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Abstract

A time- and space-dependent theoretical model of the high-latitude
ionospheric electrojet current system is presented. The earth is described
as a half-space with an infinite plane surface, and is assumed to consist of
two uniform horizontal layers. The electrojet is taken to be an infinitely
thin sheet current whose intensity has an arbitrary dependence on the
space coordinate in the direction of the flow and on time. The current
density has an arbitrary but constant distribution in the direction per-
pendicular to the flow. Vertical currents are added above the horizontal
jet so that the divergence of the total current density vanishes and accu-
mulation of charge in the ionosphere is avoided. The electromagnetic field
caused by the model electrojet current system is calculated at the earth’s
surface. The secondary field, caused by geomagnetic induction in the earth,
is taken into account.

1. Introduction

The ionospheric electrojet current system at auroral latitudes consists of a hori-
zontal main current in the E-layer, where the Pedersen and Hall conductivities have
their maximum values, and field-aligned currents above the E-layer. These varying
currents produce electromagnetic fluctuations both directly and through secondary
currents induced in the conducting earth.

A simple basic model is an infinitely long horizontal straight line current oscillating
harmonically in time. The resulting electromagnetic field has been studied by Law &
FANNIN (1961, in connection with magnetic micropulsations), HERMANCE &
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PELTIER (/1970), and PIrRJoLA (1982, Chapter 3), among others. In the first two of
these publications, the displacement currents are neglected owing to the low fre-
quences occurring in geophysical variations, so the applicability of their results to
theoretical and to different practical problems is limited.

The line current results of Hermance and Peltier were applied to an infinite hori-
zontal sheet-current model by PELTIER & HERMANCE (1971). The current density
in the sheet was assumed to have a Gaussian (i.e. normal) distribution in the direction
perpendicular to the current flow, and to be constant in the direction of the flow.
Hies & JonES (1976) used the formulas of Peltier and Hermance and numerically
calculated the fields of different current density distributions by superposing spatially
shifted fields of elemental Gaussian sheets.

PIRJOLA (1982, Chapter 4) extended the basic harmonic line-current model in
another way by retaining the line form and assuming a harmonic space dependence
in the direction of the flow. He did not ignore the displacement currents.

Wart (1980) used a sheet-current source with a harmonic space dependence in
two perpendicular directions. But since he was interested only in developing general
expressions for the surface impedance matrix, he did not consider the electrojet at
all and did not calculate the total electromagnetic field at the earth’s surface.

In all the models described above, as well as in the model presented in this paper,
the earth is described as a half-space with an infinite plane surface and a horizontally
layered electromagnetic structure, and the horizontal electrojet currents are confined
to an infinitely thin sheet at a fixed height near 110 km.

One feature of the above space-dependent models is that the divergence of the
current density does not vanish, which implies that charge is accumulated in the iono-
sphere according to the equation of continuity. In reality, the charge accumulation is
very small owing to the field-aligned currents. As PIrjoLA (1982, p. 115) has con-
cluded, the addition of vertical currents (the magnetic field lines are almost radial at
high latitudes near the earth’s surface) would be a useful extension of the time-
dependent models made hitherto. In static models, however, field-aligned currents
have often been taken into account (e.g. BosTROM (1964), BONNEVIER ef al.
(1970), KisaBETH (1972), KAMIDE et al. (1981)).

The present paper describes quite a general time- and space-dependent electrojet
model. The current intensity in the horizontal sheet has an arbitrary dependence on
time and on the space coordinate in the direction of the current flow. The current
density has an arbitrary but constant distribution in the direction perpendicular to
the flow. Vertical currents are added above the horizontal jet so that the divergence
of the total current density vanishes.

To simplify numerical calculations (not presented here), the half-space earth is
assumed to be composed of two layers. The permittivity and permeability of the air
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in the jonosphere and below it are assumed to have vacuum values €, and Lg. The
air is also given a slight conductivity. In reality, the conductivity of the air is in the -
order of 10714Q1m"! near the earth’s surface (ISRAEL, 1971, pp. 95 and 248).

