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Abstract: Large modifications in global atmospheric electrical circuit (GEC) are observed during major
solar proton events (SPE), namely, experimentally measured variations of the potential difference (or atmospheric
electric field, AEF) Ez at surface both at high and low latitudes. AEF E; at high latitudes shows unexplained large
variations: |Ez| can be as high as ~1 kV/m, yet Ez can untypically change its direction from downwards to upwards
for time larger than the relaxation time in GEC. At low latitudes significant variations of AEF (10% and more) are
also observed. There is typical mutual dependence between E: variations at both latitudes: at high latitudes E;
exceeds its average value at the first phase of SPE and becomes smaller in the second phase; at low latitudes
the reverse relations take place. Such behavior of AEF E: cannot be explained only as result of enhanced
ionization during SPE leading to conductivity changes in high-latitude middle atmosphere. We consider the role of
SEP particles in formation of additional electric currents and fields in GEC. To clarify the role of this factor,
1D modeling is performed based on the continuity equation for the Maxwell current. Initial results show that the
role in GEC of the penetrating solar proton flux is considerable.
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Pesrome: [lo epeme Ha eonemu crbH4Yegu npomoHHU cwbumus (ClfIC) ekcrnepumeHmanHo ca
HabndasaHu 2onemu Modugukayuu 8 enobanHama ammMocgepHa enekmpudyecka sepuea (FEB), uspa3eHu 8
YamHocm, 4pe3 gapuayuu Ha rnomeHyuanHama pasnuka (unu ammocgepHo ernekmpuyecko none, AET) E; Ha
HUBOMO Ha 3eMsima Kakmo Ha 8UCOKU, maka U Ha HUCKU 2eogpaghcku wupuHu. AET Ez Ha 8UCOKU WUPUHU UMO
HeobsicHeHuU 2onemu eapuayuu 0o ~1 kV/m, a cbwo Moxe 0a CMeHs1 HarpasieHUemo CU 8 HaCO4YeHO Hazope, 3a
8peme, rno-20/15IMO 0m 8pememo Ha penakyua 8 EK. Ha Hucku wupuHu cbwo ca HabmodasaHu 3HaqdumesiHu
(Had 10%) molducbukayuu Ha AEl. Vma esaumHa 3asucumocm mex0dy eapuayuume Ha AEl E; Ha dseme
WUPUHU: Ha 8UCOKU WUpuHU E; nbpeo 3HayumernHo npesuwasa cpedHomo cu 3HadyeHue npedu CIlIC, a cned
moea cmaea ro-Masiko om He20, a Ha HUCKU WupuHU cmaga obpamHomo. Toea nosedeHue Ha AEl E; He Moxe
Oa ce 0b6scHU camMoO Kamo pe3dynmam Ha ycuneHama UoHusayuss om CIlIC, eolfewa 00 u3MeHeHus Ha
nposodumocmma 8 cpedHama ammocghepa Ha 8UCOKU WUPUHU. Hue udcnedsame ponsma Ha Yacmuyume om
SEP nipu ¢popmupaHemo Ha dobagbyHU ennekmpuyYecKku mokoee u nonema 8 EB. 3a da ce u3sicHU ponsima Ha
mo3u ¢hakmop, npednoxeH e 1D moden 6aspaH 8bpPXy ypasHEHUEmMO Ha HEeNMpeKbCHamocm 3a Mb/HUS MOK.
Mbpsume pesynmamu rokaseam, 4ye posisima 6 ([EB Ha nomoka cribHYe8U MPOoMmOHU € 3HadumersiHa.

Consideration of observations

First, we consider observations of atmospheric electric fields E, at surface (z = 0) done at high
latitudes in periods of major solar proton events (SPE) of GLE type. Observations are used here of
atmospheric electric field (AEF) E; at surface (z = 0) performed in Apatity, Russia, (67.3°N, 33.2°E) at
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geomagnetic latitude 63.8° during three SPE in 2001, namely on: i) 15.04, ii) 18.04 (Fig. 1), and iii)
04.11 [1]. For this events the maximum proton flux > 1 MeV is 1.4x103for i), 1.5x103 for ii) n 2.3 x 103
for iii) [particles/cm?/ster/s], according to GOES-10 data. The time period of principal rise of the solar
proton flux is 20—40 minutes, although its very maximum may be reached up to 10 hours after the SPE
arrival. Data from measurements show unusually large variations of AEF E; with typical features which
are more pronounced for last two events, ii) and iii). Fig.1. shows E; variations in case ii). Two different
phases are distinguished. In the first phase (resp., ~8 and ~2.5 hours from the SPE onset) the
average AEF E.a is much bigger than the average E, before the SPE arrival; also, E, demonstrates
large and fast jumps between its minimum and maximum values (from 120 to 540 V/m for SPE ii, and
from 115 to 840 V/m for SPE iii). In the second phase jumps between E, minimums and maximums
are large, as well (from —-20 to 160-170 V/m for these both SPEs), however the average value Eza is
much smaller than before SPEs. Another peculiarity in the second phase is that sometimes AEF
changes its direction from a downward (which is typical in fair-weather regions) to an upward
(E; becomes negative) for a time period which can be longer than the relaxation time constant for GEC
(7 min). For SPE i) (15.04.2001) [1] similarly AEF E; reaches untypically large positive ~+600 V/m in
its first phase and large negative ~— 900 V/m values in the second phase. However, in this SPE an
extra peculiarity occurs: before the SPE arrival E; initially rapidly increases to 500 V/m, then abruptly
jumps to extremely large negative value of —1 kV/m.

