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Abstract. A quantitative division of the ionosphere into dy- there is no reason to use the local Cowling conductivity while
namo and motor regions is performed on the base of empirithe Cowling conductancEc=2p+212,/2p is a useful and
cal models of space distributions of ionospheric parameterswell defined parameter.
Pedersen and Hall conductivities are modified to represent a
impact of acceleration of the medium because of &nafs
force. Itis shown that the currents in tlie layer are greatly
reduced for processes of a few hours duration. This reduc-
tion is in particular important for the night-side low-latitude
ionosphere. The International Reference lonosphere model |ntroduction
is used to analyze the effect quantitatively. This model gives
a second high conducting layer in the night-side low-latitude The ionosphere is usually considered as a conductor with
ionosphere that reduces the electric field and equatorial eleca given conductivity distribution when global electric fields
trojets, but intensifies night-side currents during the short-and currents are simulated. Considering the high conductiv-
term events. These currents occupy regions which are muchy in the direction of the magnetic field, a two-dimensional
wider than those of equatorial electrojets. approach is appropriate. The magnetic field lines are equipo-
Itis demonstrated that the parameige=op+oy T/ Zp tentials and the ionospheric conductor may be represented by
that involves the integral Pedersen and Hall conductance®edersen and Hall conductances which are equal to integrals
¥ p, Ty ought to be used instead of the local Cowling con- along magnetic field lines of the corresponding local conduc-
ductivity o¢ in calculations of the electric current density in tivitiesop, oy (Gurevich et al.1979.
the equatorial ionosphere. We may note that Gurevich et al. If the conductor is moving, then Ohm'’s law is valid in the
(1976) derived a parameter similar &9 for more general moving frame of reference. An additional term appears in
conditions as those which we discuss in this paper; a morehe laboratory frame of reference that is proportional to the
detailed description of this point is given in Sect. 6. Both, velocity. This kind of electric field generator is subject of the
o4 andoc, appear when a magnetic field line is near a non-dynamo theory. The motion of the medium is mainly defined
conducting domain which means zero current through theby neutral winds and it is slightly disturbed by the Aenp
boundary of this domain. The main difference betwegn force in the E-region of the ionosphere since the density is
andoc is thato, definition includes the possibility for the large there. So, this conductor moves in the magnetic field
electric current to flow along a magnetic field line in order and works as a magnetohydrodynamic generator. In contrast
to close all currents which go to this line from neighboring to the E-region, the medium in the F-region is guided by the
ones. The local Cowling conductivitye corresponds to the Ampére force that corresponds to a division of the ionosphere
current closure at each point of a magnetic field line. It isinto dynamo and motor regionklargreaves1979.
adequate only for a magnetic field line with constant local The purpose of the paper is to analyze the motion of the
conductivity at the whole line when field-aligned currents do conducting medium, whose appearance is due to the elec-
not exist because of symmetry, bii=o, in this case. So, tric and magnetic fields, and to estimate how the electric cur-
rent is changed due to its influence. This gives a quantitative
Correspondence ta4. K. Biernat description of the ionospheric region in that the dynamo is
(helfried.biernat@oeaw.ac.at) changed by the motor.
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It is always difficult to estimate a common result of many wherep is the mass density.
factors when they exist altogether. So, we use a simplified We define right-handed Cartesian coordinates with the x-
way to analyze the factors separately. Such an approach maand z-axes along§, andB, and put the y-axis to complete
be insufficient for nonlinear systems when few factors arethe triad.
strong, but it is useful as a step in research. A pressure gra- The solution for the problem2{4) with zero velocity at
dient is taken into account in the frame of a local model the moment=0 is given by the following formula,
(Maeda 1977. A complicated model like this diamgal- " 0 sint/T)
adze et al(2000 is necessary to analyze all forces which ( ") = ( ) + uge™'/T ( ) ,u, =0, (5

: 7 , —uo codqr/T)

define the motion in the ionosphere.

The motion of the medium may be approximately takenwhereug=[E xB]/B? is the drift velocity,uo=|ug|, and the
into account as a modification of the conductivity. The con- parameters andT are
cept of defining some effective conductivity which represents 2 2
a moving conducting medium is not new. Itis doneAka-  © p/(Bop), T'=p/(Bon). )
sofu and Chapmafi1972 under the assumption of a steady- In the (u., u,) plane this solution is presented by a spiral. It
state motion. It takes different time to accelerate electronsstarts at the zero point and goes to the polat—ug) which
ions, and neutrals up to a steady-state motion. The conduczorresponds to the drift. The direction of this spiral rotation
tivity dependence of the electric field on the frequency is an-is defined by the sign afy. Let oy >0 for definiteness.
alyzed byVanyan et al(1973 in the case when neutrals are  As a consequence of the Eg3g, 8, 5), the current density
almost at rest. The modeAkasofu and Dewitt1965 repre-  varies with time,
sents a modification of the Pedersen conductivity for an elec- . it/
tric field which is harmonic in time. Our approach differs L= (opcost/T) + oy sin(t/T)) ™" E. -
mainly in that an unsteady process is regarded as a relaxation =~ —(—op Sin(/T) 4+ o cost/T)) e”"/T[EL x BI/B.

to a new steady state after a moment when the electric fielggy analogy with the law (Ec), this equality may be inter-

In this paper, we analyze only local effects. A global prob- tensor components,

lem aught be solved with this modified conductivity to find a ,

more realistic electric field. Such a problem is described in (‘”’ (’)) — /T < cost/T) sm(t/T)) (UP> @
Sect. 5. oy (1) —sin(¢/T) cost/T) oy

If the process under analysis covers timét is natural to de-
fine an average value of the conductivity. Time integration of
the formula ) and rearrangement witty T=oy /op gives

uy

2 The conductor motion

Let us consider a homogeneous conductor which moves in
magneticB and electricE fields. Let us split the vectors

E into field-aligned components; parallel to the magnetic T . n

field and the normal componerfs . The Ohm law is valid =~ %# = = 9H |:5 sm?] exXp(—to/7). ©)
in the rest frame of reference,

<op>=op % (1— exp(—to/7)), ®)

Whenn«rz, T, the average values are equal to the original

i =o1Ey, 1) ones. For long-term processgs>t, T, the average conduc-
tivities <op> and <oy > go to zero. As it is shown in the
jL=o0pE'L —oy[E'L xB]/B, (2) next sections, the typical situation in the Earth’s ionosphere

is T>19. This permits to simplify Eq.9),
E'L =E, +[uL xB]J, 3
+ L+fu ] @) <oy >~ oy exp(—to/T). (10)
wherej is the current density, quantities, o/, o) areé the  Then, only ther/r ratio defines<op> and <oy > modi-
Pedersen, Hall, and field-aligned conductivities arid the  fication. The average Hall conductivityoy > decreases as
conductor velocity. We use Sl units. In the case of our inter-the exponent of the duration of the processThe average
est, the electric field and velocity are normal to the magneticpedersen conductivitgop> varies twice less tharoy >

field. does, wheng is small, and decreases aggl when>t.

Since we analyze separately the motion of the conductinganyway, the conductivities vanish because of the conductor
medium, whose appearance is due to the electric and magscceleration if the process is long enough.

netic fields, no force but the Anépe one needs be takeninto  The next section presents the empirical models of iono-

account in the equation of motion spheric parameters which we use. Then, the effect of the
du, . ionospherical conductor motion is analyzed under typical
p— - =lLxBl (4)  conditions.
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3 Empirical model of the main ionospheric parameters o, w;
P P P oy = ¢ 26 2 _Z , 21 N E (13)
me(ws +vs) — mi(of +v;)

Our calculations are based on the following empirical mod-

els: The International Reference 2001 (|R|), the Mass SpeCWherewe anda)i are the electron and ions gyrofrequencieS,
trometer Incoherent Scatter 1990 E (MSISE), the Interna,, andm; are their masses. The summation is over the main
tional Geomagnetic Reference Field 1945-2010 (IGRF-10)ons OF, 03,NO",i=1,2,3.