2. Description of the model

We will take the earth’s surface to be an infinite plane where z = 0. The half-
space where z > O comprises the earth itself. The horizontal electrojet is an infi-
nitely thin sheet current at a height & (2 > 0) with current density

Ty 1) = I, ) fix)8(z + h)e, )
where 6 is the Dirac delta distribution and f is a density function:

fx) =0 Vx €R )
S fodx = 1 3)

The quantity J(y, t,) expresses the total current intensity across the line {(x,, z)|
Y =Yg Z = —h} at time £, and Ey denotes a unit vector in the y-direction, which
is assumed to be the direction of the current flow. The x-direction is then chosen
so as to preduce an orthogonal right-handed xyz-coordinate system.

To avoid accumulation of charge in the ionosphere, we add vertical currents to
the model so as to get the divergence of the total current density to vanish. These
currents flow in the region where z << —/. The total current density is then

7 1) = J0, DFx)8(z + hye, + a—JayM f)ll— 6 + he, 4)

where @ is the Heavyside step function. .

The current system described above contains electric currents up to infinity.
There is no problem in the x-direction because, according to equations (2) and (3),
Sx) goes to zero as |x| approaches infinity. In the y-direction we can assume that
the currents are confined to the region where —y, <y <y, (¥, > 0), and that
the electrojet current closes itself above the horizontal part along the surface of
a half-cylinder with a radius y, (Figure 1). The vertical currents are assumed to
flow only in the space between the jet and the cylinder, and the whole system
can be taken to lie within a volume V(y,) bordered by a closed surface.

When y,, is large enough and both J(y,¢) and 8J(y, ¢)/dy are bounded functions,
the currents flowing at the cylindrical surface have no observable effect on the
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Fig. 1. Current model in which a horizontal electrojet at height 4 flows above a half-space
earth and closes itself along the surface of a half-cylinder. Vertical currents flow within the
inner region.

electromagnetic field near the earth’s surface (except near »the ends of the worldy).
So the fields in the region {(x,y,2)| y| <y, —h <z} can be calculated using only
equation (4) for the current density.

3. Calculation of the primary fields

The expression for the magnetic vector potential 4 in a medium with no elec-
trical conductivity has been derived, for example, by PANOFSKY & PHILLIPS (1964,
pp. 242—244) and OpPENHEIMER (1970, pp. 28—31). Applying the same method
to a non-zero conductivity o, we get

— i(wt—kR)
G = 3 b5 7 l{lﬁ—“’)—"——— dedr )

where f{r', w) is the Fourier transform of the density of the primary electric cur-
rent, R is defined by the equation R =7 — 7', and the complex wave number £ is
defined by
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k? = w?ue — iwuo ©6)
and
—mf4 <arghk <0, when w >0
(7
- <argk < —-3n/4 , when w <0

So always either Im(k) < 0 or k = 0.
The following conventions for the Fourier transforms have been adopted with
respect to a space coordinate and time

flat) == J fosnevax ®)
fx, w) = \/%7 _Z fix, e @tdt )

So the double inverse transform has the expression
16,0 = 5= 1 S fig, @) Pdqdes (10)

Note that we use the same functional symbol f for all single and double Fourier
transforms when there is no danger of confusion between the functions f{(x, ),
fx, w), fg,1), and f(g, w), which are actually different.

