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Abstract.  

The profile of the vertical electric field Ez in the region 24 - 69 km obtained by rocket 

borne measurements on October 21 1989 over the South Indian Ocean [Zadorozhny et al., 

1994] is examined. The experiment coincides with the major geomagnetic storm from 

October 20 and with GLE 43 event. The profile of Ez is characterized by well expressed 

peculiarities. Ez reaches extremely big maximums (~10 Vm1) of both polarities in the 

mesosphere and upper stratosphere. This peculiar profile of Ez is indication for gradual 

decrease of mesospheric conductivity as result of increase of aerosol density during the SEP 

event. Represented is an idea of a mechanism of aerosol density increase in the atmospheric 

regions of impact ionization. Our preliminary estimations show that the aerosol increase 

during GLE 43 according to the mechanism cause strong decrease of atmospheric 

conductivity which can explain the peculiar experimental results.  

 

1. Introduction 

Studied are the results of rocket-borne experimental measurements of the vertical 

component Ez of the electric field at altitudes 23 - 69 km conducted in South Indian Ocean at 

geographic coordinates (585S, 511E) on October 21 1989, at 19:31 UT (that is, close to the 

local midnight) [Zadorozhny et al., 1994]. The measurements are conducted during the major 

solar proton event (SPE) with ground-level enhancement from October 19 1989 (GLE 43). 

The SPE is characterized by extremely big flux of protons with energies Ep<14.5 MeV for 

56.5 hours after the onset of SPE [Marvin and Gorney, 1991]. The SPE is accompanied by a 

major geomagnetic storm from October 20 1989 with maximum planetary index of 

geomagnetic activity Kp=8+, and Kp=8 at the time of the rocket flight. The experimentally 

obtained profile of the vertical electric field Ez is shown in Fig.1 by solid curve [Zadorozhny 

et al., 1994]. Here a convention is used that downward Ez is positive, and vice/versa. The 

dashed curve shows the profile of density  of spatial electric charge. Peculiarities are 

revealed. While the electric field Ez is downward above 50 km altitude, it is upward below 

z=50 km. 

 

 
 

Figure 1. Profiles of the rocket-borne vertical electric field Ez(z) (solid line), and of the density 

(z) of the electric spatial charge derived from Gauss’s law (dashed line). 
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The reversal of Ez to upward contradicts to the direction of electric currents in the fair-

weather regions of global atmospheric electric circuit (GEC) [Rycroft et al., 2008] where the 

current JFW from the ionosphere to surface is downward. Ez reaches extremely big maximums 

of both polarities: Ez=+12.3 V/m at altitude z=58 km, and Ez= 9.7 V/m at z=46 km. For 

nighttime undisturbed profile of conductivity [Hale, 1984] =2.5108 Sm1 at altitude z=58 

km, =21010 Sm1 at z=46 km; the electric current Jz=Ez would be Jz= +3.1107 Am1 at 

z=58 km, and Jz= 1.9109 Am1 at z=46 km: Jz is larger by three to five orders of magnitude 

than JFW. The discrepancy will be even larger if an enhancement of conductivity due to 

ionization is taken into account. Besides, the spatial electric charge density in the layer 46 - 

58 km is <0. An explanation of these peculiarities is proposed. 

The extremely big electric fields Ez in mesosphere and upper stratosphere mean decrease 

of conductivity  by several orders of magnitude (the alternative assumption for reciprocal 

increase of electric current Jz does not seem plausible). We show that such decrease of 

mesospheric conductivity  can be gradually completed on a definite phase of SPE together 

with a simultaneous increase of aerosol density S related to the ionization by energetic 

protons. The direct effect of ionization, the increase of conductivity is realized on an earlier 

phase. Later this effect is being masked by the reverse effect of increasing aerosol density on 

conductivity. 
 

2. Hypothetic mechanism of aerosol creation and conductivity decrease during SPE  

Considered are atmospheric processes during SEP events which can cause gradual 

decrease of conductivity in atmospheric regions RegP in both hemispheres where the proton 

cutoff rigidity does not exceed 1 MeV. Each region RegP includes the magnetic pole and 

invariant latitudes  | |>|B|, where B depends on the geomagnetic activity. Rodger et al. 

(2006) obtain |B| as function of Kp index (their Fig.4, and Eq.(2)); B|56 for Kp=8. The 

rocket launch is at invariant latitude RE= 59.5, that is, it is well inside the region RegP.  