We used Fortran software of these models from the web page
of NASA's Space Physics Data FacilitNASA, 2006.

The concentration of the main ionstQ03, NO™, and 4 Typical acceleration periods
electrons, as well as their temperatures, we define by IRI.

To include the height region of 80—100km we choose theThe above presented set of models permits us to calculate
model Panilov and Smirnoval993 among those included  spatial distributions of ionospheric parameters for any date
to IRI. All other alternatives inside IRI are solved as a choice and time. Equationﬁﬂ give the values of the parameters

of standard versions. The main neutral gasgs®4, O con-  andT which represent the period of a conductor acceleration,
centrations, we define by the MSISE modelegin 199).  which is also the period of the conductivity relaxation to the
Above 120 km this model does not differ from MSIS€din zero value.

etal, 1977). For definiteness we choose a moment of universal time

120km. This permits one to define a common temperatureequinox. Other conditions are the following: low geomag-

We use the MSISE model to define the temperature belovhetic activity, the , index equals 4, moderate Solar activity,

The collision rates of the electrons can be calculated by The vertical cross-sections af and T above the points
the following formulae Banks 1966 with geomagnetic latitudes,,=90°, 45° and longitudes

v(e, O2) = 1.82 x 10715:(0,)(1 + 0.036\/T7,)\/T., gom_=180°, om=0° are presented in Fig. 1. Hefe_ is the _
v(e. Na) = 2.33 x 10~ (Ny) (1—0.000121,) T height from the Earth’s surface. We use these points as typi-

cal ones for the low latitude and middle latitude ionosphere.

—16
v(e,0) = 2.8 x 10 (0T, There is midnight at the points witp,,=0° and midday at
vei = 54 x 10 %0, 7,715, the points withyp,,=18C.
Ve = Vei + (e, 02) + v(e, N2) + v(e, 0), (11) Ther andT height distributions moderately vary witk,,

¢m in the day-side ionosphere. In the height region of 160—
300 km, both parameters are much larger in the middle lat-
itude ionosphere than near the equator as it can be seen by
comparison of Fig. 1d and b.

A typical time of a quasi-stationary process in the Earth’s

wheren(0») is the concentration of the molecules éxc.,

n. and T, are the density and Kelvin temperature of elec-
trons, andv, is the total electron collision rate. For the ions
— neutrals collisions, we use the formul&iubbe 1968

0.37 . : : .
_ T, + T, ionosphere may be definedas=10* s because of daily vari-
+y 15( Li T 1In
v(O") =1.86x 10 < 2000 ) n(0O) + ations.
+1075,(0p) + 1.08 x 10-52(Ny) As it can be seen in Fig. 1, there 15>10"s elsewhere.
028 ' The value of the factor in the bracket in the express@n (
»(Op™) = 117 x 10715 <Ti23-0€n> (0p) + does not differ much from unity if'> o,
+0.75 x 107 35,(0) + 0.89 x 107 151(Ny), 1= L sin%o > sin1~0.85, (14)
V(NOt) = 0.83 x 10~151(0p) + fo

+0.76 x 107 1(0) + 0.90 x 10 *%2(Ny). (12)  and it goes to unity whef increases.

The parameters given by the IRl model and Ed4, (12) The parametef” decreases down to 46 only in a thin

are sufficient to calculate the components of the conductiv—Iayer near 140km in the daytime ionosphere. There is si-

ity tensor by the following formulae (see, eldargreaves multar_weouslyr:_lo“'s in this region. Therefore, the con-
1979 ductivity oy varies more strongly with through the factor

exp(—top/t) than it does withl" by Eq. @14). It is four times

_ 2N 1 n 1 more forfp~10*s. In the nighttime ionospherd;>10s.
oa=e ’ Therefore, we neglect the functional behavior®mll over
the ionosphere and use the simplified Ef0)(instead of
2 Ve Vi Eqg. 9) for the processes of interest whose typical tirge
= N —"_ b
o= <me(wg +v2) Z mi(wl? + pl.2)> does not exceed 16.

i

MeVe 7 m;V;
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Fig. 1. Vertical cross-sections of the time parameteend 7. The panelga), (b) correspond t@,,=90°, (c), (d) correspond t@,,=45°.
The left and right columns present midday and midnight values, respectively.

The parameter decreases with height. It equals three 9) which are calculated for the processes with1/3, 1, 3 h,
hours at the height of about 140 km at midday and at 170—+espectively.
250 km at midnight. Since the function$z) monotonously Height distributions ob are partially plotted at the same
decrease with height for every fixég,, ¢,, there is a point  panels agp to demonstrate thaf; is thousands times larger
20, o) in Which t=rg. The set of these points taken for thanop above 100 km.
all values o®,,, ¢, forms some surface. This surface divides The effective Pedersen conductivity is smaller than the
the ionosphere into two regions. The motion of the iono- original op by a factor of ten above 300km. However, its
spheric medium is almost independent of the electric fielddecrease by a factor of two in the region of the maximum
below the surface. The effective conductivi;, @) is cor-  value is more important for two-dimensional models of the
respondingly close to the originalk, oy . This regionis re- ionospheric conductor.
ferred as the dynamo regioHl&rgreaves1979. Above this The effective Hall conductivity<op > decreases much
surface, the medium is quickly accelerated up to the drift ve-more in comparison tey than <op> does in comparison
locity and its effective conductivity decreases significantly. to op. It occurs above 200 km where even the originglis
Equations 8, 9) estimate such a separation quantitatively. It small.
depends on the typical period of the process under consider- Figure 2b, d, f, h shows that the effective conductivities
ation, rg. during night time are also significantly less than their original

values wheny is large enough.

The curves 1 in Fig. 2 show the height distributions of \ye analyze the modification of the integrated conductivi-
op, oy for the same conditions as Fig. 1, respectively. Theties in the next section.

panels (a), (c), (e), (g) are plotted for midday and the pan-
els (b), (d), (f), (h) present midnight distributions. Curves 2,
3, 4 show the effective conductivitiesop >, <oy > (EQs.8,

Ann. Geophys., 26, 211243Q 2008 www.ann-geophys.net/26/2111/2008/
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Fig. 2. Height distributions obp, o (curves 1), and effective conductivitiesop >, <oy > for rp=1/3, 1,3 h (curves 2, 3, 4). The
conditions are the same as for Fig. 1. The pat@lqb), (c), (d) correspond t@,,=90°, (e), (f), (), (h) correspond t@,,,=45°. The left and
right columns present midday and midnight values, respectively. Height distributiefsao¢ partially plotted at the same panelsras
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5 2-D model of the ionospherical global conductor The equality {6) means that the electric current along a
magnetic field line can be arbitrary while the electric field

Considering the high conductivity in the direction of the componeni£; equals zero,

magnetic field, a two-dimensional approach is appropriate.

The magnetic field lines are equipotentials and the iono-£1 = 0. (17)

spheric conductor may be represented by Pedersen and Halince E=—grad V, the electric potential is constant at

conductances which are equal to integrals of the correspondeach magnetic field line as a result of the identity)(@nd
ing local conductivitiesp, oy (Hargreavesl1979. We fol-

low the approach b@urevich et al(1976 where this proce- EL = —grad, V. (18)
dure is made accurately from the mathematical point of view|, ,,ch a model, a magnetic field line is an object with its

by introducing some base surface that crosses all magnetig,, value of the electric potential. It can obtain or loose
field lines and it is used both, for numbering of the field lines charge by currentg, and it does not matter for its total
and as a fictitious 2-D conductor film that is equivalent to A charge in what point of the magnetic field line exists be-

real space distributed conductor. cause charge can go free along this line according tolB).

