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Are large high-altitude electric fields caused by global thunderstorms?
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Using the model of a spherical symmetric atmosphere the large-scale electric fields generated by the global
thunderstorms are investigated. Theoretical formulations have been developed to calculate high-altitude electric
fields due to global thunderstorms, taking into account the presence of the ionosphere. We make use of the
assumption that in the ionosphere the geomagnetic field lines are equipotentials. The calculations indicate that
the solution is highly sensitive to the variation of this upper boundary condition.

1. Introduction

Kuznetsov et al. (1990) have shown, that there is a univer-
sal variation of the F2-layer critical frequency of the iono-
sphere which is similar to the known universal variation of
the global atmospheric electric field near the Earth’s sur-
face (Volland, 1984). To understand the origin of the fyF2-
universal variation it is important to know the value of a
high-altitude electric field produced in the ionosphere by
global thunderstorms, located in the lower atmosphere, and
how significantly it affects ionospheric processes. The avail-
able models of the global atmospheric electric circuit either
assume an equipotential ionosphere (Makino and Ogawa,
1984), or north-south symmetry of the electric potential in
the ionosphere due to equipotential geomagnetic field lines
(Hays and Roble, 1979). The correct upper boundary con-
dition for an atmospheric electric field (Kuznetsov et al.,
1995) is necessary. To specify the upper boundary condi-
tion we use the fact that in the ionosphere the longitudinal
conductivity greatly exceeds other components of the con-
ductivity tensor. Therefore the magnitude of the projection
of the electric field along the direction of the geomagnetic
field lines tends to zero.

It is known that due to good conductivity of these lines the
electric field of separate powerful thunderstorms (Park and
Dejnakarintra, 1973; Velinov and Tonev, 1993) can be trans-
ferred into the ionosphere and magnetosphere. To simulate
the ionospheric response due to such thunderstorm source
at altitude of 150 km, the vertical component of a field was
equated to zero by Park and Dejnakarintra (1973). We have
used a similar approximation, in accordance with model of
Makino and Ogawa (1984), to obtain preliminary estimates
of the electric field in the ionosphere caused by global thun-
derstorms, which were taken.

However for global modelling the specified boundary
condition of equipotential geomagnetic field lines only ap-
proximately reflects the situation at high- and mid-latitudes
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and obviously is not correct at low-latitudes near equator.
So, this paper also submits results for the case when the lon-
gitudinal component of the electric field is equated to zero.

The case of a simple exponential high-altitude depen-
dence of atmospheric conductivity was investigated first.
Then it is of interest to study how changing the high-altitude
profile of the atmospheric conductivity in the region the
Earth-Ionosphere effects the ionospheric potential caused by
global thunderstorms.

In the model of Makino and Ogawa (1984) it is supposed
that horizontal electric currents and fields are not present
in the atmosphere. In another work (Makino and Takeda,
1984) the current density distribution in the ionosphere was
studied by considering vertical upward currents from the at-
mosphere and also the electric fields generated in the iono-
sphere were calculated. In these calculations the altitude
of the ionosphere is taken to be 90 km and the difference
between maximum and minimum of potential in the iono-
sphere did not exceed 55 V. However when the altitude of
the ionosphere was increased to 105 km (Hays and Roble,
1979) the value of potential difference becomes 1600 V.

Such a change is explained by Makino and Takeda (1984)
as due to differences in the models of ionospheric conduc-
tivity. We are going to show that the integrated atmospheric
conductivity has a more important influence on the value
of the potential difference generated in the ionosphere by
global thunderstorms.

2. Calculation Method

Away from the geomagnetic equator for a rough estimates
one can consider, (Volland, 1984; Park and Dejnakarintra,
1973), that in the ionosphere the vertical (radial) component
of the electric field £ tends to zero rather than the longi-
tudinal component. For simplicity, considering the global
distribution of thunderstorm sources in a spherical symmet-
ric atmosphere, it is possible to write the electric potential
as (Volland, 1984):

div(c(r)Vu) = J,(0, M[§(r —ry) = 8(r —r2)], (1)
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where u is the potential, o is the conductivity, J,, is the in-
tensity of current generators, », 6 and A are spherical coor-
dinates with origin at the center of the Eaﬂh and §(r) is the
Dirac function. We consider £ given by E = —Vu. We
assume also (Hays and Roble, 1979), that thunderstorm ex-
traneous currents are located in a thin spherical layer as a
distribution of vertical dipole current generators with posi-
tive sources of the current located above the layer in points
r+(0,A) and with negative ones located below in points
r_(0, A), and both kind of sources have identical intensity
J»(0, 1). We use the expression for conductivity in isotropic
medium (6 = oy = op, where oy and op are specific and
Pedersen conductivities, respectively).

