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Abstract: Steady-state electric fields and post-lightning quasi-electrostatic fields (QESF) generated in
different atmospheric regions above thunderstorms play an important role as drivers of a diversity of processes
and events related to electron heating, such as, the newly discovered transient luminous events. Numerous
recent investigations of these electric fields and events allowed better understanding of the electrical coupling of
atmospheric regions and showed their importance. However, the problem of whether the electric fields generated
by a thunderstorm can penetrate into its magnetically conjugated region and what effects they could cause there
has not been studied sufficiently. Some observations in the mesosphere, such as the large (1 V/m and more)
QESF, which have been measured occasionally for decades at mesospheric altitudes, could be explained as
such effects, as indicated by some authors. Furthermore, red sprites have been observed, with no causative
thunderstorm in a surrounding of thousands of km - these are considered by some authors to be the result of
lightning in the magnetically conjugated region. We propose a 2D numerical model for the generation of QESF
due to a lightning discharge in the conjugated region. The model is based on the Maxwell's equations for quasi-
static conditions, which take place in the mesosphere and at higher altitudes in both hemispheres. Our results
show that in the mesosphere these electric fields can be as large as few tenths of V/m. Because of their large
horizontal scale (thousands of km), the observed larger electric fields may be the result of several lightning
discharges occurring almost simultaneously.
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e2pbMomesuyHa 6ypsi, MbiiHUe8 pa3psid obrak-3eMsi, MazHumocnpeaHama obiacm, yucrieHo Modesnupare

Pesrome: CmayuoHapHUme efieKmpuyecku rosema U KeasuernekmpocmamuyHume ronema cried
muHusi (KECIT) eeHepupaHu 8 pa3nu4Hu ammocghepHu obnacmu Had epbMomesuyHU 6ypu uepasim eaxHa poris
Kamo azeHm 3a ocbljecmssieaHe Ha pa3HoobpasHU Mpouecu U SI8/1IeHUSI C8bp3aHU C EeJIEKIMPOHHO HagpsieaHe.
Takusa ca, Harnpumep, HO80OMKpumMuUmMe rpPexo0HU cbbumusi Ha ceemeHe 8 cpedHama ammocgpepa.
MHozo6poliHume cbepemeHHU u3crnedgaHusi Ha me3u eflekKmpuyecku ronema u cbbumusi roseossisam ro-
00bpo 0bsicCHeHUe Ha enekmpu4yeckume 3aumoldelicmeusi mexdy ammocgepHume obsacmu u rokassam
B8aXHOMO 3Ha4yeHue Ha me3u e83aumoldelicmeusi. Ho npobnembm OQanu enekmpudyeckume ronema om
2pbMomesuYyHa bypss mozam da npoHUkeam 8 MazHumocrnpeaHamama U obnacm (MCO) u da npuduHsisam
egpekmu mam e HedocmacmbyHO uscriedsaH. Hskou HabnodeHus1 8 me3ocghepama buxa moanu 0a ce 065ICHIM
Kamo makusa egbekmu, Haripumep, eornemume (1 V/Im u noseye) KECIT usmepsaHu rnoHsikoza 8 Me3ocgepama.
Cbuwjo, HabmodasaHu ca cripalimose be3 ropaxdalja MbriHUS, 0OSCHEHU Om HSKOU asmopu Kamo pe3ynmam
om mbrHUs 8 MCO. Hue npednacame 2D yucrnieH moden 3a u3cnedsaHe Ha KECII npuduHeHU om MbrIHUS 8
MCO. Modenbm e 6asupaH Ha ypasHeHusma Ha Makceersn rpu k8a3ucmamu4yHU yCrio8us, Koumo umam Msicmo 6
lioHocghepama u ro-Hazope npu MbrHUSA. Pe3ynmamume Hu roka3eam, 4Ye 8 mMe3ocghepama me3u
enekmpuyecku nonema 0ocmugam decemu om VIm. Tot Kamo CA ¢ eonam xopu3oHmarneH mawab (xumsdu
KM), HabmodasaHume ro-20/1eMU efIeKmpuYecKu rnonema moz2am Oa ca pes3ynmam Om HSKOIKO noYymu
€0HO8PEMEHHU MBJIHUU.
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Origin of the mesospheric electric fields and model basis

