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Abstract: The role of the non-uniform distribution of the ionospheric potential V, in each hemisphere at
polar latitudes (characterized by trans-polar potential difference Ve of 30-140 kV) is studied in the global atmospheric
electrical circuit (AEC) below 100 km. The potential difference Ve is controlled by the solar wind (SW) parameters,
hence, our goal is to estimate the AEC response to solar wind and solar activity. A numerical model is developed
which serves to determine the electric currents and fields thus superimposed to basic ‘fair-weather’ AEC
characteristics. This model is based on the continuity equation for the electric current density. Computations are
made in the domain of altitudes 50-160 km at geomagnetic latitudes higher than 45 ° of a hemisphere. Sources for
the superimposed electric currents and fields are the trans-polar potential difference Vi and the field-aligned
currents at altitude 160 km. This upper boundary of the model domain is above the dynamo-region in which an
effective closure of field-aligned currents is realized. We compare the superimposed currents and fields to AEC
characteristics in lower ionosphere and mesosphere and show that these first are dominating in these regions. The
influence of the IMF and SW variations on the dominating superposed electric currents and fields is studied. Their
possible effects on the atmospheric parameters and processes are considered.

ENEKTPUYECKA PEAKLIUA HA BUCOKOLLUUMPOTHATA CPEAHA ATMOC®EPA HA
XAPAKTEPUCTUKUTE HA CITbHYEBUA BATHP, NONTYYEHA YPE3
CUMYINALUUOHEH MOAEN

MeTbp ToHeB

MHcmumym 3a KocMmuyecku u3criedeaHus U mexHonoauu - bbrneapcka akalemusi Ha HayKume
e-mail: ptonev@bas.bg

Knroyoesu Odymu: UoHocchepeH nomeHyuasn, DC enobanHa ammocgepHa enekmpuyecka eepueaa,
lioHocghepHa nposodumocm, ammocghepHa poesodumocm, HadIabXHU mokose, Modesi Ha \Weimer, mok
lioHocghepa-3emMsi, ypasHeHUe Ha HerpekbcHamocmma

Pesrome: U3criedsa ce ponsima Ha HeeOHOPOoOHOMO pasrpedesieHue Ha UOHOChepHUs nomeHyuan V,
Ha eucokuU wWupuHU (Mol ce xapakmepu3upa C mpaHc-fopsiHa nomeHyuanHa pasnuka Vip = 30-140 kV) e
enobanHama ammocgepHa enekmpudecka eepuza (AEB) nod 100 km. TpaHc-nonspHama nomeHyuanaHa
pasnuka Vip ce yrpaernsiea om napaMempume Ha ClibHYesUs1 8iMbp, criedo8ameriHo, uenma Hu e 0a ce Harnpasu
oueHka Ha peakyusima Ha AEB Ha cribHYesus1 8Imbp U CribHYe8ama akmueHocm. Pazsum e yucrieH modern, 4ype3
Kolmo Oa ce ornpederiim efleKmpuYyecKume mokoee U rofiema 006aseHU KbM OCHOBHUME 8eIUYUHU ‘pU SICHO
epeme’ 8 AEB. Tosu moden e b6a3upaH 8bpXy ypasHeHUemoO 3a HerpeKkbCHamocm Ha MnAbmHocmma Ha
eflekmpuyecKkusi moK. HanpaeeHume u3qucrieHuUss ca 3a eucoyuHHama obnacm 50-160 kM Ha eeomazHUMHU
wupuHu Hao 45 ° e GadeHa nonycgepa. Kamo usmoyHuyu Ha ebrnpocHuUme 0obaseHu elekKmpu4yecku mokose u
ronema ce npuemMam romeHyuanHama pasfnuka Ha mpaHc-rnosaspHUsA nomeHyuan Vip U HaabXXHUMe moKose Ha
sucoqyuHa 160 km. Tasu eopHa epaHuua Ha modenHama obnacm e Hald OuHamo-obracmma, 8 KosImo ce
ocbwecmssiga egheKmusHO 3ameapsiHe Ha HaOmbXHUMe mokose. HarnpaseHo e cpasHeHue Ha 0obaseHume
efiekKmpuyYyecku mokose u rosiema cbc cbomeemHume 6asosu 8 AEB u e noka3aHo, 4e nbpgume doMuHuUpam 8
me3u obnacmu. M3crnedeaHo e enusHUemo Ha eapuayuume Ha MexOyrniaHemHomo MagHUMHO rone u Ha
CITbHYe8US 8SMBP 8bPXYy Me3u OOMUHUpaWU efeKmpu4yecku mokosge u rnonema. PasenedaHu ca 8 b3MOXHUME
um egbekmu 8bpXy ammocgepHuUme napamempu U npoyecu.
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Introduction

According to the classical view, the DC global atmospheric electric circuit (AEC) [1,2] is
determined by the electric currents generated by distributed over the globe lightning-producing
thunderstorms (TS), and electrified shower clouds (ESC) producing currents only by dissipation of
their electric charges [2,3]. According to recent observations [1-3], the global rate of the lightning
discharges is about 50 s™.

