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ABSTRACT

The Ty model for the evquatorial electrojet presented carlier is
revised by including a meridional current system, thus making the currvent
density divergence-free. Using a spherical harmonic expansion for the
geomagnetic fleld a model electrojet is constructed for cach of the lonsi-~
twdes of 1, 40, 809, 180°, and 280°K, It is shown that the e .untial
feature of the meridional curvent system 1s the exilstence of two current
Toops, we o each side of the dip equator and with an equatorward current
fa the lower E region, an upward current over the dip equator, and a re=
turpy currcent [lowing in the upper E reglon. The intensities of tue
electrojet and the assoclated mevidionsl current are significantly
depend nk on longltude, being strongest over Peru and weakest over India,
The new model proedicte a revarsed (westward) current in a thin, narrow
layer located at ssveral dagrees off the dip equator, which is due to a
reversal of the vertical polarization field., The meridional current
loop creates a toroldal magnetic Jield of an intensity comparable with

that of the main cleectrojet.



INTRODUCTION

The equatoriasl electrojet haz been a subject of extensive study bhoth
observational and theovetical., Divect observations .f Lts magnetic {{eld
hy rocket-borne magnetometers have been made by Singer et al, (1951) and
Cahlll (195Y) in the Pacific, by Maynard et al. (1965), Maynard and
Cahidll (1965), and Sastry (1968) over Thumba, India, and by Davis et al,
(1967) and Maynard (1967) off th¢ coast of Peru. Numerous papers have
been written on ground observations of the electrojet [ioldy and a summery
with extensive references has been given by Onwumechilli (1967),

Suglura und Cain (1966) presented a model for the equatorisml electro=
jet which was based on the assumption that the vertical Hall current is
completely inhibited everywhere by the polarization electrie field., With
this assumption the electrojet currvent density is proportional to the
cEfective conductivity fByy» in the cast-yest direction, Lf the driviug
electrostatic {ield is uniform and easiward. This model may be regarded
a8 the zevo~th order approximation, since the current density is simply

calculated using a scet of given variables without solving the differential

equation that a sclf~consistent model must satisfy. A merit of the approx-
imation ie that the realistic magnetic field configuration can readily be
incorporated. Indeed, the main purpose of their paper, which will be
referred to below as paper 1, was to investigate the longltudinal variation
of the equatorial clectrojet by using the magnetic fileld calculated from
the spherical harmonic expansion of Jensen and Cain (1962); the height
distributions of the electron density and other relevant atmospharic para=-

meters were assumed to he independent of longitude.
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However, being a zere-th order approximation the model does not
exactly satisfy the differential equation to be discussed below; stated
more explieitly, the current density, 4, is not divergence~free, i.e.,
9+3 #0. Untledt (1967) has obtained a solution that satisfies the con-
dition anfD; his solution includes vertical currents and consequently a
meridional current system. The model, however, assumes a dipole magnetic
field,

The present paper gives an improvad model which satisfics %riﬁﬁ and
which at the same time uses, though in a regional sensec, the magnetic
field configuration repraesented by a spherical harmonic expansion. As &
new featurc the model indicates that there can bs & reversed, westward
current in a thin layer at several degrees off, and on each side of, the
dip equator. The reversed currents arve essentially due to a reversal of
the vartical polarization field rather than being a 'return current' from
the main eastward electrojet., The magnetic £ield measurement made by
Maynard (1967) with a magnetometer fflown on a rocket off the coast of Paru
has shown the existence of a raeversed current similar to that predicted

in the present model.