It should be noted that some similarity exists between the discussed peculiarities for AEF E;
with variations of the vertical electric current J; in Antarctic stratosphere (at ~32 km altitude) observed
at a balloon platform during GLE on 20.01.2005 [2, 3]. For this last event J; is directed downwards, as
usual, however, much larger than its pre-SPE average value J;a during initial 5 hours, in spite of the
large increase of conductivity. In contrary, during the last eight hours of SPE J, reverses to upward,
yet has large value: |J;| > 2Jza.

A series of measurements of AEF E, during SPEs (with GLE) have been performed at low
latitudes, as well: at CASLEO, Argentina (31.8°S, 69.3°W), 2552 m altitude a.s.l. [4]. Typical features,
which differ in the first and succeeding periods of SPEs can be observed at these latitudes, as well,
however they differ from those observed at high latitudes, when compare AEF Ez with its average
value Ea found for quiet conditions. A typical example is for SPE on 17 May 2012. Fig. 2 shows time
variations of E; (pure line) and E:a (line with confidential intervals added). At the first phase (for more
than 3 hours after SPE arrival) E; is significantly (up to 17%) smaller than E.a. During succeeding >6
hours considerable increase (up to 38 %) of E; occurs above the average E;. Statistical analysis of
eight major SPEs have shown that thus demonstrated features are common for measurements in
CASLEO [4].

It is thus demonstrated that the variations of Ez around its average Ea are of opposite sign at
high and at low latitudes: while at initial phase of SPEs E;, >> E;a at high latitudes, and E; < Ez, at low
latitudes, in a later phase E; << Eza at high, and E > Ez,, at low latitudes.

Finally, for a comparative analysis, we consider respective results at middle latitudes.
Variations of AEF E; at sea level during SPE on 11 April 2013 from measurements performed in
Reading, United Kingdom (51.45°N, 0.97°W) are commented [5]. It is useful to note, for our goals, the
peculiar effect which has occurred within a period of 10 minutes with the arrival of SPE: AEF E; has
changed three times its direction from the typical downward to upward; each time it has reached
~—200 V/m - much larger than its average before SPE.

Further we propose 1D modeling based on an ‘equivalent electric circuit’ in order to clarify the
discussed peculiar effects of variations of AEF E; during SPE when extra electric currents are formed
in GEC. It should be noted that the previous models [7] cannot predict such variations in GEC.

1D model representation of GEC during SPE

We represent GEC in a single hemisphere (under assumption for ‘symmetry between
hemispheres’) by an ‘equivalent electric circuit’ (Fig. 3) under quasi-static conditions with account of
the capacitive atmosphere. Here three links for electric currents between the well conducting
ionosphere at z = Z = 80 km (upper horizontal line) and earth (lower horizontal line) are included.
These represent regions of: a) thunderstorms which generate current into the ionosphere (Rrs); b) fair-
weather regions at all sub-high geomagnetic latitudes < 65° (R..); c) fair-weather regions at high
latitudes > 65° (RnL). Each region R is characterized by a its own profile of conductivity or(z),
0 < z < 80 km. These profiles are adopted from [6] for R and Rts and from [3] for Rrs for SPE
conditions. The source continuity equation V-(J + Jsrc) = 0 is used, where J is the Maxwell current
density, Jsc is the common electric current source of from the tropospheric electric generators
(Jrsre= const), and that created by SPE (Jesrc). This source equation leads to the following system of
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three equations in 1D presentation, for each region Rts, R, and Ry (respective characteristics are
noted in italics):
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Fig. 1. Atmospheric electric field E; in Apatity (67.3°N, 33.2°E) during SPE (ii) on 18.04.2001
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Fig. 2. AEF Ez in CASLEO (31.8°S, 69.3°W) during SPE on 17.05.2012 (pure line) compared
with the average AEF E:a (line with hourly error bars of one standard deviation added)