Here we present a simplified version of the approach by penote the semi geodetic coordinates at the base surface
Gurevich etal(197§. Such a simplification is possiblewhen 55, 1. Then the distance between two points at the base
magnetic field is normal to the base surface. For a potentiak,rface which are close to each other equals

magnetic fieldB=—grad ®. Any surfaced=const may be 5 5 )
used as such a base surface since the vgcaor ® is always ~ §°(Am)” + (Ah)%, (19)

normal to the surfac@;const. We use the empirical model where the components of the metric tensor g#el. The
IGRF that represents just the potential part of the geomag-

N ) . e . rocedure of such a coordinate system construction is pre-
netic field. It would be impossible if it includes magnetic b y P

. ) sented in Korn and Korn 1968. The third coordinaté is
perturbations created by the currents in the magnetospher?he arc length along the magnetic field line from the point at
An additional simplification is possible since we use semithe base surface

geodetic coordinates on the base surface. Since the surfaceIn purpose to define the conductance for a magnetic field

®=const is smooth such a coordinate system exiesr( line let us analyze a thin magnetic field tube that has a square
and Korn 1968_' L ) cross-section in some plane normal to the magnetic field. The
The conductivity is a scalar in the atmosphere below 80 kMoo section is shown in Fig. 3 with thexis directed out
anditis a tensor with thep, o, o) components in the iono- ¢ the paper. We put magnetic field lines from the point 0
sphere which can be calculated by EXB)( till some point 0. We construct local Cartesian coordinates
Let us suppose that the conductor does not move. TheRear the point Owith the z-axis along magnetic field. We put
the Ohm law (Eq1) stays for the parallel components and {he x-axis from the point’Go point 0 in that the field line

the law @) is simplified for the normal ones, from the point 1 intersects the plape-0. We put the y-axis
to complete the triad. We also design the magnetic field line
L= (ap —0H> E,. (15) from the point 2 till it crosses the plare=0 in some point
Oy Oop 2.

Since we analyze a thin magnetic field tube with small
gAm=Ah we get some parallelogram in the plane0 as
the projection along magnetic field lines of the quadrangle
into the pland=0. This is shown by the right-hand panel in
Fig. 3. We denote the coordinates of the poirit1as

o) = . (16)  (Ax1.0,0),  (Axz, Ay, 0), (20)

In Fig. 2 it is demonstrated how the difference betwegn
andop increases in the height region 80-100 km. Siage
in the ionosphere is thousands times larger thanoy it is
possible to idealize this inequality as

The conductivitiessp. o are small below 80km and can With zero point Ocoordinates by construction.

not make a substantial contribution to the integrals. More- Because of the expressiodg), the potential differences
over, the two-dimensional approximation fails there becausd€tWeen the points, D and between,D are equal to

the field-aligned conductivity) becomes comparabled. Ay, — —E,gAm, AV = —E,Ah (21)
The approximatiornoj=oo is satisfactory above 80km, if _

electric fields above 100km are under analysiéefing  and between the points, D' and between'20

1989. If electric fields and currents below 100 km are of / /

: . . AV = —E Axy, AV, = —E Axo — E,Ay>. 22
interest, it would be necessary to solve another conductiv-" * xOA 2 X242 yay2 (22)
ity problem in some domain below the new boundary aboutHere we take advantage of the fact that the cross-sections of
100 km taking obtained potential distribution at this bound- the magnetic field tube are so small that the electric field may

ary. be taken as homogeneous across the tube and th@®g. (

Ann. Geophys., 26, 211243Q 2008 www.ann-geophys.net/26/2111/2008/
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Fig. 3. Normal cross-sections of a magnetic field tube which starts attlieplane. The right panel presents another cross-section of the
same tube. The local Cartesian coordinates, z are introduced near the point 0

The potential differencea Vi, AV, (Eq.21) are the same

conductance tensax X that is the coefficient in front of the

asAVj, AV, (Eq. 22) because the values of the potential at vector(E,,, Ep,) in Eq. 27)

the points 0 and’01 and 1, 2 and 2 are equal since these
pairs belong to the same field lines. This permits to calculate

the electric field in the plane=0 from the last formulae,

gAm

Ey _ Axy 0 Ey
Ey) |\ _8AmAx; Ah |\ E, )°

Ay2Ax1 Ay2

(23)

This electric fieldE; produces the current by Ohm’s law
(Eq.15),

()= ) ()

Let us consider a prism<€;<Az and currentsAly, Al
through two of its sides which have height and contain

(24)

the edges’@’ and 02, correspondingly. We must multiply

the normal components of current density (E4) with the
squares of these rectangle sides,

Al — Az Ayr —Ax2\ [ jx
Al ) — 0 Axp By )

(25)

;-
The same currents through the sides of the analyzed magnetic

tube may be provided by some surface current density
at a fictitious thin conducting film in the plarie=0 if the
component\ J,,, AJ, of AJ are such that

Al = AJ, Ah, AlL = AJygAm. (26)

Taking into account Eqs2B-26), we can express

Ay  Axp
<Mm) _ AZ(E —Am) (oP —6H> y
A - BX1
Jh O gAm oy OoOp

gAm
x Axq 0 Em
__8AmAxy Ah E, )

(27)

Ay2Ax1 Ayz

This means that the conducting prism$<Az can be re-
placed by a fictitious conducting film in the plahe0 with

www.ann-geophys.net/26/2111/2008/

Ax2+Ay2 A

2 2 X2

— = ——*f0op—0O

Y = Az AxiAy, P Ayi P N )
Ay, 0P ToH Ay @

where the equalitg Am=Ah is used.

By summation of the incomes from all cross-sections of
the magnetic field tube, we obtain the conductance of such a
film in the planel=0 which, in respect of currents exchange
between magnetic field lines, is equivalent to the surrounding
of the whole magnetic field line. The resulting Ohm law can
be written as)=XE, or in detailed form as

(]m> _ 2:mm Emh Ey
In Xhm Znn ) \ En )
Since the coordinatkis the length along this magnetic field

line it can be used as alocal Cartesian coordidétgiz near
the planez=0. After integration of Eq.48), we get

(29)

Ax2+Ay2 A

2 2 X2

—2—2 —20p —0
Axlyy TP TRy TP T (30)
Ays op + OH AyZGP

We see that only ratios ohx1, Axz, Ays are present and
they are known functions étbecause the magnetic field lines
are proposed to be known as well as #he oy space distri-
butions.