THE COORDINATE SYSTEM AND THE ASSUMPTIONS
Geocentric spherical coordinates (r, 6, 4) area used in thde paper
for the convenience of calculating the magnetic field from the spherical
harmonic expansion given by Cain et al., (1967); the ficld is calculated
for epoch 1965.0. The spherical coordinate system is defined in the fol-
lowing manner. Let the geographic longitude at which we wish to obtain

a model for the equatorial electrojet be Aj. First, the geographic



. -
colaritude. ~}, of the dip equator at this longitude and the direction of
the tangent to the dip equator at the pesition (=), Ap), both on the
varth's surface, are dotermined from the spherieal harmonic expankion of
khe magnetle fleld. Then a (geecentrie) spherical cuordinate system is
defined #o that the tangent to the dip equator lies in its equatorial
plane (9=n/2); spherical coordinates (r, 0, ¢) used below refer Lo this
system. Lot the longitude of the point (%), Ay) be 41 in the new spherical
coordinate system. The cross scction of the electrojet and the meridional
current system are determined in the meridian plane of #%dy. The magnitude
and the direction of the magnetie field are calculated from the spherical
harmonic expansion in this mexidian planc as functions of r and 9. Once
the magnetic fleld 18 caleulated in this meridisn plane we assume that
the magnetie ficld in the model caleulation is independent of 4. The same
assumption is made with all other quancities that devermine the conduetivity.
It 16 assumed that the magnoetic field vector lies in the meridian plane
g=d1; this 18 & justifiable amsumption near the dip equator, Since the
model L8 intended to reprasent the cquatorial electrojet regionally, a
two-dimensional model 1is conaidered to be satisfactory. The model elce-

trojet i# assumed to be in 4 steady state,

THE FORMULATION
The busic equations that the electric field intensity, E, and the

current density, 3, satisfy are

VxL=0 (1)
vegmo @

i
:
3
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Equation (1) follows from the uceady state condition, und (2) expresses
the divergence-free curvant. With the condition /=i, (1) snives By

and an equation for By and Eg:

Bg = algo/r sin 0 (1
and

4 . . (B &

Se () e * 0 “

where Eg, 18 a constant, and g iy the radius of the carch, Within the
boundaries considered here E4 is nearly constant. In Unticdt's rectis
linear (plane earth) model this corresponds to the constant Ey.

The components of J can be written as

Jr » (7o#1n?T + = cos®1)Ep + (05 = m,) Egsinlcosl ~ eyEdcosl (5)
in = (mg = ;) Epeinlcos] + (gpcos®1 + o, 8in"I) B + o, Egeinl (6)
J4 ™ maEpcosl =~ mBasinl + 0, Eg (7N

whare 5o, 7,, and o, are the direct, Pedersen, and Hall conductivities,
respectively, and I is inclination of the magnetic field. Equation (7)
is to be used to calculate j4 when Ey and Eq are determined from (2), (3),
(4), (5), and (6).

Since d/od= 0, it follows from (%) that in the r-6 planc Jy and j4

can be derived from a current function ¢ such that

_ . a av
v = - oing @)

NN S -} ,
je ¥ sing or )
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Prom (%) and (h) rogether with (1), B, zad Ei can he expressed in terms
of 1p and } , 8.4 hence ax functions of derivatives of ¥, Substituting

these in (43 we ubtain 8 different 8] equation for ¥ as follows:

¥ Rk § R i | At [, oY -

where &, , Ig, s4.., fx are functions of v and @ and are given by
f; * Dy i‘tm;*I }e & win”I
fg - fsif'&ig s Q{;) gin I vos 1

f.® r"% (y, sin® 1 + o) con® 1)
£, = r"lr -«;;é (3 co8” 1 4 p ain®1) + géf- {Ciy = po) sinl cosl} (11

= iy = py) Rinl cosl cot0]

fy = r=2r 3% [ €1 =po) ®inl cosI} + 33 (bo BLn”1 + p, no# 1)

= (py=ip) sinl cosl = (p, #in”I 4 p; cow”1) cot 9]

fom = rtb e 2 GRatnn) + (F cos1) - L cosl cotd) Ego

where py, ® 1/9, and py = 1/my.