As a further simplification, it is possible to accept, that
the altitudes of positive and negative sources of the current
do not depend on co-latitude 6 and longitude A. Then from
Eq. (1), expanding u(6,1) and J,(0, 1) into the series of
spherical harmonics Y,,, (0, 1),

Jpy0.0) =Y i Tpmn Yon (6, 3), (22)
n=0 m=—n
u(r,0,1) = i mi un Yun (0, 1), (2b)

n=0 m=—n
we obtain equations defining #,,,(r) (in the approximation
of a thin layer Ar <« Rg, where Rg is radius of the Earth
and Ar =r — Rg):

N ReT l do di,, nmn-+1)._
dr? o dr dr R% Honn
- S(r—ry) S(r—ro)
=J - . 3
e [ o (ry) o(ro) ] ©)

From here we are employing the convention which we shall
continue to use throughout: all radial distances » are the
altitudes above the Earth’s surface. The lower boundary
condition at 7 = 0 (infinite surface conductivity is assumed)
iS Uy, = 0. The upper boundary condition is ds% =0 at
altitude »r = H, where the geomagnetic field lines may be
treated as equipotentials.

It is not difficult to find the solution of (3) under the
indicated boundary conditions in the case, when o (r) =
opexp(2yr), y = const. In particular, for the potential
in the region located higher than the sources, it turns out
that

i () = {—f (T — e )
o] — 0y
+ - (e~ — e_‘”)} x S(r),
o] — o
alealH-HJtzr _ azea2H+rx1r
S(r) = — — 4)
ettt — opre*2
Here
jpmn jpmn
AT M
) nn+1)
R:
a=-y=Vri+p

w=—y+vy2+p

It is possible to generalize this solution for a medium de-
scribed by arbitrary piecewise exponential high-altitude (ra-
dial) functions o (r). Let us assume, that in the ith layer,

o(r) = 0" D, (5)

riop<r<wr, i=12,...,I

Here ry = O (the Earth’s surface), o; = o(@;), y© =

2(’%” In = T is the altitude of the upper boundary con-

dition. The solution of (3) in the ith layer ,_; < r < r;
is
i (r) = C\) explal) (r

—ri-1)]
Cé’rz:n exp[a2mn(r - ri—])]a (6)

Q) D _ [, 02
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aZImn - ) @ V(l) p%m’

2 nn+1)
mn — R—2
It is required to match the solutions (6) at the boundaries of
layers (5) and at altitudes of the sources r; and »_. This
matching gives the relations between constants C{gmn in the
lower layer and C ]( Z)mn in the upper layer as
GO — ppu=b  pEm
mn R mn
+ M P8+
+MUTVP L+ Byy). (7
Here C(’) = {Cl(;)m, Cz(',,)m} Cf>,~ = {I, —1}<I?,~, ®; is non-zero

Jpmn
only at the levels of sources. Also ®;, = Ufr 5 (ml)l sy
_ + Imn  — %2mn
Jpmn 1
atr; = r,, = ry and ;. = _afr,) © A _ D at

lmn % 2mn

= r_. Matrix M has the form:
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As the upper boundary condition the longitudinal compo-
nent of electric field was set to zero.

ou
Rpo6

au . (
cos x — +siny | cos D
ar

+sin D

ou
M V=0, r=r. 8
Re siné’ak) rEn ®
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Here y is the angle between the magnetic field of the Earth
and the radial distance, D is magnetic declination at the
point of observation. We used for the geomagnetic field a
model of a central inclined magnetic dipole with coordinates
of the north geomagnetic pole 6y = 11.5° and Ay = 291°.
Let us substitute in (8) the solution (6) for the upper layer to
obtain

I I ) _
> Cim [C"S X, eI Y, (0, )

dYmn (0, 1)

()
+ sin y e®m 17710 co5 D
X R;90

Y (0, 1)
D—-r
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mn

+ sin

3Ymn (0, 1)

(1)
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Y (0, A
pm @A
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+ sin
Taking into account expressions (7) and the lower bound-
ary condition u = 0 at » = 0, from which follows that
Csn)n = —an)n = C,n, we obtain, instead of (9), an
equation involving amplitudes of spherical harmonics C,,,,
which determine the required solution. Using numerical
approximation, such an equation was written for each of
the mesh points on the sphere. The redefined system of
equations dependent on amplitudes C,,,, was solved by the
method of least squares. We used a 2° grid in latitude and
longitude (16380 equations) and the expansion in spherical
functions for orders n < 8 (81 unknown amplitudes C,,,,).