If the magnetic field lines are parallel straight lines, then

Ayz/Ax1 =1, Axz = 0. (31)
Therefore Eq.30) is simplified to
¥ = / ("P _"H) dl, (32)
oy Oop
what permits to write down the tens@ras
_(Zp —Zy
2= (5 o). (33)

Ann. Geophys., 26, 211133-2008
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Fig. 4. Geomagnetic equator with segments of the magnetic field lines which start and finish at the height of 80 km, and cross the geomagnetic
equator at the height of 400 km. A possible base surface near the geomagnetic equator is plotted by the thin line.

with Pedersen and Hall conductancEs, Xy which are
obtained from the local Pedersen and Hall conductivities )
op, oy integrated along a magnetic field line. If a segment of , AX5 + Ay; —1] <030

the magnetic field line with nonzertp, o is short enough, Ax1Ay2
then the equalities3Q) are approximately valid for any mag-  Ax; Axy
netic field. This is so in the high and middle latitude iono- |5y, <021 13— 11 <043 (34)

sphere where the magnetic field lines cross the ionospheric
conducting layer with some angle from the vertical that  The lines which start below these lines and finish at the same
increase the length as/=A H/ cosé, whereAH is the ver-  height of 80 km satisfy these inequalities as well. The seg-
tical size of the layer. ments of the field lines which are in the height interval 80—
Itis necessary to emphasize that such a teRsaith only 400 km in the rest ionosphere also satisfy these inequalities if
Y p, Xy components stays only in coordinaiess normal the base surface is normal to the lines and because of that the
to the magnetic field. line segments are shorter than the lengths of those shown in
Since the parameters of the ionosphere do not vary muclirig. 4 and the non—dipolar components of the geomagnetic
in the horizontal direction, the integral83) can be calcu- field are not too large. But similar geometrical coefficients
lated as height integrals in high latitudes and just height in-additionally appear if we take into account that the Northern
tegrals are often referred as to integral conductivitiéarg- and Southern semi-lines must be united by the same poten-
reaves1979, but there is no reason to do so in low latitudes tial value at least in low and middle latitudes. It is shown by
since the electric field is constant not with height but alongDenisenko and Zamafi992 how to construct such a base
magnetic field lines which are almost horizontal. surface for the whole ionosphere as a set of small sheets and
We use the IGRF model for the geomagnetic field. Fig-to transform it into a unit circle for a dipolar magnetic field.
ure 4 presents the position of the geomagnetic equator at thEor the real geomagnetic field this can be done only numeri-
height 400 km and a possible base surface at the same heigtaally.
They are presented by thick and thin lines, respectively. The The numbers in the inequalitie84) estimate the error if
abscissa is the geomagnetic longitygeand the ordinate is  the expression3() is simplified with Eq. 82). If we use
the geomagnetic colatitudg,. Both lines vary with height only the dipolar component of the geomagnetic field, then
because of the non-dipolar part of the geomagnetic field, butthe base surface and the equator become the plgae /2
the variations are hardly seen in the figure for heights of 80-and the calculations give
400km. The segments of the magnetic field lines are also
plotted. These lines cross the geomagnetic equator at thé X3 + AY% — 1~ —006
height of 400 km. The ends of the segments lie at a height of Axi1Ay» T
80 km. Ax2 Ax1
The geomagnetic equator is the line of the horizontal mag- Ay, ~0.00, Ayy 1~0.07. (35)
netic field and the base surface has constant value of the maq; ) o
netic potential. We mention that the magnetic field is not nor- | € shape of a dipolar magnetic field line is known to be
mal to the geomagnetic equator in nondipolar models and the :
base surface is defined so that the magnetic field is normal o~ rosin’ 6, ¢ = o, (36)

Here we have chosen the surface that gives the best values flane and:, 0, ¢ are the coordinates of any point at this field

the following estimations. S ~line. So, the coefficients can be calculated analytically,
We have calculated the magnetic field lines in the neigh-
borhood of the lines presented in Fig. 4 that permitted us toAx2 + Ay? 1

obtain the values of the geometrical coefficients in the inte-~ Ay Ay, — /11 3c020

gral (30) and to find that they satisfy the inequalities A A
A—xzzo, A—xl=\/1+3co§0. (37)
Y2 y2
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For the lines in the height interval 80-400 km, EBE)(gives Ah—0. We obtain a 2-D operator of the divergence of the
| /2—6|<13 and the values given by EcB7) correspond integral @1) that in accordance wittKprn and Korn 1968

to the numerically obtained ones in the equaliti@s) ( is
As it is shown by the estimation$4, 35), the simpli- 1/ 9 3
fied definition of the conductance32) is rather precise for DivJ = ; (E(Jm) + ﬁ(th)) , (44)

a dipolar field, and it gives an error up to 40% for the real

field. Nevertheless, for simplicity, we use just Pedersen andand the function

Hall conductanceX p, £y near the geomagnetic equator in Mo gy d dx1 d
our further demonstrations of the results of the plasma acyp — / Pl tut _j”M
celeration, because the effect under analysis decreases the Jiq ~ §AmAh gAmAh

conductivity a few times. -
. - as the difference between the termd8)(and @2). If the an-
The current density (E@4) satisfies the local charge con- alyzed part of the magnetic field tube is short enough, then

servation law the fractions in this expression is equal to unit.

lfin

(45)

Ist

Y aj 9j . ;

divj = % n % % —q. (38) The total result of this integration of the local EG§],
X b4
g | | . Dpvi=0 (46)
where nonzerg appears if some given extrinsic currépt
exists. Then is the charge conservation law for the fictitious current at the
. base surface.

g = —diVjey. (39)

The Eqs. 46, 18, 29) give the model of the introduced
For example such an extrinsic current appears in accordandéctitious conducting film,

with Ohm’s law (Eq.2) — Div(Z Grad V) = 0 (47)

jex = (Z: G(;H> [u x B], (40)  where the operatdBrad produces then, h components of
the full vectorgrad V.

when the velocity in the ionosphere is given. Such a cur-  The sharp decrease of the conductance below the iono-

rent source is under analysis in the dynamo thedka6ofu  sphere may be idealized as a jump to zero at some height

and Chapmar972. Different given currents in the magne- ;. Then,h=h is the boundary with insulator that means

tospheric parts of the magnetic field lines also may be takeryero normal component of the current density,
into account a§,.

The integral of the local Eq3@) over the magnetic field ~ Jilp=n, = 0. (48)

tube presented in Fig. 3 frotg till /sy is equal to the sum If we approximately putp—oy =0 ath<h1 while integra-

of the currents through its four sides whose cross-section%On in Eq. G0), then—0, whenk—sh1. This happens be-

are presented in Fig. 3 plus currents through the ends. In o .
accordance with the definition of the fictitious current at the cause the length of the segment of the magnetic field line that

. is inside the layer witly £0 goes to zero when the top of the
base surface, the sum of these four currents is equal to . . : :
field line goes to the boundary of this layer. Such a singular-

ity ¥—0is a bad feature for Eg4{). To avoid this singular-
?{[(]’”’ i) x (dm, dm)]. (41) ity, we need conductivitiesp, oy in some region belovit;
The current through the end of the magnetic field tube is that makes it possible to calculate nonzero conductahate
h>h.
J1Ax1AYy2, (42) It is possible to takeér; about 80 km in the daytime iono-

sphere and@; about 90 km in the nighttime ionosphere. Less
values ofh; meet two difficulties. As it can be seen in
Fig. 2a, b, quantityy) is not much larger thaap, oy be-
ow these heights and so the 2-D model can not be used. The
second problem is due to the restrictions of the IRI model. It
g)ives the electron density above 65 km in the daytime iono-
Sphere and only above 80 km in the nighttime ionosphere. In
the next section, it is demonstrated that these heights include
the main part of the ionospheric conductor.

Lin In purpose to plot the conductangedistributions at the
/l” qAx1Ay2 di. (43) " common heighta >80 km, we extrapolate the electron den-
sity below 80 km in the night time ionosphere as

where the field-aligned current densjty and the square of
the tubeAx; Ay, are taken atg; or atlsn. If we regard the
whole tube that starts below the ionosphere and finishes als
below the ionosphere in the opposite hemisphere, jhe®
at the both ends. Otherwisg at one end of the tube may
be nonzero as some given current from the magnetosphere
the ionosphere.