THE BOUNDARY CONDILIONS
Woe dimpose the following boundary conditions: (1) ¥=0 at the lower
(r=ry) and the uppar (r*ry) boundaries, (1) At the northern (6=9,) and
the southern (8=m=0,) boundaries, which are far snough from the dip equatse,
Jy™0 and the @-component of the height~integrated curraent is equal to the
current that would be expacted if the conducking layer ware infinitely

thin and having a conductivity equal to the height-integrated conductivity
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of the layvr., When the driving electric fiold has o é=component only oo
in the case treated here, ohe latter condition reduces o that the Yscoms
ponent of tle height=Iintegrated curvent vanishes. It is nated that the
sbove houndary conditions become the same as those used by Untiledt (1867)
in the plane-earth limit,

The condition (ii) enables us to express Eg in terms ol Byy. and

¥ at 0=0;, and n =~ O, becomas

', T ﬁgﬂgﬁini dr
Y= Fyo jﬁ foslic I+ aycos?l

Ty fAgigiinl dy

o A B N & P,

Jr, Go#In" L F G 08 T L L e TAE

» oo m— vorimm—— o Jri ﬁg&iﬁﬁx e Gxﬁﬁﬁ'*x

Fg  ToT gy -
vy, Tosin” 1+ n; cos”l (12)

Bquation (12) shows that ¥ vanishas at r=r,, but that ¥ i# not exactly
zero at r¥r,. However, ¥ is nearly zero at y=r,, because the two terms
in (12) approximately cancel sach other, and, in addition, because oy md
¢y arve both nearly zaro at r®r, and rg. We could make ¥ exactly zero at
r®ry by making o, and op vanish at this height., 7Ta practice, howaver,
there is little difference betwsen the two treatments.

In the actual calculation r, and ry are chosen to represent the
heighte of 70 km and 380 km, respactively, and 8, to be 80°%, or 10° off

the dip equsator.
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THE sOLUTION

fhe dimvriminant f8«f,f, in (10) is found to b negative, and the
difforential cquet tom 1w of wiliptic type. Equation (10) has bown solved
mumet iy glly by using the method of auccossive over-relaxation. In re~
placing (10) by g st of differonee oquations, grid points wore spacvd ut
tntepvals uf % km in ¢ oand U.5% in ©. The partial dorivatives of xiven
paramelors in the oo fiicionts I, fe, § wore caloculated numerically uwing
4 [iuer mouh,

the value for EJ, was taken te be 2.4 x 107? volts/m, which is the
samu a# In paper 1. The solution is propoitional to Kfy, and hence it
can be readily adjusted to different vaeluss of Ejy. The aloctron donsity
profile and the helght distributions of ng, oy, and oy sre given in the
Appeudir, Solutions wers obtained for longitudes 0%, 40%, 80°, 180°, and
280%F, roughly ropremgnting Best and West Africa, Indis, tiw Bouth Pacific,
and South Amevica, respectivaly. PFigure 1 shows contours of equal ¢ for
thewe longlitudes. Contours are drawn so that the currant flowing in &
(meridional) stab of thickness 1 km and betwesn succeesive contours s
50 ampeves, The dirvection of the current is upward betwaen the two foci,

Figure | indicates o strong longitude depundance of tha Intensity of
the merigional vurrent, To make a quantitative comparison the total currant
{per meter=thickness) f{lowing between the two focl is given in Table 1 for
five dif ferent longltudes; in preparing Table 1 the driving esstward electric
fleld, Egy, Ln normalized to 1.0 x 10™% volts/m, 1.6., 1/2.4 times the
veluv used for Figure 1. It can be ssen from Table 1 that the meridional
current is strongest over Bouth America and weakest over India; this ra-
lgtion is opposite to that of the strength of the earth's magnetic field, namely,

the lstter is weakest over South ‘nerica and strongest over India.



Teble 1. The total current (in smparss per meter-
thickness) [lowing batwasn the two foci and the mﬁio
to the total current for 2800F; Ege = 1.0 x 1073 volts/m.