The upward currents from TSs and ESCs charge the ionosphere to a positive potential V, of
250-300 kV with respect to ground; their closure is by the fair-weather downward current of density 1-6
pA.m~ [1-3] flowing from the ionosphere to the surface. An additional source takes place at high
latitudes [4], and its contribution to AEC is estimated here: it is related to interaction of solar wind (SW)
with magnetosphere and ionosphere, and is realized by the system of field-aligned currents (FAC) and
the formation of trans-polar potential difference Vip of 30-140 kV in each hemisphere superimposed to
the uniformly distributed ionospheric potential V,. The influence of the potential difference V\» on AEC
is examined here; this needs consideration of both sources.

At any moment in AEC operate about 1000 thunderstorms, most of them located at equatorial
and low latitudes [3]: they produce cloud-ground lightning discharges realizing a temporal shortcut in
the cloud-ground link in AEC [5] (unlike intracloud discharges). This link forms a bottleneck in AEC
because of its large resistance [5, 6] in respect to the other AEC links; hence the contribution in AEC
of lightning may be significant (its contribution is estimated between 2% [6] and 40% or more [5]). The
ESCs contribute to the ionosphere by currents from dissipating cloud charges.

The electric currents in AEC exist due to ionization of the atmosphere (although weak), which
provides conductivity. Different sources of ionization play a role in atmospheric regions. Between 3 km
and 70-80 km galactic cosmic rays (GCR) contribute for ionization [7-9], so that up to 35 km GCR are
the only ionization source [10-12]. Below 3 km the radioactive gases (radon, etc.) of terrestrial origin
[13] are the only ionization source (photo-ionization plays a role above 35 km). In the high latitudinal
ionosphere there are different additional ionization sources, e.g. precipitation particles, intense electric
currents in auroral regions, GCR [8, 9], solar cosmic rays [14], anomalous cosmic rays [15], etc. These
factors play an important role in formation of the ionospheric conductivity at high latitudes which has a
key role in formation and distributions of the electric currents and fields in AEC originating from the
potential difference Vtp and superimposed to those originating by TSs and ESCs. The ionospheric
electron density can also be influenced by electric fields generated above powerful thunderstorms
[16].

Our goal is to evaluate by means of modeling the superimposed electric currents and fields at
high latitudes generated by the SW-magnetosphere-ionosphere interactions considered above, and
their relative role in AEC [17]. If such superimposed electric currents exist, they can form a very small
‘residual’ part of FAC due to their incomplete closure in the dynamo region. The closure of these
‘residual’ currents occurs mainly in the lower ionosphere, below 100 km, so that they will diminish
quickly with lowering of the altitude. That is why we estimate the superimposed electric currents and
related fields first in the lower ionosphere and mesosphere. For this goal, a 3D numerical model is
developed, based on the continuity equation for the electric current density. Computations are made in
the domain of altitudes 50-160 km at geomagnetic latitudes higher than 45° of one (north or south) of the
hemispheres. The sources of the currents and fields studied (the trans-polar potential difference Ve and
FAC at altitude 160 km) are taken in account as model boundary conditions.

Several facts support the idea that significant electric currents and fields can penetrate from
the ionosphere dynamo-region to downward: i) The horizontal scale of the region of FAC and trans-
polar potential is ~3000 km (or more during disturbed geomagnetic conditions) — tens of times larger
than the vertical dimension of the region of interest [4]; ii) The magnitude of the potential difference
V1p is comparable to the undisturbed ionospheric potential V,. Different experimental and theoretical
investigations support the possibility of penetration of ‘residual’ currents down to the Earth’s surface.
Experimental measurements [4,18] of the potential gradient and of air-earth current in Antarctica
demonstrate that they correlate with the geomagnetic activity, actually due to the penetration of SW-
controlled superimposed currents down to the ground. There are a series of theoretical investigations
[19,20], which show a presence of significant superimposed electric fields in the high-latitudinal middle
and lower atmosphere, and that these fields are re-oriented from horizontal in the middle atmosphere
to vertical ones at the Earth’s surface.