The magnetic flux density, usually called »the magnetic field», is the curl of the
vector potential. Thus

p \/2_ _£ [ 77 w)x =5 (; + ik)ei(wt_kR) dedr’ (11)

Let us apply this equation to the current system described in Section 2. If we
express j(r',w) by the double Fourier transform J(g, w) of the total current inten-
sity according to equation (4), we obtain

B(r,n =

B(r,t =—”°2 T dqdel(g, w)e!t [ dx'dy'dz' fx")e 1 ¢ koR
87° - V(Vo)

= 12
) (% + iko) [8(' + hye, —ig(1 — (' + h)E,] x é% (12)

where
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R=(x—xe, +(y—y)e, +(@z—2)e, (13)

and the subscript  in u, and K refers to the air. Let y, grow to infinity and
make the following changes in the variables:u =x'— x, ¢, = y'— », and a =z — 2"
We also write '

ag=z+h (14)

After these steps
B(rr) = o~ i(W-q,)
B(r,t) = o [ J dq,dwl(q,, w)e" T2 Wik, z) (15)
Yii -0
The function W can be divided into two parts

W(x,z) = W'(x,z) + W*(x,z) (16)

where

-ikaVu2+q%+ 03 e 19192

W\(,z) = [ f dudq, flu+x)
= ! u? +q? + a2
1 - —
'(—————+ik)(ae + ue,) an
/ 0 0
u2 +q’%+ag X Z
and

-ikgVu?iq2 02 114,

W2(x,2) = —iq, [ dof | dudg, f(u +x
(x,2) qzafo {wf 4, f( ) W+ q? + o

1 N
'(\/zﬂ Yoral ’k") (@6~ uey) (18)

For the moment we assume that w and g, are not simultaneously zero, and we
introduce a new function L with the equation

© -iko\/u2+qf+a2
Luo) = [| —F/m————
: @ —{o\/u2+q%+oz2

The following expressions for W! and W? are now easy to obtain in the region
where a = o, > 0 (or z >—h)

¢Uhgg, (19)
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W(x,z) = —e, fwf(u + x)~£~— L(u,0p)du + e, me(u, ao ) (u + x)du (20)
e o A

W2(x,2) = ig, f dalig,&, [ fu+x) L 0)du +2, [ L) f@+x)dd]  (21)
& - .

Using symmetry we can also write

- -ONq k
L{w,0) = 2K (V) +a® V) + (ko)) = [ dg, \/‘—72 e (22)

where, for the sake of uniqueness and convergence, we have the restriction
Re(Nqi + q% — k%) > 0. So if we utilize the Fourier transform f(q,) of the den-
sity function f(x) and define the vector ¢ by ¢ = q,€, + q,e,, the functions w!
and W? can be written as

_ © g ST K2 —_ iq,e,
m (x,2) = \/2_77_{08 (ixqy ao\/q ko) f(‘h)(ex - T\/—zl——:&k—%) dq, (23)

-(ixq 1+0£\fq kO

W2(x,2) = —q,v/21 | daf &

L Ty e~ i

(zxq1+ozo\/q -k3) _ _
=—q,V2n f —_k_g——f(ql)(qux —qley)dql (24)
A

. The case w = 0 and g, = 0 can be calculated directly from equations (17) and
(18). However, the calculations lead to the same formulas as those obtained from
equations (23) and (24) in the limit w ~ 0 and g, - 0.

Finally, the expression for the magnetic flux density is

B(r,0) = 0 )3/2 [ desett S quldq2J(q2 w)e @ r+aqu2 K3) .
2 kY = :
92 \- , 1% q,.¢,
fap|(1 - =2)z + - ] (25)
! Rl TR LR \/m

The expression in the square brackets remains bounded near the point where
q* - kg = 0. So this point does not cause problems in calculating the triple
integral.

Let us assume that the air below the ionosphere is a simple medium in which
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Ohm’s law is valid. The fourth Maxwell’s equation will then be

= - oF . . dE
VX B = lylee T Mot Fyin HoOoE + 1€ a7 (26)
or
V x B(r, w) = po(oq + iwey)E(r, w) @7

Hence the Fourier transform £(r, w) can be calculated using equation (25). The
electric field can then be expressed as follows

-Uqr+0gVq2-k3) ,

—_— M L . oo
E(rt)=— 2(21:’)3 7l dw we'? I J dayda, J(g, w)e

ie, q,e, ]

. f(ql)[\/m + q2 - kg

(28)

4. Effect of geomagnetic induction

- We assume that the earth is composed of two uniform horizontal layers, the
first of which lies in the region where 0 <<z <z, (z, > 0) and the other in the
region where z, < z < e (Figure 2). The permittivity, permeability, and conduc-
tivity of the j:th layer are denoted by €, M, and o; (7 = 1, 2). These quantities
are assumed to be positive constants.

