partially ionized atmosphere is in hydrostatic equilibrium in a gravitational field (
g ), an ambipolar electric field forms /E g eµ= −  [45], where  is the electron charge, and 

( ) ( )2= / / /Z m n T Z n Tα α α α α α αα α
µ ∑ ∑  is the average ion mass, determined by the sum of all 
charged α-type particles (ions and electrons).  

Losses from the cusp (marked with the subscript ce ) create suprathermal ions in the energy 
range from several hundred to thousands of electron volts. Ion heating is achieved through the 
dissipation of the downward Poynting flux, transferring energy from the SW to the cusp at low 
altitude [46].  

The loss rates of ions from the polar caps and cusps are proportional to the total area of the 
open field line regions 2 ,pc exo exoS r= Ω  where exoΩ  — is the solid angle of the polar cap (index pc ), 
defined in papers   [39,   23], for dipole and quadrupole magnetic configurations:  

 , , ,~pw exo exo pcQ n v Sα α α  ,   (2)  
where the exobase density , ( )exo exon n hα α=  in expression   (1) and velocity , 2 ( ) /exo exov E r mα α=  
depend on the radius Eexo exor h R= +  , which is a function of the EUV flux Eexo exor h R= +  (Fig.   2). 



For the polar wind, the energy E / exoE GM rµ=  is gravitational, where  – Newton's gravitational 

constant,  – Earth's mass.  
The ion loss rate from the cusp also depends on the solar wind energy flux incident on the 

magnetopause, i.e., it is proportional to its cross-section 2
c cS rπ=  , (defined in papers [39,   23]):  

 0.61
, , ,~ .ce exo exo c pc swQ n v S S Pα α α   (3)  

Additionally, the loss rate of oxygen ions O + increases with the growth of the solar wind 
dynamic pressure (index sw ) as 0.61

,pw O swQ P  [47].  
The ion loss rates from polar caps and cusps are determined by the scaling method 

according to their present values for oxygen. Thus, according to estimates, the loss rates of O + from 
polar caps and cusps are, respectively 24

0, ,
= 8 10

Opw
Q + ×  O + /s [44] and 25

0, ,
= 2 10

Oce
Q + ×  O + /s [48]. 

It is assumed that these loss rates (with index 0) correspond to the present average solar EUV flux 
and typical SW pressure 0 = 1.4swP   nPa with density = 5swn   cm –3 and velocity = 400swv   km/s.  

  
Losses caused by the solar wind  

Losses from direct solar wind are estimated based on the momentum transfer from the SW 
to the charged particles of the planet's atmosphere. The accelerated flux of ions leaving the 
magnetosphere ( E E En vΦ =  ) is related to the incident SW flux ( sw sw swn vΦ =  ) and the locally 
decelerated SW flux ( EswΦ  ) as follows [22]:  

 

E
E E

E E
,sw sw sw

sw sw
sw

v m v
v m v

 
Φ = δ Φ − Φ 

   
 (4) 

 
where  ,  ,  — are the velocity, mass, and density of the charged particles of the planet's 
atmosphere (index E), the solar wind (index sw ), and the decelerated SW plasma (index sw E); 

 defines the thickness of the momentum exchange layer [49]  
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  (5)  

where the function δ  depends on the ion density E E( , )EUV swn n F P=  in the momentum transfer 
region.  

Currently, the Earth's atmosphere is not directly exposed to the solar wind. In the absence 
of observational data for estimating the loss rate in the weakened Earth's magnetic field, researchers 
[6] draw an analogy with Mars [22] and Venus [50]. For typical values of solar wind parameters 

  cm –3 and   km/s, we adopt approximate estimates of flow velocity and density: 

  km/s and   cm -3 . The escape velocity from Mars' gravitational field, 

  km/s, is comparable to the flow velocity from Venus' upper ionosphere, and can be used 

as a parameter also suitable for Earth's upper ionosphere, i.e.,   km/s.  
The ionospheric loss rate of a planet directly exposed to the solar wind can be calculated as 

E ,sw driv mtQ S− = Φ  where ( )2 2
mt mlb mpS R Rπ= −  is the cross-section of the momentum transfer region 

(index mt ), which lies between the mass loading boundary (index mlb ) of the solar wind by Earth's 



plasma E( 100 км)mlb mp mpR R R R= + δ − −  and the magnetopause (index mp ) or the induced 
magnetosphere boundary (index imb ) on Earth's terminator line.  