The estimations of the electric currents and fields superimposed to AEC, thus discussed, are
useful in considerations of AEC as a possible link for the transmission of the solar influences to
climate [21], and in revealing complex and incompletely understood system of links between: (a) AEC,
conductivity and aerosols, the cloud microphysics which govern TS and ESC characteristics, global
temperature, water content, climate, minor constituents [22,10] on one hand; (b) solar activity,
galactic, solar and anomalous cosmic rays and high energy particles, on the other hand [9,11,12,15].
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Simulation Model

A physically based numerical 3D steady-state model is proposed to determine the distributions
of the electric current j and related field E in the region 0-100 km created by the electric potential Vi at
altitude Zg=160 km at polar geomagnetic (gm) latitudes, and superimposed to the respective
characteristics of AEC. This altitude is above the dynamo-region in which an effective closure of FAC
is realized. The continuity equation for j is solved:

Q) Vij=0, where |j=[c]E, E=-VO

In Eq.(1) @is the potential of E, &(z=160 km) = V+p, [c] represents the conductivity. Eq.(1) is solved in
spherical coordinates in a domain bounded by altitudes 0-160 km and gm co-latitudes 6 < 45°. The
distributions of FAC and V+p at altitude 160 km are determined for the specified SW parameters from
the model of Weimer [23], and Vp is used as a boundary condition to Eq.(1). Eq.(1) is solved
numerically in succeeding steps for separate thin (< 0.5 km) height layers at 3D grid consisted of 3D
rectangular elements. A modification of finite volume method [24] is used by parameters controlled by
the ratio between the field-aligned and vertical j,, and the transverse and horizontal jp,; components of
the superimposed current j.

The modifications of the electric characteristics of AEC are evaluated as function of the SW
parameters. First, the distribution of the vertical superimposed electric current j, at altitudes below 100
km is studied by a representative set of variations of SW parameters and conditions of conductivity
formation, and is compared (in different atmospheric regions, and at the surface) to the fair-weather
current jrw provided by tropospheric electrical sources. The sensitivity of j, to variations of the key
parameters for the geomagnetic activity (IMF components B,, By, and of the solar wind velocity Vsw)
are estimated. Computational results for the electric current j, and field E, are obtained in the
mesosphere and lower ionosphere with respect of the specific conductivity status.

Input Data

Two types of input data are used in the model: D1) Data representing the response of the
ionosphere to the SW-magnetosphere-ionosphere interaction close above the dynamo-region (related
to FAC and superimposed electric potential at altitude of 160 km); D2) Conductivity in the model
domain 0 - 160 km at latitudes > 45°. The model of Weimer [23] is used to obtain the input data of type
D1 for specified steady-state parameters of the IMF and SW: By, B, IMF components, the density N
and velocity V, of the SW plasma, the tilt of the Earth’ axis related to SW plasma flow. Input data D1
are presented by the 2D distributions of FAC and of the electric potential Vp obtained from the
Weimer model. Physically adequate data can also be obtained with the use of the SuperDARN radar
network [25].

Input data of type D2 are the spatial distributions of ionospheric conductivity (in region 80-160
km), and of atmospheric conductivity (between 0 and 80 km) in the model domain. The ionospheric
conductivity is anisotropic and described by a tensor [o] characterized by three components: the field-
aligned oy, Pedersen op, and Hall o . conductivities. It also depends on the inclination angle of the
geomagnetic field lines. Here it is determined from equation r/sin?6@ = const where r is the distance

from the Earth’s center, and € is the geomagnetic (gm) co-latitude. The interactive lonospheric
Conductivity Model IRI2007 (http://swdcwww.kugi.kyoto-u.ac.jp/ionocond/sigcal/index.html) is used to

represent 3D distributions of oy, op, and oy for a specified date, with account of space weather
conditions. For polar latitudes data D2 require to take into account different factors with a significant
impact on conductivity [11] which add their contribution to formation of conductivity. In the atmospheric
region 0-70 km we use a fixed 3D conductivity distribution of the scalar conductivity for moderate solar
activity and undisturbed conditions obtained according to recent knowledge [3,13], and by the use of
models [8,26-28]. The representation used takes into account dependency of the conductivity profile
by diurnal distributions and latitude. Variations of this fixed conductivity distribution can take place due
to solar activity change (in stratosphere, by modulated GCR [8]), due to volcano eruptions (leading to
dramatic reduction of stratospheric conductivity in polar region [3,13]), and to pollution which takes
place close to surface [13].