AIR €0, Mo, O
2=0 0. Mo 0o
v
I LAYER €. 1.0,
2=2,
O LAYER €2, J2.0,
z

Fig. 2. Model of the earth composed of two horizontal layers.
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The wave equations for the magnetic flux density and the electric field in the
earth (f = 1, 2) and in the air (j = 0) are derived directly from the Maxwell’s curl
equations. They are

= dB a2§>
2p 9B 9’6y _
VB “/'(ai o t ¢ oz ) = 0 29)
oF aZE)
25 oL oLy
V*E ,uj(oi Y t g a2 |~ 0 (30)
The Fourier transformation of equation (30) is
OE(x,qy2,w)  32E(x,q, 2, w) -
o2 + 522 + n; E(x,q,2z,w)=0 (31)
where n; is defined by the formulas
Inl? = k1'2 - q% = wz'“iei - q§ — lopyo;
(32)

lO<argnl-<7r

It is impossible for arg n; to equal 0, so either Im(n]-) >0 or = 0. A particular
solution for the component Ey(x, 45,2, w) can be obtained by separation of vari-
ables and the general solution is formed by integrating the particular solution over
all the real values of the separation parameter:

Eg(X,qz,Z, w) = fDo(ql’qu)egoze"qlxdql (33)
Ey(x,0,,2,0) = [ [Dy (q;,ap w)e*1* + G, (4,4, w)e 517117 dg, (34)
Esz(xr qz: Z’ CO) = f Gz(q[t qzx w)e-zzze-iqlxdql (35)

where the superscript denotes the layer in question. The functions £(G=0,12)
are defined by the formulas

1—17/2 < arg 3;1. <n/2 ’

and so Re(§;) > 0 or & = 0. By analogy, we can derive the following from equa-
tion (29)
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B)(,05,2,0) = [ Qo(dy, 4 w)e ™" dg, (37)
By (5,05,2,0) = [10,(a, 8 0)e"* + R, (4,4 w)e 171¢ "1 dg, (38)
B;(x, 457, W) = fRz(ql, 4y, w)e 22 e"'ql"dc'[1 39)

To enable the other components to be expressed using the functions Dy(q,, ¢, w),
R,(q,,4,, w), we write the x and z-components of the Maxwell’ curl equations
for the quantities E(x,q,,2 w) and B(x,q,,z,w) and solve the equations for
E, (x,q9;.2, ), E,(x,q,,2,w), B,(x,q,,2,w), and B,(X,q,,2, w). The results are

. 1 _ 0Ei(x,quz,w)  OBl(x,q,zw)
E(x,q52,w) = n—2 [—zq2 = ax2 +iw —* 622 (40)
/]
. 1 AE! (x,q,,2, w) 3B (%, q,,2, w)
El(x,q52,w =——li S + iy — L2 41
2(%,42,2, W) 77,'2 42 oz . (41)
. 1 OE! (%, 4,2, w 0Bl (%, 4,2, w
Bl(x,q,2w) =— nz[u](o + iwe;) 95y a? )+iq2 i a‘j: )] 42)
]
. 1 . 0B (x,q,zw) . 8Bl(x,q,zw)
B;(x’ qzt Z, OJ) = Tli.u](g] + lwej) = 2 - lq2 = ) (43)
nj ox 0z

The above expressions for the components of the electric field and the mag-
netic flux density in the layers 1 and 2 describe the total field inside the earth.
To get the total field in the air (region 0), we have to sum the primary fields
(equations (25) and (28)) and the secondary fields E° and B°.

