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Abstract. The paper examines the data of geographic north-
ward (X), eastward (Y) and vertical (Z) components of the
magnetic field from a dense array of 26 vector magnetome-
ters operated in N-NE Brazil from November 1990 to March
1991. As expected, the daily variation of X showed a mi-
nor maximum around 03:00–04:00 LT and a major maximum
around 12:00 LT. The daily range of1Y showed a strong
minimum around noon at all stations. The combined1Y
and1X indicated the direction of the equatorial electrojet
currents to be flowing along 25◦ north of east at the centre
and 20◦ north of east at the edges of the equatorial electro-
jet (EEJ) belt. The centre of the EEJ as defined by the zero
intercept of the Z versus latitude was found to be near 1.0◦ S
dip latitude. The electrojet current was stronger in the north-
ern half than in the southern half of the electrojet belt. These
anomalies are suggested to be due to the abnormal distribu-
tion of the mean magnetic field in this region.

Keywords. Geomagnetism and paleomagnetism (Time vari-
ations, diurnal to secular) – Ionosphere (Electric fields and
currents; Equatorial ionosphere)

1 Background of the present study

Following the study by Schuster (1889, 1908) several anal-
yses of the diurnal variation of geomagnetic field have been
made. The best known model for the global ionospheric cur-
rent system has been that of Chapman (1919). It was envis-
aged that the lunar and solar tidal oscillations of the upper
atmosphere generate winds in the upper atmosphere blowing
ionized gas across the geomagnetic field creating an electric
field as a result of which electric currents flow.

Correspondence to:R. G. Rastogi
(profrgrastogi@yahoo.com)

McNish (1937) described the famous Huancayo anomaly;
the daily range of the horizontal component of the magnetic
field was anomalously larger than anywhere in the world. He
suggested that in South America, the magnetic equator de-
parts considerably from the geographic equator and the elec-
tric fields induced in the middle and high latitudes assist the
dynamo induced electric fields and cause enhanced current
flow.

The most important observations of the equatorial mag-
netic field variation was the result of the ground survey by
Giesecke (quoted in Chapman, 1951) at 14 stations in Peru
during the period September to November 1949. The daily
range ofH slowly increased from 7◦ S latitude to a peak at
13◦ S, with a ratio of about 2. Chapman (1951) estimated the
width of this kind of abnormality to be 10◦ (about 1100 km).
Egedal (1947) showed that when the daily range ofH at the
equatorial and low latitude stations then available are plotted
against the magnetic dip at the place, a sharp narrow peak
of enhanced range ofH is observed over the equator. Chap-
man (1951) interpreted this as to be due to a band of cur-
rent flowing eastward during the daytime hours in the iono-
sphere (100 km) and named it EQUATORIAL ELECTRO-
JET (EEJ).

This “Huancayo Anomaly” presented a serious problem in
assuming a narrow belt of abnormally large wind velocity to
generate a large electro-motive force for the EEJ. The prob-
lem was solved considering the special feature of magnetic
and electric fields being orthogonal to the vertical distribu-
tion of electron density gradient, the collisional and gyro-
frequencies in the equatorial dynamo region. At the mag-
netic equator, the dynamo electric field during the daytime is
primarily eastward and the magnetic field is northward, or-
thogonal to the electric field. The dynamo region is bounded
by a non-conducting atmosphere below 70 km and by the ef-
fectively collision less plasma above 140 km. The electrons
within 70–140 km drift upwards relative to the ions causing
a vertical Hall polarization field. Baker and Martyn (1953)
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Fig. 1. Map showing the geographic locations of the stations whose
data are used for analysis. The lines of constant “Inclination” are
also indicated.

suggested that this vertical Hall polarization field causes an
additional eastward current, which can be seen as an abnor-
mal increase of the eastward Cowling conductivity. They
also explained that beyond 3◦ from the dip equator the po-
larization field leaks away along the inclined magnetic lines
of force and the enhanced Cowling conductivity exists only
within a narrow belt of±3◦ dip latitude. The polarization
field associated with EEJ now has assumed great impor-
tance as it controls the production and distribution of iono-
spheric E-region irregularities, spread F, the distribution of
ionospheric plasma over a large altitude and latitude range
(Rastogi, 1989). With the operation of new magnetic sta-
tions at equatorial latitudes in different longitudes during the
International Geophysical Year (IGY), Rastogi (1962) found
that the strength of electrojet current is largest at Huancayo
in a region of low background magnetic field intensity and
is smallest in Trivandrum a region of high magnetic field.
He also suggested that the Cowling conductivity may be in-
versely related to the mean magnetic field intensity.