In this paper described is an idea of a mechanism of aerosol production in regions RegP 

during SPE which causes decrease of atmospheric conductivity . There are indirect 

experimental confirmations: demonstrated has been significant increase of aerosol density in 

lower and middle stratosphere [Shumilov et al., 1996; Mironova et al., 2012] for few days 

after GLE events. The mechanism proposed here includes creation, growth, multiplication, 

and transportation of aerosol particles (AP) in regions RegP. We assume that initially APs can 

be created at altitudes ~70-120 km from cosmic (meteoric) smoke particles (MSP) [Hedin et 

al., 2014; Rapp, 2000]. A MSP with size of few nanometers can serve as a nucleus which 

grows into an AP by attachments of ions. While a growing particle is small (with radius rA <~ 

4 nm) it is critical and can degrade. By reaching radius rA>4 nm an AP reaches stability. To 

clarify the idea of the mechanism of aerosol creation and of a causative decrease of the 

conductivity in RegP, the following system of equations of ionization is considered: 

iAeRie LLqdtdn ,,        (1) 

Here ne and ni are the densities of electrons and ions. LR and LAe,i are competing terms of 

losses of electrons and ions. LR=neni,  is the coefficient of electron-ion recombination. LA 

is the term of losses of electrons and ions as result of their attachment to aerosol particles. 

ieiAeiAe nBL ,,,    where     
AA kr

AAAAieiAe krSkrB
,

,, ),(),(   (2) 

Here S(rA,kA) is the density of APs with radius rA and kA charges with the respective sign.  

The proposed mechanism is based on the assertion that the terms LAe,i increase quasi-

exponentially with time t for specific set of parameters. While LAs becomes much bigger than 
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LRs ne,i and conductivity =qe(ene + ini) decrease quasi-exponentially. Here qe=1.61019 C 

is the elementary charge, e,i is the coefficients of electron and ion mobility.  

We use the theory of attachment of an electron or ion to an AP developed by Hoppel 

(1985), Hoppel and Frick (1986), Rapp (2000). According to this theory the interaction of an 

electron or ion with a big particle (neutral or charged) is determined by the potential = C + 

P where C corresponds to Coulomb interaction, and P – to the image force of the 

polarization interaction. Hoppel (1985); Hoppel and Frick (1986) estimate the coefficients 

e,iA of attachment of a ion/ electron to a big spherical particle with radius rA and charge kA 

(kA is for the number of elementary charges and their polarity) as functions of rA and kA: 

e,iA(rA, kA) increase with rA, as well as with |kA| when AP is neutral or oppositely charged. 

These properties determine acceleration of the growth of APs with time t.  

Considered are two phases of growth of an AP. On the first phase small APs grow by 

attachment of ions only. The growth of APs on this phase is realized by repeating of two main 

processes: A1) Attachment of a free electron to a big neutral (kA=0) particle (MSP or AP) with 

radius rA; A2) Attachment of a positive ion to a negatively charged big particle. With the 

increase of rA attachments of electrons to negatively charged APs (kA<0) are typical too 

(Rapp, 2000). The second phase concerns large multi-charged APs – they grow by attachment 

of ions, as well as of small MSPs, or of cluster molecules with kA0 by polarization 

interaction between particles.  

The behaviour of any critical AP is described as a probabilistic process. If pS is the 

probability of a critical AP to grow to a stable one (with radius rAS) then 1pS is the 

probability that an AP degrades before reaching stability. We assume that a degrading AP is 

fully destroyed with probability pD, and is split into two smaller APs with probability 1pD. 

The density SC of critical APs is a function of time, SC(t): 

)/exp()( 0 CCC ttStS    where     )2/( PBNt iAAPC      (3) 

In (3) SC0 is the initial density of critical APs, NAP is the mean number of the ions which 

compose an AP, P = (1pS)(12pD). (3) shows that SC(t) increases if pD<0.5.  

An estimation of decrease of the conductivity is approximate due to the numerous 

uncertainties. If pD<<0.5 BiA (2) increases fast so that LAi can become much bigger than LR 

within the few hours after the onset of SPE. In such case almost all ions produced during SPE 

until time tRE (in 56.5 hours) attach to APs. The total number of ions per cm3 Ni produced in 

this time is roughly estimated by adaptation of results for the profile of electron production 

rate q(z) during GLE 69 as function of the cutoff rigidity for protons [Velinov et al., 2013, 

their Figs.6-8]. Since the integrated flux of protons with energies <10 MeV for GLE 43 is 

bigger than the one for GLE 69 we obtain for z~80 km that Ni is of the order of 1010 cm3, and 

SC = Ni /NAP. B. For quasi-equilibrium state at time tRE terms dni/dt and LR in Eq.(1) are 

negligible. We obtain from Eq.(1) that ni can be as low as few units per cm3 for iA ~106 

cm3s1 [Hoppel and Frick, 1986]. Then, the modified ion conductivity Mi=qeini will be 

~51013 - 1012 Sm1 by unmodified ion mobilityi=1.4x104 cm2V1s1. However, there are 

additional factors: i) the effect of big APs is not taken into account for which the coefficient 

iA can be 10 times larger; ii) the ion mobility i can suffer significant decrease due to big AP 

density S. These and other factors determine additional decrease of Mi by up to two orders of 

magnitude, or even more.  