The continuity of the tangential components £, E, B, i, and By/p at the
boundary surfaces of the different layers is used to determine the functions D,
Qo Dy, Gy, Q4, Ry, G, and R,. The outlines of the procedure will be found in
PrrioLA (1982). Here we merely quote the results:

: 2.2
Rkl ULE 2 2,2
Dy(qy,9, w) = [ ——EEkA + (@3} — kInh)A, +
o\11:M2 EOM 27)37? “00101 1™1 0y
k3, J(a,, w)f(g)e "o
+ 21611 42 21 l ] 2 ‘\/2—171 (44)
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2.2
Hod1 9, Mg N M M 2 2
00(d, 4, w) = — 00T ( Ko gk, + gg2a, +
koM 2Aomeny My
| 2ikgk k3B, (@, w)f(gy)e o
(45)
9.4, 27
where
2 242 . 2,72 2 O‘rk%
[qlqz(k ko) - 0"71 ]A 21(11!12517?0(/61 - ko)(T - wﬁg) +
U
+ 5051770’71< . sz + sz ) _k%ffngAa (46)
My Mo
and
Ao = (o + 1), + 1) — a8,
47)

Ay == DB, + 1) — b,

Az = (g — DB, — 1)~ b,

The functions O, @y, ﬁg, and B, are defined by the equations

Dy(@1,95 @) = (4,95 )G (41,99, ) + 0,(q,, 45 @IR, (4,9, @) (48)
Q1(41,42, ©) = B(q1,45 w)G1(@1,95 W) + ,(d,,9, WIR, (41,45, w) (49)

and they are

2z [
(9,0, ) =~ [—qfqi(ki — k3% — k}Eing + K220t +

U
‘;2‘7‘7351521717?2 +_k2£ Eznlnz] (50)
=1

— e__’zsli : 2 k2 2
(41,45 w) = L iwq,q,(k; — ki)ém3 (51)
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28,2,

2e
ﬁg(‘fp 4, w)=-— ql‘h(k% - kf)kfé’m% (52)

iwl
e 2222 _ 122 72024 4 12524
By qw) = 7 | T9192(ky— kDT~ kyEim, + k3Ent +

K u
+ Lol — UL g bl (53
My My
where

M M
L =qiqi(3 - kD)? - kg — Kjgdnt — up Fibiganing - ﬁf k3E Eaning
(54)

The functions 0y and §, are dimensionless, whereas a, and ﬁg are in ms™! and
mls, respectively.

The limit value of the electric field on the earth’s surface, when approached
from above (z » 0-), is now calculated by summing the primary field (equation
(28)) and the secondary field (obtainable from equations (33), (40), (41), (44),
and (45)) and setting z = 0. In the same way, the limit z > 0- of the magnetic
flux density is calculated from equations (25), (37), (42), (43), (44), and (45).
When the Fourier components are integrated, we obtain

~ . 2if. wf
Ex(x’y:z=0’ t) = N(X,y, thl’ 112, w){_lwaqz[(qfk% - n%k%) (Ao - ﬁg) +

192

ak?
— kTELA; + 2iq,4,%, :Jl ]} (55)
E =0,1) = N(x, , t| {i £l R R
y(xvy’z— 4 - (X,y, qquzyw)llwnl 'uo 051041
27,2 2,2 . kfar

+ (q1ky — kgni)A, + 2iq,q,%, o (56)

oo Mok . §,a
E,(x,,2=0,1) = N(x:Y-,thl:‘Iz: w){qukfso(— MOEI 773‘42 + 2lqqu Z_,r +
\ 150

. q
— 2 t glwﬁg— Ean + Q%Ao)} (57)



Time- and space-dependent electrojet current system 117

o g 2
Bx(x,y,z=0,z‘)=N(x,y,t|ql,q2,w){£0k2[ql 24, + ?E;k; niq} — k24, +

k2
— kg4, + 25‘11‘1251( ;Ot, - “‘)Bg)]} (58)

A I
By(xly-'z:O: t) = N(x’y: thqu2»w){q1q2n%(#_o ‘ElklAz - Eok(z)Ao +
1

2k £ k2B 1
4 “Eos1%oWh,
q.9, )J (59)