It was realized that the EEJ is just a modification of the
mid-latitude Sq current system by the narrow latitude belt
of enhanced ionospheric conductivity. James et al. (1996)
studied the day-to-day variability in Sq(H) at thirteen sta-
tions confined within a narrow longitude belt along the Indo-
Russian sector spread from equator to about 60◦ N dip lat-
itude. Using the correlation coefficients of Sq(H) between
each pair of stations, they identified three latitude zones,
where correlations are very high (i) the equatorial latitude;

(ii) mid-latitudes between EEJ and Sq focus and (iii) latitudes
poleward of Sq focus. They suggested that the observed daily
range in the H field for each day was the result of interaction
of these three current systems. Thus, any critical study of
the EEJ should be supported by a proper network of off-EEJ
stations in the same longitude sector.

The densest array of vector magnetometers was operated
in N-NE Brazil from November 1990 to March 1991 (Rigoti
et al., 1999). The location of the field stations are indicated in
the map shown in Fig. 1 and the coordinates of the stations
are listed in Table 1. the array was designed to be roughly
rectangular with the long side perpendicular to the dip equa-
tor. The average spacing was approximately 100 km and the
area covered extended from 0◦ to 8◦ S and 43◦ to 49◦ W. The
iso-dip lines shown in the figure are taken from the survey
map provided by Muniz Barretto, director of Observatorio
Nacional, Rio de Janeiro. It is to be noted that Buriticupa
(BUR) and Santa Ines (SIN) were the two stations very close
to the magnetic equator. The stations farthest from the mag-
netic equator were S. J. dos Patos (SJP) in the south and Bra-
ganca (BRA) in the north. The equipment from ACA was
uprooted by a farm machine before the programmed starting
date. The declination data from Tatuoca and Natal were still
not available and are not included in the analysis. Thus, we
have been left with data from 26 stations only.

This paper is an attempt to understand the micro scale vari-
ations of EEJ in a longitude sector in which the magnetic
meridian departs appreciably from the geographic meridian.

2 Models of equatorial electrojet

2.1 Line current model

Chapman (1951) first considered the magnetic field produced
by an infinitely long straight horizontal current flowing above
a plane Earth. If the total strength of the current C emu is
flowing eastward, perpendicular to the magnetic meridian at
a height “h”, it can be shown that the magnetic field with hor-
izontal (H) and vertical (Z) components produced a distance
“x” along the magnetic meridian are given by

H =
2Ch

x2 + h2

Z = −
2Cx

x2 + h2

and

Z

H
=

x

h

Let Ho(=2C/h) be the value ofH atx=0. Then, elsewhere

Hx = Ho

h2

x2 + h2
and Zx = Ho

x.h

x2 + h2
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Fig. 2a. The variation of the horizontal (H) and vertical (Z) mag-
netic field components at ground due to an infinite straight horizon-
tal electric current flowing at a height h above the plane Earth; the
ordinates represent fraction of Ho, the surface field directly below
the current, the abscissa are expressed an terms of “h” as unit.

 31

Fig. 2b. The latitude variation of H and Z components of the surface
field of a horizontal band of eastward current of semi-width “w” at
a height ofh above the plane Earth (after Rastogi et al., 2008).

The distribution ofH andZ with respect tox is shown in
Fig. 2a adopted from Fig. 7 in Chapman (1951). The peak
value ofH=Ho atx=0 decreases progressively with increas-
ing x, being equal to 0.5 Ho atx=±h and falls away to one-
tenth of Ho atx/h=±3. The value ofZ is zero atx=0 and has
a negative value in the north and positive values in the south
of the axis of the current.Z reaches the maximum value of
0.5 Ho atx=h, 0.4 Ho atx=2 h, 0.3 Ho atx=3 h.

2.2 Ribbon (sheet) of constant intensity model

The next step towards a more realistic electrojet current is
to treat the current distribution over a ribbon, still flowing
eastward to and from infinity. A simple integration of the

 31

Fig. 2c. The latitudinal variation of H and Z components of the
surface field of a horizontal band of eastward current of parabolic
cross section intensity (after Fambitakoya and Mayaud, 1976).