Grogrgphic longitude Total current Ratio

0o K 0.224 0.76
408 0.19% 0.65
8o° 0.166 0.56

180° 0.228 0.77
280° 0.296 1.00

D St i L -t A S A A A ]
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THE BELEGTROJET

By numerically differentiating ¥, j, and Jp can he ealculated from
(8) and (9); and the meridional componentz of the electric [ield can he
obtalned by solving (5) and (6) for Fy and En. Then the eastward eurrent
J¢4 can be determined from (7)., Figure 2 shows contours of equal current
intensity jg (in units of 10°° amps/m2) for longitude 280"E; the driving
electrie fleld Bjy is taken to be 2.4 x 10" volts/m. The peak current
densiLy 18 5.4 % 10”3 amps/m?, and Is located st about 105 km altitude
and approximately 0,3 to the south of the surface dip equator., The
eenter of the electrojet approximately coincides with the dip equator as
defined at the height of the center; at the height of 110 km the dip
equator is approximately 0.3% south of that at the ground for this longi-

tude.,

An unexpected feature in the jy4 cross section is the existence of
two thin, narrow reglons at several degrees off, and on both sides of,
the dip equator, in which the direction of the current is reversed, To

ascertain that these are not from effects from the boundary conditions

at latitudes + 109, the whole calculation was repeated with a new boundary

condition thalt ¥=0 at these beundaries, Not only did we obtain a meridional

cuprrent system thar 1is neurly identical except near the boundaries where
the current is weak, we confirmed that the essential features of the 3¢
profile is the same a8 in Figure 2. The regilon of the westward current
to the south of the electrojet is larger and its intensity is stronger
than the northern counterpart. This must be a result of the asymmetry
of the magnetic field at this longitude. The maximum westward current

intensity, located at 109 km altitude and 7° south of the dip equﬁaar;
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18 0.13 % 1072 amps/m2, and 18 very much weaker than the maximum clectro-
jet current density. Nevertheless the existence of the reversed currents
18 of interest, bocause Maynard (1967) has shown a rocket measurcment of
the magnetic f£icld that suggests the presgence of a reversed curxent at a
location several degrees south of the dip equator off the coast of Peru.

The cause for the reversal in the current lies in the reversal of the
vertical polarization £ield En, as is expected fLrom (7). Figure 3 shows
the height distrvibutions of By for longitude 280°E. At 59 north and south
of the dip cquatov, E,. has a very steep gradient at the altitudes of about
104 km and 114 km resulting in a hole, and a reversal, in the polarization
field, The depth of the hole is found to depend on longitude; for the
longitude of 80°E, the polarization field decrcases roughly in the same
region, but the decrecase is not large cnough to invert the field except
in a very small arca; and consequently jg4 is likewise not revérsed, only
having a steep depression, except in the small area of the inverted electric
field., Figurcs 4 and 5 show the cross gection of j4 and the vertical polar-
ization field, Ey., for longitude 80°E. Comparing Figure 4 with Figure 2
it 1s seen that the electrojet over India is expected to be weaker and

its width te be narrowar than over South America,

‘TOROIDAL MAGNETIC FIELDS

In a steady state, B i8 related to j by the equation
VxB=4mj

Trom this relation together with /34 = 0 we obtain

(r sin 0/4ma) By + ¢ = constant (13)




Tablo 2, Maximum intensities of the toroidal magnetic
field: for the northern and southern meridional
current loops. The driving electric field:

Eg ™ 1.0 x 1077 volts/m,

“Tongitude | Maxinum intensity
B | ] 'Ng’rg:h B South
00 133y 149y
40 115 127
80 101 108
180 145 140
280 175 198
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The value of ¥ 18 zero at rsr, and ry and 18 nearly zero at the boundaries
4=g, and -0, . Hence we can determine approximate intensity of the toroidal
magnetie {icld relative to By at the boundary. Since »/a ;1 and sin 0 1,
approximately

By o2 = 4ny + Bdo (14)

where Byg 18 By at the boundary.

