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Abstract: Results of balloon-borne measurements in Antarctic stratosphere, namely, the electric
characteristics (the conductivity and the electric field) are considered during the solar proton event (SPE) on 20
January 2005. A well-expressed peculiarity in these results is the reversal of direction of the vertical electric field
Ez (and, thus, of the ionosphere-earth current Jz) from downward to upward for several hours in the later phase of
SPE; yet, the absolute value of Jz in this period remains much larger than its typical value ~2 pA/m2. A possible
explanation is given here of this quite untypical behavior of the current Jz. We suggest as factors for such behavior
the increase of contribution of FAC system in the global atmospheric electrical circuit (GEC) at high latitudes, and
the geomagnetic sub-storm occurring in the time period of interest. Our interpretation is supported by results of dc
model in which continuity equation is used for electric currents in GEC originated by FAC.
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Pesrome: PasenedaHu ca pe3ynmamu om 6asrioHHU U3Mep8aHUsl 3a e/IeKmpUYecKume xapakmepucmuku
(MposodumMocm U ernekmpu4yecko rosie) 8 aHmapkmuyeckama cmpamocgepa o epeMe Ha ClTbH4Y4e80mo
npomoxHo cvbumue (ClMIC) Ha 20 aHyapu 2005 2. CunHa ocobeHocm Ha me3u pe3ynmamu rnpedcmasrisea
obpbwaHemo Ha rnocokama Ha eepmukanHomo efiekmpudecko none Ez (u, cnedosamenHo, Ha moka Jz
lioHocghepa-3emsi) om Haco4eHO Hadosly KbM COYeW 0 Ha2ope, U mo 8 NMpoOb/IKEHUE Ha HSIKOJIKO Yyaca 8 KbCHa
¢asa Ha CrlIC; cbwo, Jz no abconromHa cmolUHOCm 8 mo3u nepuod e MHO20 Mo-20/ISM Om munu4yHama My
cmotiHocm ~2 pAIm?. Tyk e da0eHO 8b3MOXHO 0BSICHEHUe Ha mosa Hemunu4yHo rnogedeHue Ha moka Jz. Kamo
obycrnasawu chakmopu myk ce npednazam rosiea Ha CbWECmeeH NMPUHOC Ha cucmeMama Ha cucmemama om
HadnbXHU mokoee 8 eriobarHama ammocgepHa eniekmpudecka eepuaa (FEB) Ha eucoKu WuUpuHU o epeme Ha
mosa ClIC u e8b3HUK8aHEmMO Ha eeomazHuUmHa cyb-6ypsi 8 uHmepecysawjus HU nepuod. Miimeprnpemauyusma e
rnodkpeneHa c pesynmamume om dc Modesn u3rnonssaw, ypasHeHUemo Ha HEMPEKbLCHaMOCM 3a eflekmpuyeckume
mokose 8 EB nopodeHu om HadnbXXHUME MOKo8e.

Introduction

The solar proton event (SPE) on 20 January 2005 is one of the most powerful — the strongest
GLE since 1956 occurred. Simultaneously during 20 January, measurements of electric conductivity o
and the electric field E are supported in the Antarctic stratosphere (MINIS balloon campaign) [1]. During
the day of SPE the balloon position changes from (70.9°S, 10.9°W) at 30.9 km altitude, to (71.4°S,
21.5°W) at 33.2 km altitude. The enhanced ionization causes enormous increase of conductivity. The
vertical electric current J; is computed from o and E; by Ohm’s law. It demonstrates a peculiarity:
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although in a fair-weather region, J, reverses to upward direction for several hours. We interpret this
peculiarity as related to an increase of the coupling of FAC with the global atmospheric electric circuit
(GEC) at high latitudes during SPE and test our interpretation by means of modeling.