2iq, &, wp
B, (.3 z=0,0) = N(x Y thl’qZ’w){lql[(kqu — kgn} (k2A ———32g1 ) +
1

n ok}
— L kot n3k3A, — AR AL + 2ig,q, 8 K2 ‘]} (60)
Ho w
where the integral operator N is defined by

N(X,y: t|q1:q2!w)¢(q1!q2 (IJ) =

2

. (zﬂ)alz fffdwdqldq RICES-)) hEoJ(qz,w)f(ql) ;M ¥(@,,4, w) (61)

Equations (55) to (60) for the electromagnetic field satisfy the wave equations
(29) and (30) when the z-dependence is retained. The latter equations were derived
from the Maxwell’s equations, but not every solution E, B of the wave equations
satisfies the Maxwell’s equations. A direct calculation shows, however, that the
fields given by equations (55) to (60), with the z-dependence, satisfy also the
Maxwell’s equations, thus providing the correct solutions.

5. Special cases

If the current intensity of the electrojet does not depend on the y-coordinate,
ie.
—May” =0 62)

the double Fourier transform is
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J(q,,w) = V21, (w)8(q,) ' (63)
where
J (w) = \/_ [ I, et ‘ (64)

In this case there are no vertical currents, and the expressions for the fields are
reduced to the short forms

'“0 -hE, i(wt-qX)
E(x,z=0,) = — ——XffJ(w)f(q Je oe H——"dwdq (65)
! sm+w) !
§(x,z=0’ H = I;_Ofwf Jl(w)f(ql)e-hioei(wt-qlx)[ €x e 1 ]dwdql
e 1+¢  £,(1+9¢7) (66)
where
_ Mibo miE A Ky — nokgdokt  pik 1+¢,(4,,4,70,w)
¢(ql’w) = 2 2 (67)
Hof1 Hofodoki — €145k 1ody 1= (44,4570, )
and
5 _ 5
1 My
0 (4,450, 00) = 2 1% (68)
21, %2
Hy Mg
If the current intensity does not depend on time, i.e
2D _ o (69)
t ~
we obtain
J(Qz: w) =27 Jz(‘lz)a(w) (70)
where

Jz(qz) = \/Q— _£ JO, t)elyqzdy (71)
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After some calculation we obtain

E,y) =0
21,2
By = T - ailq
By(oy) = 50 1§ da,daye e, )0a,) —
- 1+ 71 - R
by 1+86,
Ho = -ig-F -hq 4,9,/9°
B, Gey) =7 f fdadqe™ e, @0f@) —— 1 =5 my
-0 1 + _—1—
Mo 1186,
By . —iq,/q
B,(xy) = 5y f J da,da,e T eI, @) @) —— g
= ;u() B
1+-2
My 1—6, B,

where $, is now simply

M~ My -2z

B’_ul +u,

If the magnetic structure of the earth is homogeneous, then u,
B, = 0. The previous equations now give

Bix,y) = —2%——
_(y) 2m(ug + 1y

If there is neither y- nor time dependence and y; = u,, we put

S 17 daydaye e @) ) (T -

119

(72)

(73)

(74)

(75)

(76)

= U5, and so

iz, (77)

1,(a,) = V21 J8(q,) (78)
in equation (77) and get
5 Hol gy -hlgy] Iz o
B(x) = \/_(“0 5 _£ dg &% My f(ql)(uoe iy 74 ez) -
wod
= ﬂ(uoz_ )  dx' e’ Mge, Red(x,x")) + uye, ImI(x,x"))] (79)

where



120. Kari Lehto

n~ w. M l_ - 1
15,3y = VMg, = s 0
0

Thus the magnetic flux density is

J w puohe, + (' — x)e,
“0 I“lO x, ”12( 2 ) z f(xl)dxl (81)
Mo+ y) = (=X

B(x) =

6. Discussion and conclusions

A theoretical model for the high-latitude ionospheric large-scale electric current
(the electrojet current system) is presented above and the corresponding electro-
magnetic field is calculated. The model had to include simplifying assumptions on
the shape and structure of the earth to allow the treatment of geomagnetic induction.
The characteristics of the model are:

1. The earth is described as a half-space with an infinite plane surface. It consists of
two uniform horizontal layers, within which the permittivity, permeability, and
conductivity are constant.