  
ISOTOPE FRACTIONATION  

The increase in the ratio of heavy isotopes to light ones in the atmosphere is one of the signs 
of its accelerated dissipation. This section evaluates the efficiency of mass-based isotope 
fractionation (separation) for the main mechanisms of Earth's ionosphere dissipation.  

Most dissipation mechanisms predominantly contribute to the removal of lighter isotopes, 
although there are differences in fractionation efficiency. To assess a dissipation mechanism's 
ability to fractionate isotopes, the fractionation coefficient f is used: when f   >   1, heavy isotopes 
are preferentially removed; when f   <   1, light isotopes are removed; when f   =   1, no fractionation 
occurs [51]. The fractionation coefficient, f , is used in the Rayleigh equation, which relates the 

initial content of removed isotopes  and their quantity  in the remainder  
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f
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−
 
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  (6)  

where  — is the isotope ratio (for example, 15 N/ 14 N). The ratio  determines the 
degree of enrichment with heavy isotopes compared to the initial value. The upper limit of heavy 
isotope enrichment can be estimated as ( )10 1/ 1 / fR R Qt A −≤ +  , where  — is the maximum loss 

rate;  — is time. For example, with  and 10.01Qt A=  , we have a change in the isotopic 
ratio δX(‰) 0( / 1) 1000 8R R= − ⋅ ≤  (Fig.   1c).  

From relations (2)–(3), it follows that loss mechanisms from cusps and polar caps contribute 
to the effective removal of all isotopes, resulting in low fractionation, i.e., 1 2= / 1f m m   , where 

1m  and 2m  — are the masses of light and heavy isotopes, respectively.  
The efficiency of fractionation due to losses caused by SW, scattering, and ion capture 

depends on the structure of the upper atmosphere. For plasma in hydrostatic equilibrium with 
density ( ),( ) exp ( ) /exo exon h n h h Hα α α= − −  the fractionation coefficient  can be calculated as  

 2 1( )( )exp ,imb E exo

B exo

g m m R R hf
k T

 − − −
= − 

 
  (7)  

if the planet has its own magnetic field, then the radius of the induced magnetosphere boundary R 
imb should be replaced with the magnetopause radius R mp . Thus, these dissipation mechanisms 
remove lighter particles due to gravitational fractionation of isotopes in the upper atmosphere. The 
overall effect is an increase in the amount of heavier species in the atmosphere. This effect is known 
as Rayleigh distillation [38].  

In Fig.   3 shows the fractionation coefficients of nitrogen isotopes 15 N/ 14 N and oxygen 
isotopes 18 O/ 16 O due to losses caused by solar wind, depending on the solar EUV radiation and in 
the absence of an intrinsic magnetic field. The figure shows that losses caused by solar wind most 
effectively fractionate isotopes at low EUV radiation. As this radiation increases, the ionosphere 
(i.e., the lower boundary of the induced magnetosphere) expands, and the isotope fractionation 
coefficient approaches zero. The expansion of the intrinsic magnetosphere (in the presence of an 
intrinsic magnetic field) also reduces the fractionation coefficient.  

  



  
Fig. 3. Fractionation (separation) coefficient of nitrogen isotopes (dashed) and oxygen isotopes 

(solid) due to losses caused by solar wind, depending on EUV flux (at solar wind pressure P 
sw0   =   1.4   nPa and in the absence of an intrinsic magnetic field B Tot   =   0   μT).  