A strong lightning discharge generates large quasi-electrostatic fields (QESF) above the
thunderstorm, whose relaxation is much longer than the relaxation of a free charge. These features
are demonstrated by the results in Fig.2 [5] obtained by night-time conductivity profiles shown in Fig.1.
The QESF and the related Maxwell currents are widely investigated (theoretically and experimentally)
as possible drivers of red sprites and halos in the mesosphere [1, 6]. However, almost nothing is
known about the role of these electric fields at higher altitudes. Although much smaller and shorter
living, these fields can penetrate above the lower ionosphere, as shown experimentally in [3]. If this is
the case, the electric fields at the magnetospheric basis could induce similar fields in the magneto-
conjugated region, where they could generate measurable quasi-electrostatic fields in the lower
atmospheric regions estimated from the parameters of the electric field pattern at 150 km in the
conjugated region. A similar mechanism is theoretically discussed in [2]. Under the assumption that
the QESF are potential in the strato/mesosphere and above [4], they can be computed in both regions
as a solution of the continuity equation for the density of the Maxwell's current j:

1) V-j=0, where j=jc+jp.

Here jc is the conduction current, jc = [c]E = [6]VU, where [o] is the conductivity tensor (a scalar below
70 km), E is the electric field, and U is its potential; jp is the displacement current, jp= & dE /dt, & is
the dielectric constant. To estimate the QESF generated by a lightning discharge in the magnetically
conjugated hemisphere, we solve Eq.(1) both in the region (A) of the lightning discharge and in its
conjugated region (B) (Fig.1). The following assumptions are used: a) axial symmetry takes place in
each region; and b) the electric fields at 150 km are transported without changes from the source
region to its magnetically conjugated region. Our model neglects the Earth’s curvature.

Simulation of electric field temporal-spatial distribution

We study the temporal and spatial distribution of the quasi-electrostatic field E generated by a
cloud-to-ground (CG) lightning discharge, which acts in region (A), and their induction in the
conjugated region (B) through the magnetosphere. These regions are schematically presented in
Fig.3 as large horizontal scale (thousands of kilometers) circle regions which contact to each other at
the magnetic equator. The source lightning discharge is represented in the model by the altitude Z¢
and magnitude Qq of the initial charge (at t=0), and by a function of the charge decay Q(t) by t>0. In
order to obtain the distribution of E in region (A), as well as in its magnetically conjugated region (B),
we solve an equation for U derived from Eq.(1) in cylindrical coordinates (r, ¢, z) (z is a vertical axis
through the charge removed and z=0 is the ground level). This equation is:

@ o o e a) Pl v o
Here oy and o p are the field-aligned and the Pedersen conductivities (the Hall conductivity is
neglected in order to preserve the assumption for axial symmetry, which is required in our 2D model).
In region (A) the coordinate z represents the altitude in the region of isotropic conductivity below 70
km, and an ‘equivalent altitude’ determined with respect to the magnetic field inclination (above 80 km
z is the distance along field lines). In region (B) z = 300—2z', where 7’ is the ‘equivalent altitude’. The
initial and boundary conditions are:
Initial condition:

The steady-state electric field in region (A) at the discharge beginning t=0 formed by a constant

charge Qy, is determined analytically [5, 6] by using a modified boundary condition: U=0 at z=Z,5« .
Boundary conditions:

(i) U=0atz=0and at z=Z;,=150 km;

(i) U =0 at r=r, (at lateral boundaries in A and B);

(iii) V- E(t, r=0, z=Zc) = Q(t) / & at any time t>0 (after lightning onset);

(iv) the Maxwell current j, through the boundary at 150 km is continuous.

Eq.(2) is solved numerically in two steps on a regular rectangular grid with n,=15 x n,=40 cells
which represents both regions A and B, as shown schematically in Fig.4. On the first step Eq.(2) is
solved in region (A), and on the second - in region (B) where a boundary condition for the vertical
Maxwell current jz(t% at z’=150 km is supported by the first step. On each step a finite element method
approximation in C is used by spatial components. It yields a system of linear equations whose form
depends on the comparison of the local relaxation time zz and the current time t, and thus changes
with the progress of time t. Equations which correspond altitudes with relaxation time zz>t/10 are linear

( U o,0U _ oU oo, auj a(azu 10U 62UJ
—t—— —t+— + + +—1=0
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differential, else they are transformed to linear algebraic. The total system of equations is solved by
the Runge-Kutta method of 4™ order (applied to the differential equations) and with the Givens method (for the
algebraic linear equations). An increasing time step is used, which is controlled by the relaxation time at the
lowering boundary between the regions of non-negligible and of negligible displacement current.