 A key parameter for estimation of the level of decrease of the electron conductivity e 

is the electron-AP attachment coefficient eA(rA,kA). Rapp (2000) obtains that eA is 

between104 cm3s1 for small rA, kA, and eA~102 cm3s1 for big rA, kA for electrons with 

thermal energies – this determines insufficient decrease of e. Free electrons produced by 

ionization by protons of energies >1 MeV are with much bigger initial energy. This can lead 
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to changes in cross-sections for the considered reactions; respectively, bigger eA. The 

decrease of e can be then of the order of the decrease of i, due to electron depletion known 

as electon bite-outs [Friedrich at al., 2011]. 

Simultaneously with its growth an AP created above ~80 km is transported to lower 

altitudes (depending on the AP’s radius rA) by gravitational sedimentation on the timescale of 

SEP. Big APs can descend to the mesosphere and upper stratosphere and be accumulated 

there. Processes of their further growth by attachment and of multiplication will lead to quasi-

exponential increase of their density S, and to respective decrease of conductivity.  
 

3. Modifications of atmospheric electric parameters in region RP 

The decrease of modified conductivity M to values M <~ 1011 Sm1 at altitudes z > zM0 

=35 km determines vertical electric current inside region RegP. The total vertical electric 

current Jz is: 

  TPFWz JJJJ  .      (4) 

Here JFW = VI /RC is the electric current from the ionosphere to surface in fair-weather 

regions of GEC, VI ~250 kV is the ionospheric potential, RC is the columnar resistance. The 

electric current JP is generated because of the unbalanced distribution of uncompensated 

elementary positive charges in GEC injected into atmosphere together with the energetic solar 

protons [Tonev, 2024]. JT is a transient electric current generated of redistribution of spatial 

electric charges. Electric current JP satisfies the equation:  

   14 )()(10)(


 zEddzzEDqdzzdJ pspseP       (5) 

with boundary condition JP = JP(z=120 km)  JP(z=0) = 104qeFp. D is differential spectrum 

of the proton flux, and Fp is the integrated proton flux above the atmosphere. Eps(z) is the 

initial energy of protons which lose their energy (stop) at altitude z. Eq.(5) shows that the 

direction of JP is changed at an altitude zP: JP flows upwards at z>zP, and downward at z<zP. 

The experimental profile of Ez (Fig.1) shows that zP is located at 50-60 km altitude.  
While the decrease of M in an upper part of region RegP (above an altitude zMmax~60 km) 

is controlled mainly by attachments and growth of APs, below zMmax it depends mainly on 

gravitational sedimentation of APs on the timescale of GLE 43 which declines towards lower 

altitudes. The combined effect of processes of attachment, splitting, and sedimentation of APs 

on M will be strongest at zMmax=58 km with maximum decrease of M. These processes have 

no effect at altitude zM0~35 km: M(z=zM0) remains unmodified. This determines a negative 

conductivity gradient dM/dz<0 in the layer LNC [zM0, zMmax]. When the electric current Jz is 

downward, negative spatial charge with density (z)<0 will be accumulated in [zM0, zMmax] 

according to the following expression: 

  )()(exp1)(),( 00 zttztz R       where   0)(0  dzzdJ Rz   (6) 

Here R(z)0/M(z) is the electric charge relaxation time at altitude z, 0=8.851012 

Fm1 is the vacuum permittivity. Eq.(6) is derived from Maxwell’s equations for quasi-static 

case. This result explains presence of the layer [46 - 58 km] with negative spatial electric 

charge. As it is shown below, the positive density  in the layer [35 - 46 km] is result of 

strong variability of the transient electric current JT at altitudes of relatively big conductivity. 
 

4. Explanation of the reversal of Ez to upward direction below 50 km altitude 

Below z=50 km the vertical electric field Ez is directed upwards (Ez<0, Jz<0). This seems 

to contradict to the fact that JFW>0, and JP>0. This situation can be explained by generation of 
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big upward transient current JT. The reason can be even small fluctuations of the geomagnetic 

field during the major geomagnetic storm. Such fluctuations can lead to significant changes of 

the cutoff rigidity for protons at invariant latitude RE since RE is close to B. According to 

Rodger et al. (2006) (their Fig.4, and Eq.(2)) a small decrease of index Kp corresponds to big 

increase of the cutoff at latitude =RE. The result of a sudden increase of cutoff rigidity will 

be strong change in the height distribution of electric current JP in (5). 