Phenomenon of Jz reversal and our interpretation

The measurements at MINIS [1] of interest are demonstrated in Fig. 1. Panel (a) shows the
variations of conductivity o due to enhanced ionization: ~20 times increase in the initial phase of SPE
which begins at 06:51 UT, and several times later. Panel (b) is for the vertical component of the electric
field E;. The vertical component J, of the electric current density (panel ¢) is computed from the Ohm’s
law, J; = oE;. Since no electrical activity took place in the underlying troposphere (thunderstorms are
untypical in Antarctica), J, must represent the ionosphere-earth current in GEC which flows downwardly
and is close to 2 pA/m2. This current typically varies slightly and slowly, otherwise, short transients can
occur (<10 min). However, after the arrival of SPE the behavior of current Jz become untypical. Its most
striking feature is after 15:56 UT: Jz reverses its direction from a downward to an upward for several
hours, yet it rises up to 5 pA/m? by absolute value.

Here we suggest a possible explanation of this phenomenon. Since J, remains reversed for time
much longer than the relaxation constant for GEC (below 10 min), an outer, with respect to GEC, electric
source takes part. At auroral latitudes these can be field-aligned currents (FAC). Principally, FAC do not
penetrate lower than 90 km; their closure occurs above this height. However, FAC can possibly be
extended down to the neutral atmosphere: a very small part Jis of them which can be many orders of
magnitude smaller than the ionospheric FAC of the order of uV/m2. This suggestion is supported, for
example, by experimental results in [2]. Such small current Jis will be negligible with respect to the FAC
system, but even if it is ~107% of the peak FAC ~106V/m, it cannot be ignored with respect to GEC where
typical currents are of order of 10-12 A/m2, We hypothesize that during strong SPE larger currents Jis can
penetrate into GEC at high latitudes, due to the increase of conductivity, so that their contribution can
become comparable to or even larger than the ionosphere-earth current Jrs~2 pA/m2 whose source is
the global tropospheric electric activity. The total current J in the neutral atmosphere thus is to be
represented as follows:

(1) J =Jrst+ Jis

Respectively, only for the vertical components of these currents we have J; = Jrs,+ Jis;. We
adopt the upward direction as positive. In region closer to the dawn sector with downward FAC
dominating one has, Jvs < 0, and Jis; < 0. In region closer to the dusk sector (where FAC are upward)
Jisz > 0. The reversal of the vertical electric current Jz (and of the related field Ez) becomes in this last
region when Jis; > 0 and [Jis7| > [JTs;|. The satisfaction of these conditions is verified further by means
of modeling by developing results of [3].

@)

(b)

(c)

Fig. 1. (a) Electric conductivity ¢ in 10~2Qm (b) vertical electric field Ez in Vm™; (c) vertical electric current J;
in pA/m? from balloon-borne measurements in Antarctic stratosphere simultaneous with SPE on 05 January 2005
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The model
The continuity equation for the density of electric current Jis by FAC origin is solved:
(2) divJdis=0

under steady-state conditions (transients are on time-scale < 10 min, and are neglected). The model
region comprises altitudes 0-150 km, Jis = [c]JE where E is the electric field vector, E = —Vu, u is its
potential. [o] is the conductivity (it is tensor, in general; below ~65 km it is a scalar ). Tensor [d] is
function of orientation of geomagnetic field B which depends on geomagnetic latitude. The extension of
FAC down the ionosphere becomes principally at high latitudes, where the magnetic field B is close to
vertical, so we assume here vertically oriented B. At the upper boundary Zgs = 150 km FAC flow vertically
and are presented by their distribution at geomagnetic latitudes >50° adopted here from [4]. Linearity of
Eq.(2) allows to present the electric current Jis as superposition from a series of elementary sources ji
of sample distribution of FAC at 150 km with a maximum jimax at given coordinates represented as:

3) ji(r) = jimaxexp(—/ri)

where r is the horizontal distance from the source center, ri is the characteristic radius of the
source. The total current from all elementary sources integrated over the upper boundary Zs should be
zero. The simplest representation of picture of FAC distribution is by two balanced sample sources: of
the dawn downward (jimax<0), and the dusk upward (jzmax > 0) currents; it is used further in estimations.

Here assumption for flat ground is adopted. Eq. (2) is solved separately for each elementary
FAC source; the final solution is obtained as superposition of these solutions. Cylindrical coordinates
(r,p,z) are used with respect to the elementary FAC source: z is altitude above ground; r = O relates to
the sample source center. Eq. (2) is written for the electric potential u as:

@)  1/rd/or(ro, éu/or)+6/6z(c,0u/dz)=0.
Here ov and op are the field-aligned and the Pedersen conductivities.