If the y values indicated in Figure 1 are multiplied by 4r x lﬂ"l ~ 1,25,
bg in 4 is obtained., The field is westward to the north of the dip equator
and is eastward to rhe south, The maximum values of By, relative to the
boundary value, for the longitudes of 09, 40°, 80°, 1809, and 280% are
given in lLable 2, where the intensitice are normalized to a driving
electric field of 1.0 x 1073 volte/m as in Table 1. The magnitude of the
toroldal magnetic field at the center of each current loop is comparable
with that of the electrojet ficld as observed on the ground, It will be
of interest to directly obsexrve the toroidal fields by a vector field
measurement with a rocket-borne instrument., Rocket observations so far

made have all been gcalar measurcments.,

DISCUSSIONS

(1) The meridional current system presented in this paper differs
from that given by Untiedt (1967) in that in our system a current loop is
formed on each side of the dip equator, while in Untiedt's model the
meridional current flows into the equatoral region from higher latitudes
at the lower dynamo altitudes and flows out again at higher altitudes:
see his Figure 2,

The difference between Untiedt's and our results is thought to stem

mainly from the following circumstance. Assuming, for simplicity, a dipole
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field configuration, the line of magnetie foree that tenches the apper
boundary in our model (i.e¢,, 380 km helght) over the dip cquator crainey
the boundary at about 129 latitude, whieh is very close to the northern
(or southern) boundary in our calculation, While in mefedt's madel? the
line of force touching his upper boundary (300 km height) over the equator
is cut off by the vertical boundary at about half way Lo its intersection
with the lower boundary, Since the conductivity o, along lines of foree
is very large, we belicve that the width of 500 km in Untiedt's medel {is
not quite sdequate to obtain & reliable meridional current system. How-
ever, his model does agree with oure in grose aspects in the region with=

in 29 or 39 of the dip equator,

(2) To compare the j4 distribution in the new model with that in
the g,y model the cross section of gyy i3 plotted in Figure 6 for the
longitude of 2809E. The half-width, as defined by the distance from the
peak to one~halfl the peak, is about 0,7° in the vy model, while the
correcponding half-width in the new model 1is approximatcly 2.5, The
latter value (w 250 km) is in rough agreement with an estimate from IFigure
5 of Untiedt's paper. Over India the half-width is cstimated to be about
2°, 7In Iigure ¢ the peak value of oyy 18 1.97 x 1072 mho/m, With the
driving electric field of 2.4 x 103 volts/m the maximum current density
in the gyy model is 4.7 x 103 ampa/mz, which is slightly less than the

peak current density of 5.4 x 10~3 amps/mz in the new model (Figure 2).
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(1) Referring to Figure 3 the maximum vertieal polarization field
over the dip equator Is at the height of 100 km and itx value is approxi-
mately 25 times the driving castward field. This large ratio of the
vertical field to the eastward field is the essence of the existence of
the equatorial eluctrojet, In the oyy model this ratio i ag/n, over
the dip equator; and the ratio 18 n maximum at 100 km hedight, its value
heing 28, Hence the meridional current somewhat reduces the vertical
#lectric field but only by 4 swmall amount,

(4) In the model presented in this paper the driving electric ticld
is assumed to be in the cast-west dirvection, ¥Hffects of an addition of
a north-south component of the electric field were investigated by including
thie cemponent in the formulation, but the results indicated that this
does not mlter the essential features of the meridional current system.

A 8imilar conclusion has bean reached by Untiedt (1967) in his model
caleulation,

(5) The maximum electrojet current density glven here iz about
5% 1073 nmps/m2 for the longitude of 280°E., The corresponding quantity
in Untiedt's model is about 0.9 x 10*7 amps/m2. The driving electric field
used in the present model is 2.4 times the value assumed by Untiedt, The
difference in the ratio oz/oy in the two models may account for the re~
maining factor of about 2, though thie point must be examined further in
the future. When the rocket measurements were made off the coast of
Peru by Maynard (1967) and Davis et al, (1967), the maximum curreunt density
over the dip equator was approximately 0.7 % 1073 amps/mz. Sastry (1968)
measured a maximum current density of approximately 4 x il.()"‘6 amps/m? over

Thumba, India. Thus in both cases the observed values are smaller than
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the theoretical values given here for the respective longitudes by the
sama factor of mbout 7. This difference is thought to be due mainly to
wonkar slectric fiulds prevailing at the times of the rocket measurements
than assumad in the model, but diffarvences in the aslectron density profile

and othar ionospharic parsmeters may contribute to a certain extent.
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APPENDHIX