Characteristics are derived first for a time period of equilibrium before the time t0 of the 

cutoff change. The flux of protons with energies Ep>1 MeV at the top of the atmosphere is 

obtained to be ~6102 cm2s1 by the use of exponential extrapolation of GOES-7 data for 

protons with energies Ep>4.2 MeV at time tRE of the rocket flight. This yields JP~1012 

Am2. If accept that the average modified conductivity between ~50 km and ~90 km is M 

41013 Sm1 (according to our estimations above, and those by Holzworth et al. (2004) for 

noctilucent clouds) the columnar resistance RC=VI/JFW increases twice (from ~1017 m2 to 

~21017 m2), and JFW decreases also twice, JFW ~1012 Am2. Hence, the strongly decreased 

conductivity at altitudes z>58 km determines before t0 that electric current JP has a big 

contribution to Jz below in (4) (about 50%). The quasi-constant downward electric current Jz 

causes accumulation of negative spatial charge with density (z)<0 between zM0=35 km and 

zMmax=58 km according to (6). 

 The sudden increase of the cutoff rigidity at time t0 will cause a decrease of JP, and 

redistribution of JP by altitude z, so that below z=58 km the contribution of JP in (4) can 

become negligible. Because of the big contribution of JP in the total electric current Jz before 

time t0 Jz will suddenly decrease to Jzd = CJz by tens of percent. This big change will lead to 

redistribution of spatial charges in layer LNC after t0. Their density r(z,t) is expressed below. 

     )()(exp1)()(),( 000 zztzztz Rrr   ,       )()( 00 zCzr   .           (7)  

Here t=tt0. Transient electric current JT(z,t) is generated at altitudes z< zPR is a result of 

this spatial charge redistribution. We obtain the height profile JT0(z) = JT(z,t) at t=t0 when JT 

has maximum contribution in (4). For this goal the profile of modified conductivity M(z) in 

layer LNC is represented by exponential function: M(z) = 0 exp [(zM0z)/HM] where 

M0=(z=zM0), HM>0 is scale height. The profile JT0(z) is expressed, as follows: 

0/)(
)0,(

)(
max

max00 


 
Mz

z

MMz
r

T HzzJdz
dt

tzd
zJ


      (8) 

Here Eq.(8) shows that at the time t=t0 of the cutoff change the transient electric current 

JT(z) exceeds |Jz0|= |JFW+JP| at altitudes z < zPR  HM, that is: a) Jz(z,t0) becomes zero at 

altitude z0 = zPR  HM; b) Jz(z,t) is upward (Jz <0) at altitudes below z0. |JT(z,t)| decreases 

quasi-exponentially by t>t0, and the altitude z0 (at which Jz changes its sign) descends with 

time. The upward direction of the vertical electric field Ez=Jz/M below 50 km is explained by 

(8). These results confirm that the altitude zP of change of direction of JP is located above 50 

km, and the columnar resistance at z>zP is comparable to the one below zP. 
 

5. Conclusions 

Studied are the rocket-borne extremely large vertical electric fields Ez in mesosphere 

measured during GLE 43 and the major geomagnetic storm from October 20 1989 

[Zadorozhny et al., 1994]. Ez reaches about 10 Vm1 both in downwards (at 58 km altitude) 

and in upward (at z=46 km) directions. These results demonstrate dramatic decrease of 

conductivity (by three to five orders of magnitude). In order to explain these peculiarities 

proposed is a hypothetic mechanism of creation of aerosol particles of extremely high density 

S during solar proton events which can cause such conductivity decrease. There are 
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experimental indirect confirmations of aerosol production during SPEs. The mechanism of 

aerosol production in atmospheric regions of reach of energetic protons which is proposed is 

based on the theory of ion-aerosol attachment. The approximate estimations show that during 

GLE 43 conductivity in the mesosphere can gradually decrease al least down to 10-12 Sm1. 

The proposed hypothetic mechanism is developed from the one used by Tonev (2022, 2024), 

Tonev and Asenovski (2023) explain peculiar, yet typical response of GEC in middle 

stratosphere, as well as at ground level at high latitudes to series of GLE events documented 

by Holzworth et al. (1987), Kokorowski et al. (2006), Shumilov et al. (2016). 

An explanation is proposed of the reversal of the vertical electric field Ez below 50 km 

altitude into upward direction. This reversal is explained as result of even small fluctuations in 

the geomagnetic field. It can be caused by upward transient electric current generated due to 

suddenly unbalanced spatial electric charges.  
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