The integral of the right-hand side of EQ8] is

Let us divide the terms4(—43) by the square of the tube
at the base surfaceAmAh and make the limitAm—0, nS exp((h — 80km)/ ho), (49)
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where the parameter@, ho are defined by the, values at  the curvature of the Earth’s surface and suppose that the base
h=80km andh=85km at every vertical line. The E49) surface is a plane. Then, semi geodetic coordinatdsmay
permits to represent a sharp decrease of the vayesy be chosen as Cartesian ones with a vertical directiand a
belowr=80 km without their jumps to zero &=80km, that  horizontal directionn along the geomagnetic equat#tofn
would be if we were to put,=0 and hence p=0y=0 be- and Korn 1969. The metric tensor becomes a unit one in
low 7=80 km. such a case, what means tigatl in Eq. (19). As usual, we

The Eg. 47) must be completed by the boundary condi- don’t take into account the charge source inside the bound-
tion (48) and some conditions for other boundaries. In theary layer, which mean®=0 in the charge conservation law
dipolar magnetic field with zero electric potential difference (Eg. 46).
between adjoint points in the Northern and Southern Hemi- After these simplifications, Eq46) takes shape
spheres the base surface can be chosen as thegplarge’ 57 97
and the cylindrical coordinatese can be used as, m with oy oo
metricalg=r in Eq. (L9). Then condition48) becomes dm dh
In order to compare the scales df,, J;, let us inte-

—0. (54)

<_Erra_v - Zr(p} B—V) =0, (50) grate this equation over the quadrandle<h<hi+68h,
ar r 09 )l —reth, mi1<m<mi+8m, where the sidé=h; belongs to the bound-
and the condition, that means absence of a singularity nea®'y With insulator 48) andm=m is an arbitrary point at the
the magnetic poles, boundary. After integration by parts,
Voo =0, 1) S DGy + Sm. k) dh — [ g, ) dh o+
8
completes the model. + fn’flﬁ " Jn(m, hy + 8h) dm = 0, (55)
Equation §7) takes the shape where the integral over the side=h; is omitted because it
190 oV oV equals zero in view of Eq4@). Since each integral of a con-
“rar rz”‘ﬂ + E"/’ﬁ - tinuous function over a segment equals the length of the seg-
1 9 9V 19V ment multiplied by the value of this function in some point
3o ( v + Lpp— 8_) =0, (52) inside the segment, this equation may be rewritten and re-
roe " roe solved as

with the tensorz calculated by Eq.30). .

If the parts of the magnetic field lines are regarded sepa/h (" h1+8h) =
rately for the Northern and Southern Hemispheres, t@ien _ Sk (I (g = 8, B*%) — T (m1, B™%)), (56)
includes given field-aligned currents above the ionosphere in dm
accordance with Eq4). The boundary value problem be- \yherex marks some point inside proper segment.
comes more complicated in such a moda¢gisenko 2002 Since we are interested in a large scale processes when the
in comparison to Eqs50-52). distancesm of a remarkable/,, change is much larger than
8h, the ratio in the right-hand side is a small parameter
The first order boundary layer approximation corresponds to

6 Cowling conductance ; N : ;
g the idealization of this small parameter,sas0, meaning

The Cowling conductance Jy(m* . hy + 8h) = 0. (57)

_ 2
Xe=Xp+Eh/2e, 43 Since the values of coordinates*, h1+38h describe any

is widely used Forbes 1981) in theories of equatorial elec- point, the vertical component of the current density equals
trojets. It appears in the models of the boundary layer for thezero inside the boundary layer,
problem defined by Eqs46, 18, 29, 48). 7 -0 58

As usual, an approximate model of the boundary layer is”" ~ = (58)
based on its small width in comparison to typical distancegjmilar analysis of the equation
along the boundary. The ratio of these scales is regarded as
to be a small parameter, In our caseg=5h/m since the ~ 9En _ 0Em _ o (59)
boundary 48) is the lineh=h1. Let us now denotg; as theh om oh

coordiqate of the line, that separates th.e boundary layer fro.rq\,hich is equivalent to Eq1@) in our Cartesian coordinates,
the main part of the conductor. These lines may be curved ighqys that the horizontal component of the electric field is

general case, but, here we simplify the proced@erévich independent of the higtitinside the boundary layer,
et al, 1976 to make it more visual. We neglect the differ-

ence of the metric coefficients from EQJ). We also neglect  E,,,(m, h) = E,,(m). (60)
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Since the conductance tensor in the Ohm'’s 12@) has the  less then a few thousands kilometers distance along the equa-

shape 83) in our simplified case, we can write EQ9) as tor, indeed. Its adequateness looks problematig i/, ex-
ceeds 1000 km, but itis not necessary to use a boundary layer
<Jm> _ Xp —XH Ep (61) approximation for such a wide region.
Jh Xy Xp Ey ) There are experimental estimations of the width of this

boundary layer, which means the vertical size above the
geomagnetic equator. The longitudinal component of the
Jn(m, h) = SpEy(m) — Sy Ep(m, h) electric field is constant for about 400 km in the vicinity of
the geomagnetic equatdfdrbes 1981) that corresponds to
0= s Ep(m) + ZpEp(m, ). (62) Eq. 60). This means that at least one of the two nontrivial
From the second equation we obtain base features for the 2-D boundary layer the&®8),((60) is
adequate in th& and F regions of the ionosphere above the

In combination with Eqs.58, 60) this means

Ep(m,h) = —(Xp/Zp)En(m), (63) geomagnetic equator. This leads to the Cowling conductance
and, resolving the first one, we obtain the main formula of =c and then ta,. Nevertheless, only test calculations with
the boundary layer different choice of its upper boundary can show the error.

5 The total current (EQq65) in the striphi<h<hy varies
Jn(m, h) = (Zp + X5/ Zp)Ep(m). (64)  along the equator. If we cut a part from till m+8m, the

The coefficient is referred to as the Cowling conduc- charge conservation law (E§5) for this part takes the shape

tance b3). It relates the components of the current density m-+8m

and electric field which both are normal to the magnetic field / (7 + dm) — 1(m) + / Jn(m, h2) dm = 0. (66)

and parallel to the boundary. They are along the geomagnetic

equator. Let us divide this equation byn and go to the limism—0,
SinceE,, is independent of, it is simple to integrate ex- then

pression §4) over the height: to get the total currentinthe 37 ()

m

boundary layer, r— + Jn(m, ho) = 0. (67)
h2 ho . . .
I(m) = / o mo ) dh = (/ o dh> E,(m) — Using the denotation of Eq68), we obtain
ha hq 9
= A(m)Ep (m), (65) %(A(M)Em(m» + Jn(m, h2) = 0. (68)

where the total conductance of the boundary layer is a funcThis is the boundary condition that must be used at the new
tion of the coordinate: along the boundary and is denoted boundaryk=h, which excludes the boundary layer from the
asA(m). global problem. The second order boundary layer approxi-

Such a boundary layer approach is correct but of no sensgnation §7) improves the first order approximatiosg). Ap-
if S in the vicinity of the boundary is of the same order of proximations of the next orders are not really used.
magnitude as inside the main part of the conductor. Some When the solution of the 2-D problem is obtained, the
small current (m) is separated in this strip, but it does not electric field at the new bounda#;, (m) can be used to cal-
help to analyze the global problem. This is not the case in theculate inside the boundary layer the electric field and current
ionosphere of the Earth and this boundary layer is observedy Egs. 60, 63, 58, 64). Also the 3-D current density may be
asthe equatorial electrojet. Typical distributionglpf above  calculated by Ohm’s law2d), wherex is along the equator
the geomagnetic equator are presented in Fig. 5e, f. Largas it ism. So, the horizontal current density in the equatorial
values of¢ are seen in thér~50 km layer in the midday. electrojet equals
This layer is much wider at midnight. Its upper boundary
is not shown because ¥ decrease to about 10 S middle Jx = 0pEn(m) —onEyp(m, h) =
latitude value is rather slow. If we are interested in the total = (op +oyXy/Zp)E,(m). (69)
currents in the equatorial electrojets, the integrat@&s) ¢an
be done tillk=150 km at midday. The night time structure is
analyzed in Sect. 8.