3. Results and Discussion

At first we consider the properties of the solution given
by (4) with the upper boundary condition as % = 0. Fora
spherical symmetric mode (m = n = 0) this solution coin-
cides with another obtained by Volland (1984). Putting » =
H gives the global potential of the ionosphere as a whole.
However the solution given by (4) for large-scale harmonics
with small n, when o, exp(an H) < o exp(o H) is similar
to results obtained by Park and Dejnakarintra (1973) (see
figure 7 in this work). In Fig. 1 curves describing the high-
altitude coefficients S(r) in (4) at » = 1 depending on vari-
ous values of parameter H (there are shown the numbers at
curves) are given. As is evident from Fig. 1, at » = H the
amplitudes of large-scale harmonics with small » strongly
depend on the value H. It means that the solution given by
(4) can be highly sensitive to variation of this value.

Figure 2(a) shows the total contribution of all spherical
harmonics to the ionospheric potential at » = H. The
simulation used the following values of parameters (2y =
1/6 km™!, Ry = 6371 km, ry = 7.5 km, r_ = 5.5 km),
which are close to ones used by Volland (1984) and Makino
and Ogawa (1984). The global distribution of thunderstorm
sources (Fig. 2(b), contours a 200 pA/m? intervals) is for 19
UT according to the model of Makino and Ogawa (1984).
In thunderstorm areas initial currents and electric fields are
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Fig. 1. The high-altitude factor S(r) of amplitude attenuation of potential
large-scale spherical harmonic (n = 1) excited in atmosphere by thun-
derstorm global sources at 19 UT. The numbers next to the curves are the
altitudes in kilometers where the upper boundary condition is equivalent
to the assumption of equipotential geomagnetic field lines.

directed vertically upwards. The electric field on the surface
of the Earth (Fig. 2(c)) corresponds to the model of Makino
and Ogawa (1984). The difference between a maximum and
minimum of potential in the ionosphere gives a value of 3.7
kV for H = 120 km, whereas for H = 110 km it reaches
19 kV and for H = 100 km it is already 102 kV. It follows
from this, that for H = 100 km horizontal components of
electric field can reach values of | mV/m. An electric field
of such a value basically can cause appreciable disturbances
in fyF2 (Hegai and Kim, 1990). In this connection the
universal variation of the atmospheric electric field near the
Earth’s surface could cause a similar universal variation of
foF2. However the large differences caused by different
reasonable values of H make it difficult to be conclusive
about this effect.

The upper boundary condition of 3—‘; = 0atr = r; re-
flects the upper boundary condition in the form of (8) only
at small x. Therefore it is of interest to compare results of
simulation using the upper boundary condition of % =0
and the one in the form of (8). Let us note at once, that
the form of the upper boundary condition has a small ef-
fect on the value and character of distribution of the electric
field on the Earth’s surface (at » = 0). Changing the up-
per boundary condition essentially affects the distribution of
ionospheric potential caused by global thunderstorms. As
proof we show results of simulations of electric potential
in the ionosphere with the upper boundary condition in the
form of (8) (Fig. 3(a)) and as g—f = 0 (Fig. 3(b)). The simula-
tions were executed for the following values of parameters:
2y =1/7km ™!, Ry = 6371 km, r, = 7.5km, r_ = 5.5
km and H = 100 km. Note that in the case when 2y = 1/6
km~! (Fig. 2(a)), the average value of ionospheric poten-
tial is of 487 kV, while if 2y = 1/7 km™!' it is increased
to 550 kV (Fig. 3(b)), since in the latter case the atmo-
sphere columnar resistance between the Earth’s surface and
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Fig. 2. The electric potential (levels through 5 kV) (a) excited in the ionosphere by thunderstorm global currents with initial distribution (b) at 19 UT
(levels through 200 pA/m?). Initial currents and electric fields in thunderstorm areas are directed vertically upwards. The electric field on the surface of
the Earth (levels through 400 V/m) (c¢) corresponds to model (Makino and Ogawa, 1984).