  
  

RESULTS  
Fig.   4a shows the contribution of each dissipation mechanism to the loss rates of O + and 

N + ions depending on the solar EUV flux for a quadrupole magnetic field with 0
2 2.5g =   μT and 

at a solar wind pressure of 1.4   nPa. At low EUV flux, the intrinsic magnetic field with 
0
2 2.5g =   μT deflects the solar wind and contributes to losses from cusps and polar caps. As EUV 

radiation increases, the ionosphere expands, increasing the radius of the induced magnetosphere, 
whose lower boundary is limited by the ionopause. When the ionosphere is directly exposed to 
solar wind, i.e. imb mpR R≥  , (vertical dashed line in Fig.   4a), the dominant ion dissipation 
mechanism changes, leading to strong isotope fractionation, and oxygen and nitrogen loss rates 
increase by 4-5   orders of magnitude, while the gap between N + and O + loss rates narrows as the 
EUV flux increases.  

  
  

Fig. 4. Loss rates of oxygen O + ions (solid) and nitrogen N + ions (dashed) depending on 
the solar EUV flux: (a) - contribution of each dissipation mechanism for a quadrupole magnetic 
field with 0

2 2.5g =   µT and at SW pressure of 1.4   nPa; (b, c) - total loss rates of O + and N + for 
various magnetic field strengths and configurations at 1.4   nPa and 30   nPa.  

  
  
  
Fig.   4b,c shows the total loss rates of O + and N + depending on the EUV flux for the modern 

magnetic field with 0
1 30g =   µT (thin curves) and at the moment of inversion with 0

2 = 2.5g   µT 
(thick curves) and 0

2 = 0.25g   µT (dashed curves) at SW pressure of 1.4   nPa (b) and 30   nPa (c). 
The figure shows that a weak magnetic field as well as high SW pressure increase ionospheric 
losses.  

Figure   5 demonstrates the total loss rates of O + and N + for a quadrupole magnetic field 
with 0

2 2.5g =   µT (thin curves) and 0
2 = 0.25g   µT (thick curves) during inversion depending on 

SW pressure at different levels of EUV radiation. In the case of low EUV radiation (1.5   times 
higher than present), the intrinsic magnetic field provides outflow of heavy ions from the polar 
caps and cusps for all considered SW pressure values at 0

2 2.5g =   µT and for SW pressure values 
less than 30   nPa at 0

2 = 0.25g   µT. At high EUV radiation (4.5   times higher than present), the 
magnetic field cannot protect the ionosphere from direct SW impact, leading to significant ion 
losses even at low SW pressure.  

  
  

Fig. 5. Loss rates of oxygen O + ions (solid) and nitrogen N + ions (dashed) for a quadrupole 
magnetic field with 0

2 2.5g =   µT (thin) and 0
2 = 0.25g   µT (thick) depending on SW pressure.  



  
  
  
According to Table   2, a significant part of the atmosphere can be lost in 1   million   years 

either in a very weak magnetic field ( 0
2 = 0.25g   μT), or in a strong magnetic field ( 0

2 2.5g =   μT), 

but in extreme solar conditions ( 30swP ≥   nPa and 4.5×EUV-flux). Moreover, about 20% of all 
atmospheric losses will be nitrogen 14 N. A magnetic field with a strength of about 10% of its current 
value effectively protects the atmosphere from erosion by the solar wind under moderate solar 
conditions, which is consistent with the conclusion in the paper   [23]. Thus, significant losses of 
oxygen and nitrogen require higher solar activity or lower magnetic field strength, as proposed in 
the paper   [6]. The presented dissipation mechanism and quantitative assessment of losses over 
geological time can justify significant changes in atmospheric mass and atmospheric pressure.  

  
Table 2. Total loss rates 

= ,O N
m Qα αα∑  , ratio of loss rates /N OQ Q  and percentage of 

atmosphere lost in 1   million   years for a dipole magnetic field with 0
1 = 30g   μT (currently) and 

quadrupole field with 0
2 2.5g =   μT and 0

2 = 0.25g   μT (at the moment of inversion) under various 
solar conditions.  