 31

Fig. 2d. Latitudinal profiles of external, internal and total parts of
1H and1Z for the Peruvian chain of stations during 1GY–1GC
(after Forbush and Casaverde, 1961).

results forH andZ for a linear current gives the following
values at a distancex south of the axis of the band current.

H =
C

w
tan−1 2wh

h2 + x2 − w2

Z = −
C

2w
ln

(x + w)2
+ h2

(x − w)2 + h2

The value ofH immediately below the axis of the band cur-
rent is now (Cw) tan−1 2 wh/(h2–w2) or (2 C/w) tan−1 w/h
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wherek=w/h in terms of Ho for linear current (w=0), writing
w/h=k

Ho(k)/Ho = (1/2k) tan−1 2k/(1 − k2) = (tan−1 k)/k

The ratio of Ho(k) / Ho for k=1, 2, 3 respectively are 0.79,
0.55 and 0.42. The H curve has a lower peak, the more dis-
tributed current C; that is, ask increases, the H curve be-
comes flatter. The value ofx/h for which the curve falls to
one tenth its maximum ordinate are 3.6, 4.6 and 5.6, respec-
tively as against 3.0 for the line currentC.

As regardsZ, it is zero under the band axis and attains its
maximum value when

z2
max = h2

+ w2

also

Zmax

Hmax
=

ln[k + (1 + k2)1/2
]

2 tan−1 k

Forw/h=1, 2, 3 the respective value ofZmax/Hmax are 0.56,
0.65 and 0.73. Asw/h increases from 0 to 3, the initial slope
and the maximum of the Z curve decrease.

Figure 2b shows the variation of H and Z with distance,x,
from the centre of a band current of semi-widthw=300 km
flowing eastward at a height of 100 km.

2.3 Current ribbon of parabolic intensity model

Next, simplest case of a distributed band of unidirectional
current is that in which the current intensity varies paraboli-
cally across the band, if Io is the maximum current intensity
at the centre of the current band and 2w is the width of the
band

C = Co(1 − x2/c2)

whereCx denotes the current intensity at the distance ofx

from the band axis. Chapman (1951) gave the expression for
the latitudinal variation ofH as

H

Ho

=
3

2

h2

x3

[
x2

+ h2

h
tan−1 x

h
− x

]
The field intensity H/H0=0.84 under the band centre com-
pared to the value of 0.78 under the uniform band model.
Naturally the field intensity under the band centre in the
present “parabolic” case is greater than in the case of uniform
sheet though less than the line current case. Figure 2c shows
the latitudinal variation ofH andZ based on the cross equa-
torial chain of stations in Central Africa (After Fambitakoye
and Mayaud, 1976).

2.4 Current ribbon of fourth degree intensity model

Fambitakoye and Mayaud (1976) considered a current distri-
bution given by the expression:

I x = Io

(
1 −

x2

w2

)m

−w ≤ x ≤ w

where Io is the current density at the centre of a ribbon
whose half width isw and the length is infinite. The rib-
bon is assumed to be infinitely thin and located at a height
h of 105 km. Whenm=2; then the term (x/w) rises up to
the fourth degree. Withm=1 (or m=0), one would have a
“parabolic” (or uniform) distribution. When analyzing mag-
netic effects of the fourth degree current distribution by a
parabolic (or uniform) distribution, ratio of the width thus
obtained with respect to the width of fourth degree distribu-
tion is 0.82 (or 0.64).

2.5 Current ribbon of continuous distribution of cur-
rent density model

Onwumechilli (1967) introduced a two-dimensional current
distribution model for EEJ in which the current at any point
(x, z) is given by

I = Io

a2(a2
+ αx2)

(a2 + x2)2

b2(b2
+ βz2)

(b2 + z2)2

whereIo is the intensity atx=0, z=0; a andb are constant
scale lengths alongx andz, respectively; andα, β are di-
mensionless constants controlling the distribution of current
along x and z respectively. Forα≥0 the current is unidirec-
tional eastward but ifα<0, westward (reversed) current flow
on the flanks of the magnetic dip equator.

2.6 Electrojet model with a return flow of current

Chapman (1951) considered the effects due to the return flow
of the overhead current as consisting of one or more horizon-
tal line currents of infinite length, parallel to the primary cur-
rent, and together carrying a total current –C. Considering
the return flow to consist of two equal current each –1/2C at
heighth and at distance±f h north and south of the primary
current. In this case the combined direct external fieldH of
the flowC and two return current−1/2C immediately below
the currentC is (2C/h)f 2/(f 2+1); if f =1, 2, 3, respectively,
this is 0.5; 0.8 and 0.9 times (2C/h). Forf =1, H is at most
only 1/2. Ho and extends over a distance less than “h” north
and south of the currentC after which it is reversed. The
Z field is everywhere numerically less than of the currentC

alone. Thus, the magnitude and the distance of the return
current can seriously distort the latitudinal variation ofH at
ground.