Results and conclusions

Seven sample cases related to sets of different SW parameters are shown in Table 1. The
maximum (positive and negative) values of the electric potential Vip and FAC density are
demonstrated for each case. These values are obtained from the Weimer model [23]. Table 1
illustrates parameters characterizing the input data to our model in each case.

Computations of the superimposed electric current and field in the lower ionosphere 60 - 100
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Table 1. Maximum & minimum values at boundary z =160 km of the electric potential @ and respective field-
aligned currents j in sample cases, obtained from Weimer model [23]

Case B, Vg, Dpi AD j (Prmax j (Drmin)s
N | BTl T kmst | Prao KV KV ]:Nmz) J pEA/mg
1 0 8 400 11.3 -10.5 21.8 0.29 -0.31
2 2 4 400 14.9 -14.5 29.4 0.42 -0.27
3 0 -0.5 300 17.8 -20.6 38.4 0.60 -0.30
4 2 -2 400 31.4 -37.6 69.0 0.63 -0.57
5 -5 -5 400 50.0 -58.0 108.0 0.78 -0.82
6 -7 -10 500 65.8 -73.9 139.7 0.90 -0.86
7 -8 -14 600 88.6 -97.0 185.6 0.94 -1.10

km are made by data for the ionospheric conductivity obtained from IRI2007 for 21 March 2005. Figs.
2 and 3 illustrate results, for the distributions of the field-aligned electric current and field, respectively
(below 70 km their vertical components are considered, instead) which are realized by solar wind
parameters B,= -4 nT, B,= -7 nT, V, = 400 km/s, N = 8 cm™ and by tilt angle of the Earth axis = 0°, in
the region of interest 60-100 km at four locations corresponding to different magnetic local time: 00:00,
06:00, 12:00, and 18:00. Fig.2 shows that the 'residual’ current from FAC in this region decrease
exponentially with altitude, but slower at lower heights (their scale-height becomes larger by small
altitude z) because of the decrease of the effectiveness of their closure. At the region considered
these currents are significantly larger than those generated in GEC by tropospheric sources.

Fig.3 shows the related field-aligned (vertical below 70 km) electric fields. These electric fields
increase at lower altitudes; they can reach tens of mV/m at the lower ionosphere boundary (65-70
km). This increase is a result of the fact that below a definite altitude the closure by transverse
currents becomes ineffective since the transverse resistance is larger than the resistance down to the
surface.

Fig.4 demonstrates the sensitivity of the vertical electric field E, studied by us to each of the
considered parameters B, (dashed curves 1), B, (solid curves 2) and V, (solid curves 3) at two
altitudes (80 km and 70 km). The largest relative variations of this electric current are produced by
component B, when B,< 0.

The DC aspects of AEC are considered here, and the relative role in it of the FAC and trans-
polar potential is estimated. The obtained results show that the SW-magnetosphere-ionosphere
interactions considered lead to generation of non-neglecting electric fields in the lower ionosphere at
high gm latitudes. These fields are controlled by the SW parameters and space weather, and possibly
can contribute to processes like electron heating in the mesosphere. The question arises whether in
some cases and under specific conditions the electric field superimposed in the mesosphere can be
large enough to explain strong V/m electric fields which have being systematically observed at high
latitudes [29] and which show correlation with the geomagnetic activity.

100 1 4

©
o
|

Altitude, km
(0]
o
|

angle of the Earth is 0°, the plasma density is
N =8 cm™, V=400 km/s.

~
o
|

60 I ERR] R [ ERR] |

1 1E+1 1E+2 1E+3 1E+4
Electric current density, pA/m

52

Fig. 1. Vertical superimposed electric current j,
as function of the altitude 60-100 km by gm
longitudes at MLT = 00:00, 06:00, 12:00 and
18:00 (curves 1-4, respectively). The IMF - SW
components: By = 04 nT, B, = 07 nT, the tilt
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Fig. 4a, b. Maximum vertical superposed electric field Ez at altitudes 80 km (a) and 70 km (b) as function of the IMF
components By (curve 1), B; (2), and SW velocity V; (3). By varies by fixed other parameters: B,=0, tilt angle of the
Earth 0°, plasma density N =8 cm™. V,= 600 km/s. B, varies b?/ By=0 and the same fixed parameters. Variations of the

SW velocity V; are by V,= 500 km/s, By =0, B, = 03, N=8 cm™.
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