(1) d(orER)/dz + e (Er /dz dt) = dIrsre/dz

where the index R relates to region R, Jrsc(z,t) — source current in region R. The system (1) of
equations for Rrs, Ru. and Rw is solved under conditions:

2 Jrs(t, z=0) + Jui(t, z=0) + JuL(t, z=0) = 0;
(3) Vrs(t) = ViL(t) = Viu(t) = V(1).

Here Jr(t,z) is the total Maxwell current from ionosphere to surface, and Vg(t) is the ionospheric-
surface potential difference for R-th region. This last is computed as follows:

@) Va®=[" .2/ (on(2)A )z

Vr(t) should be the same for each region R. We assume Jrsrc = const by time. The initial condition at
t = 0 is given by the steady-state characteristics Er, Jr before arrival of SPE when Jpsic = 0. Each
region R is characterized by a unified profile of atmospheric conductivity or(z). For region RuL the
profile ouL(z) is adopted from [3] for conditions of SPE (GLE) on 20.01.2005. Conductivity profile of onL
of region RLL is adopted from [6] for low latitudes, and orts = onL above z = Zct = 6.5 km accepted as
average cloud top altitude. Between the average cloud bottom altitude Zce = 2.5 km and
Zct ors = onl/3 to take account of reduced conductivity in clouds. Below 2.5 km ors = 20w, to present
the role of lightning discharges.

Model results

For a estimation (in terms of our simplified model) of the GEC response to SPE in its initial
period of the proton flux increase up to its maximum Fmax in time tmax We accept rather simplified
assumptions for the flux of protons of energies >1 MeV which penetrate to the upper model
atmospheric boundary of 80 km averaged for region RuL, and for the current density profile Jo(t,z) by
termalized protons below 80 km. The respective expressions are given below.
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(5) Jp(t,2) = gefp(t,2)AnL
where (e is elementary charge. fp(t,z) is assumed to be an exponential profile, as follows:
(6) fo(t,2) = Cp exp (z/Hp)

which is determined on the height interval between z .= 25 km and zu = 78 km from conditions:

a) The ratio fp(t,zu) / fp(t,zL) is equal to the average ratio between fluxes of protons of energies >1
MeV and > 100 MeV at model top boundary, z = 80 km.

b) The total proton flux F(t) at time t (integrated over the height interval [z.,zg]) is assumed here
(for simplicity) to be a linear function of time: F(t) = Fmaxt/tmax. We determine it here for Fmax=102
cm~2s7!, tmax=20 min, to have accordance with events i-iii considered above.

The scale height Hp is determined from condition a) as Hp= (zu — z)/In [fp(t,zu)/fp(t,zL)]. Here we
accept that the ratio fp(t,zu)/fo(t,zL) averaged by time is = 200, to have accordance with SPE i)-iii), and
obtain H p= 8.590 km. The constant C; is determined from condition b) so that the flux f, integrated by
height to be equal to the total flux F(t).

The first results from the model obtained with the proposed assumptions and parameters give
the next estimations for the relative maximum change (RMC, in percent) of AEF E; at surface at both
high (RMChx) and all lower (RMC.) latitudes, for two values of Fmax:

Fmax, cm=2s™! 50 100
RMCH, % 25.3 51.4
RMC., % -2.6 -5.1

These values obtained with rather idealized assumptions show that in the first SPE period of
increase of the proton flux AEF significantly increases at high latitudes, and has a decrease at lower
latitudes which is about one order of magnitude smaller than at high latitudes, but, nevertheless,
cannot be neglected. This estimation is in accordance by the type with AEF variations observed at
both latitudes at the first SPE phase. The modeled variations are much smaller than the observed
ones, possibly, due to oversimplification of the model. Nevertheless, the estimations are much closer
than the predictions in [7].

Understanding the global GEC response to SPEs is important for clarification links between
SPEs and weather formation revealed in [8].

Conclusions:

- Synchronism between variations of atmospheric electric field E, observed during major solar
proton events at high and low latitudes takes place. While in first case E; has initially positive
changes, and then negative, opposite sign of variations takes place in the second case.

- A simple 1D model of global electric circuit based on continuity equation for electric current
density is proposed to explain variations of E;.

- The first model estimations predicts the synchronism between E; variations at high and low
latitudes, but the magnitude of variations is smaller. Development of more adequate model
may be needed in order to obtain better predictions.
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