2.7 Effect of induced current due to EEJ

Chapman (1951) considered the effect of current induced in
the Earth by assuming of an Earth of non-conducting down to
a certain depthh1 and then below that it has infinite conduc-
tivity. The image current would be at the depthh+h1 below
the Earth’s surface and would produce a field at the surface
of the Earth whose horizontal component is the same as due
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Table 1. Coordinates and magnetic parameters of the stations.

Station Code Lat. deg Long.◦ W Dip lat X, nT Y, nT Z, nT

Natal NAT −5.8 35.2 −7.8 23 428 −9493 −7078
S. J. dos Patos SJP −6.5 43.8 −3.4 24 013 −9027 −3040
Balsas BAL −7.4 46.0 −2.9 23 705 −8943 −3709
Buriti Bravo BBR −5.9 43.8 −2.8 24 203 −9080 −2584
Riachao RIA −7.3 46.8 −2.4 24 108 −8544 −2130
Boa Vista BVI −5.2 44.3 −2.0 24 470 −9082 −1779
Serra Negra SNE −6.4 46.2 −1.9 24 306 −8723 −1738
Barra do Corda BDC −5.6 45.3 −1.7 24 448 −8922 −1573
Gov. Archer ARC −4.9 44.4 −1.6 24 570 −9094 −1489
Grajau GRA −5.8 46.2 −1.4 24 482 −8777 −1270
Porto Franco PFR −6.3 47.2 −1.3 24 452 −8576 −1161
Santa Luzia SAL −5.2 46.1 −0.9 24 645 −8844 −845
Bacabal BAC −4.2 44.8 −0.8 24 814 −9099 −716
Arame ARA −4.4 46.1 −0.2 24 872 −8909 −200
Buriticupa BUR −4.6 46.9 0.1 24 891 −8773 49
Santa Ines SIN −3.6 45.4 0.1 25 036 −9066 92
Rondon do Para RON −4.8 48.2 0.6 24 962 −8539 539
Cocalinho COC −3.2 45.7 0.6 25 172 −9054 583
Itinga ITI −4.3 47.0 0.7 24 982 −8781 345
Gurupizinha GUR −3.7 47.5 1.2 25 186 −8747 1098
Santa Teresa STE −2.5 45.8 1.3 25 366 −9087 1227
Paragominas PAR −3.1 47.3 1.7 25 324 −8824 1501
Goianesia GOI −3.7 49.1 2.1 25 326 −8465 1900
Bela Vista BLV −1.8 46.2 2.2 25 574 −9075 2040
Tailandia TAI −3.2 49.0 2.5 25 438 −8522 2276
Tome Acu TOM −2.4 48.1 2.7 25 559 −8740 2510
Braganca BRA −1.1 46.8 3.1 25 782 −9028 2969
Tatuoca TTB +1.2 48.5 4.0 25 866 −8747 3771

to an overhead currentC at the heighth1 and whose vertical
component is that of a current−C at the same height ver-
tically above the actual overhead current. Thus the induced
field has components

H 1
=

2Ch1

x2 + h12

Z1
=

2Cx1

x2 + h12

Forbush and Casaverde (1961) separated the latitudinal pro-
files of 1H and 1Z at 75◦ W chain of stations operating
during 1957–1959 into the external part due to currents in
the ionosphere and at the internal part due to induced cur-
rents. Figure 2d shows the latitudinal variations of the total,
external and internal parts of1H and1Z adopted from For-
bush and Casaverde. It is to be noted that the induced cur-
rents generally create a magnetic field at the Earth’s surface
whose horizontal component is in the same direction as the
horizontal component due to the external sources whereas the
vertical component by the induced current is opposite to the
vertical component produced by the external sources. This

means that the induction increases the horizontal component
and decreases the vertical component.