the ionosphere is greater. Then the same amplitude of cur-
rent generator produces a greater potential. A distribution
of initial thunderstorm currents generating the field, simi-
lar to the one given in Fig. 2(b) (time is 19 UT) was used.
One can see that the averaged potential of the ionosphere de-
pends also on the form of the upper boundary condition and
changes from 550 kV (Fig. 3(b)) to 570 kV (Fig. 3(a)). With
the upper boundary condition in the form of (8) it is evident
that the difference between maximum and minimum val-
ues of ionospheric potential becomes noticeably less, other

things being equal. With the upper boundary condition in
the form of (8) the potential distribution in the ionosphere
is more structured than just a simple maximum above the
thunderstorm area (Fig. 3(b)). Figure 3(a) shows that above
a thunderstorm source in the ionosphere there is a structure
in the form of two areas of increased potential separated by
a minimum. This is similar to the results of Pulinets et al.
(1998), who considered how atmospheric anomalies in elec-
tric field near the Earth’s surface influence the ionosphere.
The value of the electric field, penetrating from below,
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condition in the form of (8) (levels through 0.2 kV) (a) and as g—f = 0 (b) (levels through 50 kV).
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The electric potential excited in the ionosphere by thunderstorm global currents with initial distribution (Fig. 2(b)) with the upper boundary
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Fig. 4. The conductivity profiles and their integrated conductivity S and resistance R of the atmosphere (a). The profiles are numbered from 1 up to 8
(from right to the left). Maximal Upax and minimal Uy, values of electric potential in the ionosphere are given for different integrated conductivity of
the atmosphere (b). They are shown by dotted and continuous lines for profiles represented analogous.
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essentially depends on the integrated conductivity (S =
fOHa(z)dz) and resistance (R = ﬁ OH %) of the at-
mosphere. In Fig. 4 results of simulations of electric poten-
tial in the ionosphere for several conductivity profiles, given
in the top half of Fig. 4, are presented. The value of inte-
grated resistance R and conductivity S of the atmosphere
for these profiles are also given here. The profiles are num-
bered from 1 up to 8 (from right to the left). It is apparent
that for profiles given by continuous lines, the resistance of
the atmosphere remains practically the same, because it is
determined most of all by resistance of the lower layers with
height <30 km. The resistance of the atmosphere for pro-
files represented by dotted lines increases from the first to
the eighth profile. Integrated conductivity S is determined
by the conductivity of the upper layers of the atmosphere. It
is evident that the conductivity S varies approximately in the
same manner for both systems of profiles, decreasing from
the first to the eighth profile. In the bottom part of Fig. 4
maximal Up,, and minimal Uy, values of electric potential
in the ionosphere are given for different integrated conduc-
tivity S of the atmosphere. They are shown by dotted and
continuous lines for profiles represented analogous. Thus
profile 3 of the first group coincides with profile 2 of the sec-
ond one. The average value of ionospheric potential depends
on the resistance R of the atmosphere. Increasing R leads to
growing averaged ionospheric potential. In the upper layers
of an atmosphere the vertical currents spread horizontally
and their integrated conductivity S begins to play the lead-
ing role. With reduction of S the difference between Up,x
and U, is increased and can become appreciable, below
S ~ 10~* mho (profiles 4-8, located in the top left part of
Fig. 4(a)). The considered profiles of conductivity are close
enough to real night-time profiles (Park and Dejnakarintra,
1973). Therefore it is possible to expect, that at night, and
also in the case of an abnormal decrease of conductivity (for
example, during Forbush-decrease), the high-altitude elec-
tric fields, generated by global thunderstorms will reach ap-
preciable values. Note that the universal variation of the at-
mospheric electric field was measured at 26-km altitude by
Holzworth et al. (1984) and was established in mesosphere
by Zadorozhny and Tyutin (1997).

4. Conclusion

The results of simulations of large-scale electric fields
generated by global thunderstorms demonstrate the possi-
ble penetration of these fields, with appreciable amplitudes,
to ionospheric altitudes. This points to a possible casual re-
lationship between universal variations of the atmospheric
electric field and fyF2. However the solution is highly sensi-

tive to variations in the altitude at which the geomagnetic
field lines may be treated as equipotentials. The electric
field penetrating from below essentially depends on the in-
tegrated conductivity and resistance of the atmosphere. The
large differences caused by differences in reasonable upper
boundary conditions make it difficult to be conclusive about
the magnitudes of high-altitude global thunderstorm elec-
tric fields. Therefore numerical simulations of high-altitude
electric field generated by the global thunderstorms in an
atmosphere with more realistic properties, correctly taking
into account the influence of the anisotropy conductivity, are
necessary.
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