Gauss coeff., μT  Modern 
EUV  P  , 

nPa  
,O N

m Qα α∑  , kg/s  
 

Atmos. losses,  
%   /   million 
years)  

Dip. 0
1 = 30g  3×  10  3.1  0.08  

 

Quadrup. 0
2 2.5g =  3×  10  1.5  0.08  

 

Quadrup. 0
2 = 0.25g  3×  10  14  0.13  

 

Dip. 0
1 = 30g  4.5×  30  16  0.15  0.01  

Quadrup. 0
2 2.5g =  4.5×  30  

 

0.23  0.7  

Quadrup. 0
2 = 0.25g  4.5×  30  

 

0.19  13.4  

  
  
  

CONCLUSIONS  
In the modern Earth's dipole field with 0

1 = 30g   μT, oxygen losses are about 253 10×  O + /s, 
which is an insignificant rate. According to estimates [36], the total atmospheric losses are about 



1   kg/s or less. During a reversal, the geomagnetic field strength decreases to 10% or less of its 
current value. This reduces the magnetosphere by about two-thirds and, with strong EUV radiation, 
allows the solar wind to reach the ionosphere level. During solar events, EUV flux and solar wind 
pressure can significantly increase, resulting in a loss of 16   kg/s in the modern magnetic field with 

0
1 30g =   μT or a loss of 3(1.1 22) 10÷ ×   kg/s in weaker magnetic fields with 0

2 2.50 0.25g = ÷   μT, 
respectively. Also, during solar events, the Earth's upper atmosphere is enriched with nitrogen ions 
N + . Light nitrogen isotopes 14 N are more easily captured by the solar wind than oxygen isotopes, 
which may lead to an increase in the background of heavy nitrogen isotopes 15 N during geomagnetic 
reversals. The general conclusion from the analysis: during very long periods of multiple reversals 
and weak magnetic fields lasting millions of years, the mass loss of the atmosphere can have a 
serious impact on the biosphere.  
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FIGURE CAPTIONS FOR THE ARTICLE  
  
Fig. 1. (a) — frequency of geomagnetic inversions in the Phanerozoic era and their modeled 

values (dotted), for which data are absent [5]. (b) — percentage ratio and mass of atmospheric 
oxygen O2 [7]; (c) — secular changes in nitrogen isotope ratios δ15N with a mean value of 
+2.0±0.3 ‰ (dotted line) [8]. The average long-term trend is represented by a black curve and the 
uncertainty area around it. The symbol δ expresses the change in isotope ratios between the sample 

and the standard:  , where R is the ratio of heavy/light isotopes 
of element X.  



Fig. 2. (a) — density profiles of oxygen ions O + (solid) and nitrogen N + (dotted), (b) — 
temperature and (c) — exobase height, obtained from a theoretical model [14] similar to the GAIT 
model [21], under various conditions of solar EUV flux (normalized to the current average solar 
energy flux ~1×EUV, which represents the solar energy EUV flux   ≈   5.1   mW/m 2 ).  

Fig. 3. Fractionation coefficient (separation) of nitrogen isotopes (dotted) and oxygen 
(solid) due to losses caused by SW, depending on the EUV flux (at SW pressure P sw0   =   1.4   nPa 
and in the absence of an intrinsic magnetic field B Tot   =   0   μT).  

Fig. 4. Loss rates of oxygen O + ions (solid) and nitrogen N + ions (dotted) as a function of 
solar EUV flux: (a) — contribution of each dissipation mechanism for quadrupole magnetic field 

with   μT and solar wind pressure of 1.4   nPa; (b, c) — total loss rates of O + and N + for 
different magnetic field strengths and configurations at 1.4   nPa and 30   nPa.  

  
Fig. 5. Loss rates of oxygen O + ions (solid) and nitrogen N + ions (dotted) for quadrupole 

magnetic field with   μT (thin) and   μT (thick) as a function of solar wind 
pressure.  
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