It was shown that the external and internal parts of the
rangeH were respectively 0.71 and 0.29 times the observed
total rangeH . Thus the ratio of internal to external current
was about 0.40. Similar analyses of the data from the chain
of station in Ethiopia (around 40◦ E longitude) for the pe-
riod November 1970 to May 1971 were made by Carlo et
al. (1982). The average induced effect as measured from the
ratio of internal to external component (1Hi/1He) for Sq
variations was found to be 0.38. Rigoti et al. (1999) esti-
mated that the internal part of1H observed in Eastern Brazil
region was less than 10% of the external component. These
differences may be due to the presence of large conducting
region in eastern part of Ethiopia.

2.8 Later developments of EEJ models

Sugiura and Cain (1966) presented a modified version of
Chapman’s thin shell model associated with a model atmo-
sphere and found that the calculated longitudinal variation of
the EEJ was in fair agreement with the observations. Untiedt
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(1967) proposed a numerical 2-D model that allows the ver-
tical currents and consequently a meridian current system.
This assumption increased the width of EEJ and improved
considerably the fit to the observations. Sugiura and Poros
(1969) improved Untiedt’s model by using a spherical har-
monic representation of the Earth’s magnetic field, instead
of a simple dipole magnetic field. Models using a two-
dimensional distribution of ionospheric currents have been
proposed by Onwumechilli (1967), Agarwal and Weaver
(1990) and others but the structure of the equatorial electrojet
current remained fundamentally the same as in Chapman’s
model.

3 Equatorial electrojet modeling, Brazilian region

The main aim of the Brazilian experiment was to derive the
spatial characteristics of the EEJ and to determine the Earth’s
conductivity structures by means of the geomagnetic induc-
tion process. Rigoti et al. (1999) have described the anal-
ysis of H and Z data on 16 selected quiet days. They were
aware of the very large geomagnetic declination in the region
= 20◦ W but no analysis of the declination (D) or eastward
magnetic field component (Y ) data has been described so far.
The main parameters of EEJ determined were the positive
current intensityI=67 000±20 000 A, and the half width =
403±67 km and the centre was located at 21±16 km south
of the dip equator.

The magnetic variation observed at the surface of the Earth
comprises the primary fields generated by external (iono-
sphere, magnetosphere) currents plus secondary fields pro-
duced by internal currents induced in the Earth by the pri-
mary field variations. It was estimated that there was only a
small (<10% of the external) internal contribution attributed
to the EEJ regular daily variation. The mean depth of EEJ
image was estimated to be at the depth of 1010±134 km.

3.1 Geomagnetic induction anomalies in Eastern Brazil

Rigoti (1994) has described his study of the deep geomag-
netic sounding of the East Brazilian region and here we re-
produce some important results which may affect the equa-
torial electrojet.

The examination of the magnetograms during the SC at
23:30 UT on 26 November 1990 showed similar traces in
the X and Y components at the centre of the eletrojet (BAC)
and the edges of EEJ (BRA and SJP). The short period os-
cillation in the Z component showed a reversal of sign at
BAC. The stations BAC and SJP are at opposite sides of
an anomaly associated with the deepest part of the Parnaiba
Basin. For variations of 2 to 3 h period, the coastal station
BRA showed most significant differences inZ associated
with large coast-effect. Contour maps of Fourier coefficients
showed an anomaly in the Y amplitude in the southern part
of the array and an anomaly in the northwestern region ex-

tending towards the centre of the array, with a northwest-
southeast orientation . Induction arrows showed large ampli-
tude at stations in the southeast, best exemplified by BAL.
The orientation of the real arrows did not vary much with pe-
riod for stations in central and western parts of the array(e.g.
BAL, SNE). Whereas, stations in the eastern part (e.g. STE,
COC) did rotated as the period increased, pointing to the
course in the larger period. Transfer functions under the in-
fluence of the electrojet showed remarkably similar features
in the night and day at the period 11.6 min. At the period
25.6 min some influence of EEJ was evident. At the period
of 42 min EEJ was less dominant. At the period 6.8 h the
maps of realZ exhibited the behavior of the electrojet field
only; only small distortions were observed in the northeast-
ern corner and in the southern region. It was concluded that,
when the amplitude of the EEJ is large, the distortions of the
daily ranges caused by the local induction are not significant.