The boundary conditions for the equation with the i-th elementary FAC source are given; i) at
the upper boundary Zs=150 km, Jis;= ji where j; satisfies distribution (3); ii) at ground level u=0.
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Fig. 2. Conductivity profiles: (a) for high latitudes (adopted from [5]) and (b) for any lower latitudes

To take into account the ionization effects of SPE above 20 km, the conductivity profiles are
represented as depending on the distance r from the elementary FAC source. In order to solve 2D
problem, the profiles of oo and or are adopted from Fig. 2a in some surrounding, r < rs= 2500 km they
are computed in [5], and from Fig. 2b (typical for lower latitudes ) outside it, r>rs.

To obtain the distribution of potential u analytically, a step-wise representations of profiles of
conductivities oo and op are used: the region 0-150 km is separated into N = 100 layers z;-1< z <zj, with
ov = ovi = const, op = opi = const in i-th layer. The general solution to Eq.(4) in i-th layer is:

a) forr<rs

@) u(zi_lsz<zi)=TJO(rk)[Fi(k,z)+Gi(k,z)}jk;
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b) forr>rs
© Uz, <2<2)= [ I, (,2)+ 0,k D]+ Ya(rlp, (k,2) + 6, (k, DK

The upper indices —/+ relate here to inner (r<rs) and outer (r>rg) regions; Jo and Yo are the Bessel
functions of first and second type of 0-th order. Also,

(5a) Fi=Ae* (5b)  Gi=Biek,

where A Bi are arbitrary constants. f;, p; are similar to (6a) but with constants a;, and c;; g, gi are
similar to (6b) but with constants b, di. These 6N constants are determined from a system of 6N linear
equations formed according to the boundary conditions i) and ii), and to the following requirements.
1) For r<rs continuity is needed of the potential u~and of the vertical electric current j,~ between layers
z=1z,ie. Fi=Faand dFi/dz=dFi1/ dz at z = z
2) For r>rs continuity of the respective mean values is needed, i.e.:

- atz=z,foru*andj*: T[ur(r,zi)—url(r,zi)]dr=O; T[j;(r,zi)—jzr_l(r,zi)]drzo;

lI:}

- atr=rs, for zri< z < z: ]l[ur(r, z)—u, (r, Z)]dr =0; ]L[J:(r, z)—j, (r, z)]dr =0.

Ziq

Estimations of current Jis:

We estimate the electric current from FAC Jis; at 16:00 UT at the balloon when the observed
total current J, (1) is upward, i.e. J;> 0. This will be valid if Jisz> 2 pA/m2. In order to estimate current
Jisz EQ. (2) is solved. The Weimer model [4] is used to determine distribution of FAC at Zs = 150 km with
the account to a sub-storm (auroral geomagnetic index AL at this time is AL = 1100 nT). For simplicity,
we represent approximately FAC at 150 km only by two elementary FAC sources of distributions (3)
with ri2 =300 km, j12max= +1.2 pA/m2. The balloon is much closer to the first source (the horizontal
distance is r = 400 km than to the second one (at distance r = 2800 km). In this example rs = 3000 km.
The contribution of the first and the second elementary FAC sources to Jis; as determined from the
model, is 4.84 pA/m2 and —0.65 pA/m?, respectively, so that Jis; = 4.19 pA/m2. This value is larger by
absolute value than Jrs;, i.e. the total current (1) is directed to upward. Possibly, the obtained value Jis;
is underestimated due to the assumption for flat ground.

Conclusions

- The problem is considered of the reversal of the ionosphere-earth electric current in upward
direction one on high latitudes observed during the solar proton event on 20.01.2005.

- It is suggested that field-aligned currents have contribution in GEC at high latitudes which is
not negligible during strong solar proton events due to increase of conductivity in middle atmosphere.

- The simplest model estimations show that during SPE on 20 January 2005 remaining of
field-aligned currents in stratosphere can exceed the ionosphere-earth current (its reversal occurs).
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