2. The permittivity and permeability have their vacuum values in the air below
the ionosphere. The air is assumed to have a low conductivity but no primary
charge, and no electric currents apart from those explicitly stated below.

3. The most important part of the electrojet current system is an infinitely thin
horizontal sheet current. Its current intensity has an arbitrary dependence on
time and on the space coordinate in the direction of the current flow. The
current density has an arbitrary distribution in the direction perpendicular to
the flow. This cross-sectional distribution is constant in time and in the direc-
tion of the flow.

4. Vertical currents above the horizontal jet make the divergence of the total
current density to vanish.

This model covers a wide variety of electrojet current forms and time develop-
ments. The accumulation of charge in the ionosphere is avoided, thanks to the
vertical currents.

In addition to the assumption of a flat earth, the model has the following limi-
tation: the electrojet is assumed to have the same cross-sectional distribution at
every moment of time and in every cross section along the jet. According to
GRrAFE (1983), the width of the electrojet may change considerably even in ten
minutes. So a more general current distribution model could be useful in special
cases. But even then a superposition of the current systems studied here may
provide a good approximation.



10.
11.

12.

13.

14.

Time- and space-dependent electrojet current system 121

REFERENCES

. BONNEVIER, B., BOSTROM, R. and G. ROSTOKER, 1970: A three-dimensional model

current system for polar magnetic substorms. J. Geophys. Res., 75, 107—122.

. BOSTROM, R., 1964: A model of the auroral electrojets. Ibid., 69, 4983—4999.
. GRAFE, A., 1983: Electrojet boundaries and electron injection boundaries. J. Geomag.

Geoelectr., 35, 1-15.

- HERMANCE, J.F. and W.R. PELTIER, 1970: Magnetotelluric fields of a line current.

J. Geophys. Res., 75, 3351-3356.

. HIBBS, R.D. and F.W. JONES, 1976: The calculation of the electromagnetic fields of a

sheet current source with arbitrary spatial intensity distribution over a layered half
space — 1. Geophys. J. R. astr. Soc., 46, 433—-452.

. ISRAEL, H., 1971: Atrmospheric electricity, Vol. I Israel program for scientific transla-

tions, distributed by National Technical Information Service, U.S. Department of
Commerce.

. KAMIDE, Y., RICHMOND, A.D. and S. MATSUSHITA, 1981: Estimation of ionospheric

electric fields, ionospheric currents, and field-aligned currents from ground magnetic
records. J. Geophys. Res., 86, 801—813.

- KISABETH, J.L., 1972: The dynamical development of polar electrojets. Diss. University

of Alberta, Edmonton, Canada.

. LAW, P.F. and B.M. FANNIN, 1961: Radiation from a current filament above a homo-

geneous earth, with application to micropulsations. J. Geophys. Res., 66, 1049—1059.
OPPENHEIMER, J.R., 1970: Lectures on electrodynamics. Gordon and Breach, New York.
PANOFSKY, W.X.H. and M. PHILLIPS, 1964: Classical electricity and magnetism. Addison-

Wesley Publishing Company. Second edition.

PELTIER, W.R. and J.F. HERMANCE, 1971: Magnetotelluric fields of a Gaussian electro-

jet. Can. J. earth Sci., 8, 338—346.

PIRJOLA, R., 1982: Electromagnetic induction in the earth by a plane wave or by fields
of line currents harmonic in time and space. Diss. University of Helsinki. Geophysica,

18, 1-2, 1—-161.

WAIT, J.R., 1980. Electromagnetic surface impedance for a layered earth for general ex-

citation. Radio Sci., 15, 129-134.