Conductitvity, S/m

Fig.1. Conductitiy profiles for daytime (curves 1 and 2) and nighttime (curves 3 and 4),
adopted as a combination of different theoretical results and measurements. Lines 1 and 3 are
for the field-aligned conductivity, and lines 2, 4 - for the Pedersen conductivity.
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Fig. 2. Time dependence of the normalized vertical QESF |E, /Qo| at altitudes z=40 - 90 km
above a CG lightning discharge with Zc=10 km and by an exponential time decay of the
initial charge Qg in characteristic time z=1 ms. Night-time conductivity profiles shown in
Fig.1 are used (under assumption for isotropic conductivity).
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Fig. 3. Model domain: @ - location of lightning; %..* - magneto-conjugated image; == = : - geomagnetic
field line; r - radial distance (up to 10000 km) from the lightning discharge (in region A) or from its image (in

region B).
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Fig. 4. 2D region used in numerical model. z, z’ are altitudes in regions A
and B, respectively. Thick line is a common boundary at altitude of 150 km

for each region; @ - position of the charge removed.
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Results

Model results are obtained for the QESF generated by a positive cloud-to-ground lightning
discharge in the magnetically conjugated region. The lightning discharge is realized from altitude
Zc=15 km to the ground by an exponential decay of the removed charge Q(t) = Qo exp(t /z.), where 7,
= 0.001 s. The discharge occurs at distance r,=2000 km from the magnetic equator. The results
obtained are normalized to an initial charge Qy=1 C. Night-time conductivity profiles (the same in both
regions (A) and (B)) adopted from [8, 9, 10] are used.

Fig.5 shows the temporal behavior of the quasi-electrostatic field E in the magnetically
conjugated region at different altitudes for r=0, where its vertical component E, (and the electric field
intensity) reaches a maximum. Our estimation for the electric field due to strongest lightning with a charge
moment change, say, 4500 Cxkm is that it will reach 0.1 V/m at 70 km and 0.02 V/m at 60 km. These
values are relatively small; they can not explain the large mesospheric QESF measured occasionally [12],
and do not support the suggestion that red sprites can be initiated by lightning discharges in the magneto-
conjugated region [11]. However, they can be several times bigger if the electric field penetrates downward
into an atmospheric layer with a much sharper conductivity decrease than typically. Such situation can take
part, e.g. due to an enhancement of volcanic aerosols in thin layers in the strato/mesosphere, as predicted
in [7], or by some other changes in the atmospheric content.
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Fig.5. Time dependence of the normalized vertical QESF |E,/Qq| at altitudes z = 60, 70 and 80 km
generated due to a CG lightning discharge in the magnetically-conjugated region by Z-=15 km
and by an exponential time decay of the initial charge Qq in characteristic time 0J,=1 ms.

The horizontal scale of the QESF E in the magnetically conjugated region (B) is studied. The
results in the Table show the coefficient of the vertical electric field E, decrease at a horizontal distance r
compared with its value at r=0. We see that E, decreases e times approximately at r ~ 1600, 1000 and 400
km at altitudes z'= 60, 70 and 80 km, respectively. Thus, the horizontal scale of the QESF in the
mesosphere is much larger than above it. Because of that, the electric fields studied can results by many
thunderstorm cells which occupy a region of dimension thousands of kilometers.

Table. Relative decrease of the vertical quasi-electrostatic field E, induced due to CG lightning
discharge in the magnetically-conjugated region with horizontal distance r from its maximum at r=0.

r, km 133 267 667 1330
z=60 km 0.95 0.89 0.77 0.48
z=70 km 0.91 0.81 0.54 0.27
z=80 km 0.85 0.73 0.24 0.11
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Conclusions

- The strongest lightning discharges cause in the magnetically conjugated region quasi-electrostatic
fields of order of magnitude up to 10~ V/m at mesospheric altitudes (60-70 km);

- These quasi-static electric fields enlarge their horizontal scale to when penetrate into mesospheric
altitudes from above.

- The mesospheric electric fields due to lightning in the magnetically conjugated region can be
dramatically increased due to the following factors: i) QESF may result from many thunderstorms, due
to large horizontal scale of these fields, especially at high geomagnetic latitudes; ii) QESF enhance at
the upper boundary of a layer of significant local decrease of the conductivity due to enhancement of
volcanic aerosols.

- QESF significantly change due to the highly variable conductivity profiles.
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