1. JIonospheric paremelors:
The electron density profile used in the present model s xhown in
Figure 7. Por the formulas to calculate ~4, /1, and ~,, xee, fur
{nstance, Chapman (19%) or paper 1. The lonospheric parameters
used in the caleulation and the computed collision [requencies are
Tisted In Table 3 for xelected heights, Figure B shows the height
distributions of ag, =, and Ay over the dip equiior at longitude
2809E, It Ix asrumed that the presence of the vlectrojet doecs not

affect the structure of the ionosphare,

2. Correction Lo paper 1l:

In paper 1 (ﬁ; Geophys. Ras., 2&* 1869-1877, 1966) the formula for

Ey in p. 1869 should read:
Ey ™ iy cos I/(5o #in®1 + 0, cos¥I)

The error wus made only in writing the equation, and no other changes

are required in the rest of the papei.



Tabls 1§,

Ionospheric pursmeters used: neutral density, Hn: mean

molecular weight, M; temperature, T: electron donsity,

Hei electron and ion collision frequencics, Vg1

1014
IGLE

H

28,490
28,44
28.30
27.73%
26,97
26.25
23,71

Ix
LE
>
e

A

e
K.
o]
L

24,17
23.47
22.78
22.11
21.44
20.81
20,21
18.91

T

O
186
188
208
245
29%
466
693
BA0

997

1140

1213
1251
1275
1286
1294
1299
1300

Ny

em”
2.0 x
1.0 %
1.0 %
1.7 »
4.0 %
2.1 %
2.0 x
2.1 x
2.2 %
2.7 %
3.3 %
3.8 »
4.5 %
3.0 %
4.8 x
4.5 x
3.2 %

3
102
103
10%
103
103
103
107
103
108
105
107
103
102
10%
10°
109
10°

vy

noc”
2.78 x
G.51 %
B.24 %
1.99 %
6.76 %

2.70 ®

1439 %
9.16 x
7.16 =
%.56 %

5.16 %

5.09 % 1
5.44 % |
51?2 ®x 1

5.35 %
4.9 %
3.50 %

|
100
10%
104

vi
spe~l
1.89 x 10°
2.9 x o8
.08 x 10}
1.08 x 103
2.7 x 102

7.66 % 10
3.12 % 10
1.72 % 10
1.14 % 10
6.03

3,68

2.39

1.61

1.12

7,93 x 10"1
5,69 x 10~!
2.64 x 1071
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Figure |.

Fipgure ¢

Filyure §,

Flpgure %,

Fi gure 5.,

Figure 6.

Flgure 7.

Flgure 8.

FICUKK CAPTIONS
the {low pattern of the meridional current associnted with
the vquatorial clectrojet for different longitudes.  The carrent
flowing butween successive contours i= %0 umperes per ke bicks
ness. The driving electric field, Egpo®2.4 x 1077 voltu/m, ‘The
current {lows upward over the dip equator,
The castward current density, jg, for longitude 2809E: in unitx
of i0'3 nmp/mz, The driving electric field, Ego~ 2.4 » 10-3
valta/m, The shaded aress represent reversed, westward currents,
The werticsl polarization [leld, E., directly over the dip
cquatar and at 592 north and south of the dip equator: for 280VE
fongitude,  The deiving electriv field, Eg,= 2.4 x 107} voles/m,
Tiw castward current density, jg, for longitude B0PE: in units
of 1677 amp/m?, The driving electric field, Egy = 2.4 x 1073
volts/m. The shaded arcas represent reversed, westward currents.
The vertical polarization field, Ey, directly over the dip
equator and at 59 north and south of the dip equator: for 80YE
longltude; Efo ™ 2.4 x 10"3 volts/m.
The #gy profile: in units of 1074 mho/m. The peak value is
1.97 x 10”2 mho/m.
The clectron density profile used In the model,
Conductivitivs oy, oy, and Ty a8 functions of height, over the

dip equator and for the longitude of 280°E,
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