If the problem given by Eqs.46, 18, 29, 48) is solved
numerically, the sharp variations of the coefficients:idi- is equal to the local Cowling conductivityr=0p +o£,/ap,
rection produce difficulties. They can be avoided by separatif the ionosphere is a homogeneous layesgr/op=const
ing the boundary layer taking=300 km to makexp, Xy at each magnetic field line. Then EQ32[ gives
smooth functions in the rest domain. The Cowling conduc-Xy/Xp=0py/op. The real space distribution efp, oy do
tanceX¢ itself is not used there. The boundary layer approx- not satisfy any of these conditions. The difference between
imation is correct in this case, sinbe—h1~200km is much ¢, ando¢ will be demonstrated in Sect. 8.

The coefficient in the last expression

oa=0p+ouZu/ZTp, (70)
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Fig. 5. ConductanceX p, Ty, X above the geomagnetic equator (curves 1). The left and right columns present midday and midnight
values, respectively. Curves 2, 3, 4 are for effective conductanceg=fay3, 1, 3 h.

Integration of this parametey; along a magnetic field line

is simple since& p, Xy are constants for this line

/O‘ddl=/O‘pdl+(EH/2p)/GHdl=

=Yp+3%/5p = 3¢

So, the Cowling conductancE. is not equal to the inte-

(71)

done instead of using the Pedersen and Hall conductances
and Eq. §3).
7 Modification of the ionospheric conductance

In Sect. 5, the conductanc&s, Xy are defined for a mag-
netic field line. We identify a field line by the height

gral of the local Cowling conductivity as it is sometimes of its position above some point with given geomagnetic

Ann. Geophys., 26, 2112430 2008
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Fig. 6. Conductance distributions at the base surface near the geomagnetic equator for a short-term procgs3.isPfanébg; o(Xp),
panel(b) is for log;o(Z ), panel(c) is for log;o(=¢), where conductances fiunits are used. The abscissa is the geomagnetic longitude
¢m and the ordinate is the height at which the magnetic field line crosses the base surface. The top color scatepis¥gy. The bottom
color scale is for= . The values at the neighbor plotted contours diffé0~2 times. The contourSp<1 S, Sy <15 andS-<10S are

not plotted and a common color is used for these small valugs of

coordinates. The conductancEs, Xy as functions of: processes witlh=1/3, 1, 3h. As itis seen in Fig. 5a, c, e,
are shown in Fig. 5a, b and 5c, d, respectively. The leftthe main modification in the day-side ionosphere is Ihe
column presents midday values above the point with geo-modification. Fort(p=3h, quantity>Xp decreases twice as
magnetic coordinates,,=90°, ¢,,=0°. The right column  compared to a short-term process. All three conductances de-
presents midnight that is at the point with geomagnetic co-crease significantly in the night-side ionosphere. The effect
ordinate®),,=90, ¢,,=180 at a taken moment of universal under consideration, in fact, cancels the second conducting
time. layer, the conductance of which for the short-term processes

Figure 5e, f present the midday and midnight Cowling iS larger than the conductance of the layer below 160 km.
conductancec, as it is defined in Sect. 6. Since the Pedersen conductance below 160 km is small, its

The curves 1-4 in Fig. 5 have the same meaning as thosg0 times decrease above 200 km is very important.

in Fig. 2. The curves marked with number 1 present the orig- Figure 6 shows quantitieSp, Xy, X¢ for a short-term
inal ¥p, Xy, X¢ and the curves 2, 3, 4 correspond to the process. Conductance distributions at the base surface near
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Fig. 7. Conductance distributions above the night half of the geomagnetic equator. Left panels show conductances for a short-term process.
Right panels show conductances for a long-term process, for which modifications of the conductivities are gge@HoPanelga), (b)

are for log o(X p), panels(c), (d) are for log (X ), panels(e), (f) are for log o(X¢), where conductances units are used. The color

scale is common for all panels. A common color is usederl S and the contour& <1 S are not plotted.

the geomagnetic equator are presented. The abscissa is thg, X . For the purpose to present the main features of the
geomagnetic longitude,, and the ordinate is the height at X distributions, detailed color and contour scales are used.
which the magnetic field line crosses the base surface, thathey do not permit to present adequately the sharp decrease
is shown in Fig. 4. A few magnetic field lines which cross of the conductances beloin=100 km. So, the color is not

the base surface at the height of 400 km are plotted in Fig. 4varied there as well as some contours are omitted.

They correspond to the proper points at the upper boundary Figure 7 shows the difference between night conductances
400km in every panel of Fig. 6. At the contours plotted in for short-term and long-term processes by the same meanings
Fig. 6, the conductances have constant values. We use a logvhich are used in Fig. 6. The left panels Fig. 7a, c, e are the
arithmic scale for the conductances in units of Siemens. Thdragments of Fig. 6a, b, ¢, correspondingly, but centered near
values ofx to neighboring contours diffe¥/10 times which  midnight. A common color scale with more contrast is used.
is approximately twice. The color scales as well as valuesThe right panels of Fig. 7b, d, f preseBtp, g, ¢ for

at the contours are shown in the right panel. A special colodong-term process af=3 h.

scale is used foE¢ since it has maximal values higher than
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Figure 7 shows that the conductances decrease one ord&yer below 150 km as it can be seen in Fig. 7e. khm-
of magnitude above 180km in the whole night-side low- ordinate in these pictures is the height at which the magnetic
latitude ionosphere for 3h long processes as compared téeld line crosses the geomagnetic equator and it is the maxi-
the short-term ones. This is also shown for the midnight inmum height of the line.
Fig. 5. The conductances presented in Figs. 6, 7 describe the ficti-
The main result of the analyzed acceleration is that for thetious conducting film that is defined in Sect. 5. Such a model
long-term processes, the night-side height distributions of thepermits to calculate the electric field,,, E;,) as the solution
conductances become similar to the day-side ones with 30@f the boundary value problem for Egt®). The Ohm law
times less scale, as it takes place in the middle-latitude iono¢Eq.29) gives currents at the fictitious film and real space dis-
sphere. This is precisely the property which is used practitributed currents are given by the Ohm law (24) with the
cally in all models of the low-latitude ionospheric conduc- expressionZ3) for the electric field in the point of interest.
tance. Figures 57 show that this is wrong for the short- In the analyzed region 80 krak <400 km near the equa-
term processes, but indeed, the analyzed acceleration of tHer, the Egs.§0) and 3) mean
medium permits to ignore the conductance of the higher layer
for the long-term processes. Ey\ _ 1 gAm
E =\ _Ax2 _ Ax1 Zmm UEm(m)- (72)
Y Ay2 — Ay2 Tw !
8 Onthe night_side equatoria' e|ectr0jets The Ohm law (Eq24) giVeS a current which has bOth, hor-
izontal and vertical components, in contrast to the integral
The distributions of the Cowling conductance which are pre-current, because the local vertical current at one part of the
sented in Figs. 6¢ and 7e, f permit to analyze possible strucmnagnetic field line can be compensated by negative vertical
ture of low-latitude electric current systems. current at another part of the line, so that the total current at
The coefficients of the two-dimensional conductivity the line has a zero vertical componept=0.
equation in coordinates and the arc length along the base If we neglect geometrical factors what means no difference
surface are close t&p, X as it is show above in Sect. 5. betweendx, dy and gdm, dh when the simplified expres-
By comparison with these preferential coordinates, a verysion @3) is valid, then Egs.q2) and @4) permit to calculate
stretched scale is used in Figs. 6, 7, because the height irihe current density as
terval of 320 km is much less than the length of the equa- , . or —0 1
tor. Therefore, the presented region of high conductance is( .X> = ( P H) ( ) x (73)
. . . Jy —Xp/2Zp
to be identified as a narrow strip along the boundary of the
conducting domain. The link;=80km may be taken as an So, the horizontal component of the current density is
impenetrable boundary. i
The total current in the region that includes the magneticjx
field lines with tops are at the heighitsh1<h<h> I (m) can and the parameter, is defined by Eq.70).
be calculated as the integr&iy). It should be mentioned that the remaining z-component of
If we neglect the difference between the base surface anthe current density that is field-aligned in this case, can be
6=90° plane, then the coordinaieis proportional tap,, and  calculated from the charge conservation law (B§). after
I(m) is the current along the equator produced by the electricj,, j, are calculated by Eq70).
field in the same direction. The difference betwees, and the local Cowling conduc-
As it is seen in Fig. 6¢, quantitfc has a sharp maxi- tivity oc is discussed in Sect. 6. The difference between their
mum at 100-110 km and is large in the height interval 90 kmvalues can be seen by comparing Fig. 8a and c for the night
<h<130km. Therefore, the electric current is large just in time ionosphere, and Fig. 9a and ¢ which present the day
this region above the equator. It is identified as the day-sidgime cross-sections of the equatorial ionosphere.
equatorial electrojet. An additional view of the electrojetin  The Cowling conductivity has a maximum value near
the plane which is normal to this, 4-plane is presented in  #=100km, because of that, quantity; has maximum val-
the end of the section. ues at the heights 100-120km asgd is much less there,
The night-side structure is more complicated: One moreas it can be seen in Fig. 2. If the whole magnetic field line
layer above 200km is added. The contribution of the F-is situated below 120 km, then the ratio of the integral con-
region to the nighttime current at the equator is knownductancey /X p is of the same order of magnitude as the
(Takeda and Maeda980. The more detailed scale in Fig. 7f maximal value ofoy /op. Theno,; does not differ much
shows that its integral contribution is comparable with the from o¢ in the points of these lines, which occupy the region
contribution of the layer below 120 km because it is a few £3° near the magnetic equator. If a part of the magnetic field
times wider. This situation holds for long-term process. Forline is above 120 km then the integral conductabhe in-
a short-term process, the contribution of this higher layer iscreases much in contrast ¥y, sinceop is much larger and
one order of magnitude larger than the contribution of theoy is much smaller there, as compared to their values below

oy op

=o,Ey, (74)
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Fig. 8. Conductivity distributions at the surface that consists of the magnetic field lines which cross the geomagnetic equator above the point
¢m=0. There is midnight in this point. A few magnetic field lines of this sort are plotted. Rayislfor log;o(c,;) for a short-term process,

panel(b) is for log; o(o4) for a long-term process, pan@) is for log,g(o¢) for a short-term process, where conductivities jim units are

used. The abscissa is the geomagnetic colatifiydend the ordinaté is the height. The color scale is common for all panels. The values at

the neighbor plotted contours diffef10~3.2 times.

120km. ThereforeX /= p is much less than the maximal It is well seen in Fig. 9c that it is hard to cut a proper part
value of oy /op and max,;< maxoc at such a magnetic from the layer in that¢ is almost homogeneous in the di-
field line. This dramatic difference betweenandoc would rection across the equator. In contrast, we see just the region
not exist ifop, oy would have common height distributions. of the electrojet in the, distributions shown in Fig. 9a and
The upper boundary of the region, whergcan be used is 9b. This region is a sequence of large values of the Cowling
defined by the same restrictions as thoseXgr, which are  conductancé& ¢ for this group of magnetic field lines.

mentioned in Sect. 6. The integrals
When the local Coxvling conductivityc is used, the limi- L[jx dh, /jz dh (75)
tations are stated as “several degrees away from the magnet

equator”. This statement is rather indefinite and a compari-define some two-dimensional current density. If the horizon-
son of Fig. 9a with ¢ shows that the limitation is very sharp. tal scale is much larger thatk, this current may be put at
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Fig. 9. The same as Fig. 8 but near the midday pgip=180° at the geomagnetic equator.

the spheréi=100 km and used for an approximate calcula- modification of the conductivity is valuable outside of the
tion of the magnetic perturbations below the ionosphere injet.
stead of being distributed in space currgnSo, the vector The conductivity in the F-region is much more important
function (79) is referred to as the equivalent current density. in the nighttime ionosphere. So, the effect of the modifica-
Since the x-direction is normal to the plane of Fig. 8 andtion of the conductivity is stronger. This is demonstrated in
approximatelyE,=const in the domain presented in Fig. 8, Fig. 8a, b. There is a region of a jet and it has about the
these maps also present the current denguyi( the vicin- same size as in the daytime, but there is one more conductor
ity of the geomagnetic equator in/& units forE,=1V,/m. in the F-region that is switched in parallel to the jet region,
Figure 9 may be used in the same manner for midday. since they have the santg,=const. For a short term pro-
Figure 9a shows the concentration of the current in the jec€ss, the parameters of these two conductors are more ob-
with a horizontal size of about 600 km. This panel is plotted Vious in Fig. 7e since the ling,,=0 presents just integrals
for a short-term process when the ionospheric plasma haglong the magnetic field lines of the conductivity(6,,, 1)
zero velocity and the next panel presents the results of plasm@s presented in Fig. 8a.
acceleration. Figure 9b demonstrates that almost the same The same relation for a long-term process exists between
jet appears during long-term processes with3 h, but the  Figs. 7f and Fig. 8b. We see that the conductor above 150 km
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has an about ten times larger integral conductance. So, onlgphere, sincep is large in theF layer in contrast to the day
about one tenth of the current is below 150 km. It is concen-time ionosphere.
trated as the equatorial jet in the nighttime ionosphere. The Also, we have calculated the modified values of the con-
main part of the current occupies the horizontal strip nearductances<Xp>, <Xy >, <Z¢> which are necessary for
the equator of about 4000 km width, as it is seen in Fig. 8amodels of large-scale electric fields and currents while the re-
Since this conductor has minimal conductance just above theearch Akasofu and Dewitt1965 was concentrated on the
jetregion, the jet hardly can be identified from ground-basedmodification of the local conductivitiesp, o4, o and their
measurements of magnetic perturbations. role for the electric field penetration from the ionosphere into
The conductivityo, for a long-term process with=3 h the magnetosphere.
is presented in Fig. 8b. The region of the jet is almost the e have shown the modification of the conductivities only
same as for a short-term process in Fig. 8a, but the secongh some typical conditions in this paper. Real parameters
conductor is by about twenty times reduced, what is bettelof the jonosphere may be very different. For example, the
seenin Fig. 7f. So, the jet becomes the main conductor and ifighttime F-region has a large variation with solar activity.
may be identified by ground based measurements if the totathe midnight conductancesp, £ andX¢ at the magnetic
current along the nighttime part of the equatorial ionosphergie|d lines, which tops are in the F-region, are presented in
is strong enough. Fig. 5b, d, f. They are calculated for a moderate value of
It is also important to note that the conductances in theCovington Index 130 in this paper. TheSg, Xy andX¢
night-side low-latitude ionosphere are much larger than itin the F-region can be four times less or twice larger, when
can be expected if one extrapolates their properties from th&ovington Index equals 70 or 190.

middle-latitudes to low latitudes. Real processes have different variations in time. For a pe-

We can summarize the results of this section as the expeciodical process, the approachkasofu and Dewitt 1965
tation of essential modifications of the model electric fieldsis petter since it is based on functions harmonic in time. If
and currents in the low-latitude ionosphere compared to theve are interested in some switching from one steady state
models which use less detailed conductivity models than IRko another, our approach is more adequate since it describes
gives. Our modelsfenisenko and Zamag 992 are among  just a relaxation. One of the advantages of our model for
the latter. more complicated processes is thatp>, <oy > are real

For the long-term processes the modification of the tradi-numbers in contrast to complex values in the model from
tional models may be moderate because on one hand the IR[{Akasofu and Dewitt1965. The imaginary parts of that val-
2001 model gives the second night-side layer of high conducues represent the time delay in the conductivity modification.
tance, and on the other hand, the acceleration of the mediufhe parameter (Eq.6) represents the delay in our approach.

reduces the current in such a layer. The proposed modification of the local conductivity ac-
cording to Egs. & 9) as well as the modelAkasofu and
Dewitt, 1969 is based on the assumptio) that no force

9 Discussion but the Amg@re one accelerates the medium. The A&nep
force above the geomagnetic equator may be vertical as well

The reduction of conductivities as obtained in this paper is ofas horizontal. The vertical movement of the ionospheric

the same order as the one in the modeAasofu and De-  medium can break pressure balance stronger than the hor-

witt (1965 which represents the modification of the Peder- izontal movement. In spite of that, such a motion due to

sen conductivity for an electric field being harmonic in time an Eastern or Western electric field is often observed above

(exp(iwt)) in the middle-latitude day time ionosphere. The the geomagnetic equator as the quiet time fountain effect or

effective conductivity does not differ much from the steady super-fountain effect during storm timeEsgrutani et al.

state conductivity for processes whose duration is much lesg004).

than one hour. If the time scale of a process is of about few Pressure and friction are supposed to be unchanged in our

hours, then the conductivity above 200 km decreases by onmodel. Conversely, the original local conductivities, oy

order of magnitude. remain unchanged if the Angpe force is negligible. The

The difference between the conductivities, oy and  adequateness of one of these opposite assumptions can be
their effective valuescop >, <oy > (Egs.8,9) inthe Earth’s  proved only in the frame of a more general model, because
ionosphere may be qualified as the reduction or even excluef the fact that pressure and other parameters may be changed
sion of conductance in thg, layer forz>200km for long-  as a result of the motion. A pressure gradient was taken into
term processes. account in the frame of a local model Maeda(1977).

In addition to the results by\kasofu and Dewit{1965, We mention, that it would be more precise not to mod-
we analyzed in detail this effect in the nighttime and low- ify the conductivity but to follow the plasma motion. This
latitude parts of the ionosphere. It is shown that the reduc+results, however, a much more complicated model, since it
tion of conductivity is more important in the nighttime iono- becomes time dependent.
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If we have only the simplified model of the ionosphere electric field penetration from the auroral zone till the geo-
that is a global conductor with given conductivity and ve- magnetic equator.
locity distributions, it is useful to calculate the electric fields It is demonstrated on the basis of the IRI-2001 model that
and currents twice, for givernp, oy and for effective<op >, the parameter70) oy=op+oyXy/Zp, that involves the
<og>. If the results are different, a qualitative analysis of Pedersen and Hall conductanéeg, Xy of the whole mag-
acceleration is needed. In special cases, this examinationetic field line, define the space distribution of the electric
supports one of the alternatives. For example, a considereurrent density in the equatorial ionosphere and the local
able reduction of the effective conductivity in the layer ~ Cowling conductivityoc=0p+a§,/ap can not be used for
must be always done. In general, a quantitative simulation othis purpose.
the motion is necessary. Both,o,; ando¢, appear when a magnetic field line is near

Additional questions appear when the model of the iono-@ nonconducting domain what means that there is zero cur-
spheric conductor4®) is used in the dynamo theory. If rentthrough the boundary of this domain. Then, the proper
the space distribution of the velocity is known, it is possi- component of the current across the magnetic field direc-
ble to calculate the extrinsic current (), its divergence  tion is regarded as to be a small one in some vicinity of this
g (Eq. 39), and the proper tern@ (Eq. 45) on the right-  boundary.
hand side of Eq.47). The modification of the conductivity The main difference betweery andoc is that theo,; def-
(Egs.8, 9) can not be done in such a case, since the velocityhition includes the possibility for the electric current to flow
is given. A small time of acceleration in the upper ionospherealong a magnetic field line in order to close all currejts
that is usually referred to as the motor region means that th&vhich go to this line from neighboring ones. The local Cowl-
velocity of the medium is defined not by the neutral winds ing conductivityoc corresponds to . closure at each point
but mainly by the electric fields there. It ought be taken into Of the magnetic field line, which is adequate only if the field-
account in the definition of the velocity that may be taken aligned conductivity equals zero or the field-aligned current
as given only in the dynamo region, where the time of theequals zero because of some symmetry. Such a symmetric
medium acceleration is large enough. It also should be menobject is a magnetic field line with constant local conductiv-
tioned that the components of the velocity not horizontal butity at the whole line and a generator must be also constant if
normal to the magnetic field are of value. it exists, but theresc=0, in this case. The first possibility
of zero field-aligned conductivity is not appropriate for the
ionosphere. So, we see no reason to use local Cowling con-
ductivity while the much more adequate parameteexists.
A similar parameter was introduced long time agoGayre-

) ) _vich etal.(1976. This was done in a more complicated form
The IRI model gives the second high conductance layer ifor the more general case in nonorthogonal coordinates. It

the night-side low-latitude ionosphere in addition to the maingeems that such a complicated form explains why it is not
conductor in the E-layer. It reduces the electric field a”dwidely used until now.
equatorial electrojets, but intensifies the night-side currents ¢ problem of the local Cowling conductivity was dis-
in the F» layer during short-term events. These currents 0C-;ssed byForbes(1981) in the frame of a 2-D model simi-
cupy the regions which are much wider than those of thejgr 1o the model ofGurevich et al(1976 that we use here.
equatorial electrojets. In such a modeEc=%p+%%/Zp. The so called “thin-
The local conductivity is to be reduced with Eg8, ) to  shell model” which leads toc was also analyzed byorbes
take into account the influence of the Aémp force. The cor-  (1981). He did not at all reject the usage of “thin-shell
responding acceleration of the conducting medium reducesnodel” and propes¢, and left it to be used with the rather
the currents in theé> layer. This reduction is maximal in the indefinite restriction “several degrees away from the mag-
low-latitude night-side ionosphere. netic equator”, while, in fact, he did not use such an approx-
The presented theory predicts different space distributionsmation in his model. Here we have performed the next step,
of the currents in the night time low-latitude ionosphere dur-which is natural in such an approach, and have chaaged
ing long-term and short-term events. The long-term currentdy more general parametey.
are expected to be in the E-layer and are concentrated in the . ]
electrojet of about the same width as the daytime jet width.AcknowledgementsThis work is supported by grant 07-05-00135
During the short-term events the nighttime jet is maskedfrom the Russian Foundation for Basic Research, by the Pro-

by a much wider current in the F-layer. The electric field grams 16.3 and 2.16 of the Russian Academy of Sciences, and
’ by project 1.2/04 from Osterreichischer Austauschdienst”. It

aboye the geo.magne'tic equator produced by the Same VOIE also supported by the Austrian “Fonds zudréerung der
age in high latitudes is expected to be much less during thgissenschaftiichen Forschung” under projects P17100-N08 and

short-term events since the total conductance of the equat20145-N16. We acknowledge support by the Austrian Academy
rial ionosphere decreases much because of the medium aef Sciences, “Verwaltungstelléif Auslandsbeziehungen”, and the

celeration. This behavior is important for the analysis of theRussian Academy of Sciences.
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