4 Two sheets of currents in the E-region above the dip
equator

Combining the large set of ionospheric drift observations,
ionospheric sounding results and geomagnetic data at sta-
tions close to the dip equator in India, Rastogi (1975) has
shown that1H observed at electrojet stations are the resul-
tant effect of two currents (1) one always flowing eastward at
106 km and associated with the global Sq current system due
to the electric field system generated by the solar-lunar tides;
(2) the second current at a lower level of 100 km flowing east-
ward during normal and westward during partial or full elec-
trojet periods. Simultaneously two currents flowing at differ-
ent directions at altitudes in the E-region of the ionosphere
over the magnetic equator have been directly recorded by for-
ward scatter VHF Doppler radar (Carter et al., 1976). The Sq
and EEJ currents can be separated by suitable model calcula-
tions if a reasonable latitudinal network of geomagnetic sta-
tions is available. To a good approximation EEJ can be esti-
mated by subtracting1H at a low latitude station just outside
the EEJ belt from total observed1H at the station close to
the centre of the EEJ belt in the same longitude sector. These
pairs of stations have been shown to be Huancayo, Fuquene
for American and Trivandrum, Alibag for Indian longitudes
(Rastogi et al., 1977). Fambitakoye and Mayaud (1976) have
made their analyses separating the observed daily variations
of the magnetic H and Z fields into components: one cor-
responding to the electrojet current flowing within a narrow
band along the dip equator and the remainder due to the com-
ponent of a planetary current system.

In this paper, we describe the analysis of geographic north-
ward X, geographic eastwardY and vertical downward Z
components at the 26 stations presented in the Sector 1.The
data are averaged over 16 quiet days. The direction of the
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Fig. 3. Latitudinal variations of the four hourly (10–13) mean daily
range M4 of H due to planetary and electrojet currents for 6 January
1991 (after Rigoti et al., 1999).

total horizontal fieldH with respect to the geographic merid-
ian was calculated according to the equation;

Direction ofH east of geographic north= θ = arctan(1Y/1X)

The data from Acailandia, Imperatriz and Vila Macdo Rio
have not been included in the analysis.

5 Results of the analysis

Figure 3 is drawn after Fig. 5 of Rigoti et al. (1999). The
diagram also shows the EEJ and Sq variations as obtained by
Rigoti et al. (1999) from the modeling based on all available
data for the longitude zone. It is to be noted that there was
not a single station between the magnetic equator and the
northern Sq focus which was close to the station San Juan,
SJG,(geog. lat.=18.1◦, geog. long.=293.9◦). The Sq varia-
tion was thus based on the data from high latitude stations
outside the low latitudes current system. Thus, it seems im-
proper to separate the EEJ component at the network of sta-
tions by subtracting so calculated Sq current contributions of
1H from the observed1H at equatorial latitudes.

It is interesting to note that the ranges M4 ofH at equato-
rial stations are fairly symmetrically distributed with respect
to the dip equator. In the inset figure, the EEJ portion of the
latitudinal profile of range M4 of1H and1Y are shown in
expanded version for the typical quiet day, 6 January 1991.
Range1H was maximum at BAC close to the dip equator,
more precisely about one degree south of it. The profiles
of range1Z showed zero crossing at about 1◦ dip latitude,
maximum positive value at close to the latitude at BAL and
minimum value close to the latitude of BRA. Both the sta-
tions NAT and TTB were outside the EEJ belt. The decli-
nation data at these off-EEJ stations were not available and

Fig. 4a. Overlapping plots of the daily variation of1X, 1Y , 1Z

andθ direction of H east of geographic north = arc tan (1DY/1DX)
on all days for BUR.

no discussion of magnetic field variations at these stations is
made here.

Rigoti et al. (1999) have presented the stacked curves of
the daily variations of the hourly mean values of1H and1Z

at all stations on a quiet day 6 January 1991.1H showed
a single maximum at about noon at all of the stations with
largest range1H at the BAC, ARA, BUR and SIN stations
close to the equator. The noon values of1Z were close
to zero at ARA, increased southward to reach a maximum
(downward field) near SSP and a minimum (upward field)
near BRA.

To illustrate the coherence or the variability of the field, in
Fig. 4 are shown the overlapping daily variation curves for
1X, 1Y , 1Z andθ at the station BUR for all of the days
under study. The1X curves seem to be consistent with a
midday maximum, except a case of early morning counter
electrojet (CEJ) event on 7 January 1991 and an evening CEJ
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Fig. 4b. Daily variations of1X, 1Y and1Z at southern fringe station SJP, equatorial station BUR and northern fringe station BRA,
averaged over all days and on an individual day 7 January 1991.

event on 30 January 1991, when1X reached a level below
the night time base value. The Y curves showed consistently
a midday minimum; a morning maximum a on 7 January
1991 associated with CEJ event is clearly seen. The Z curves
show comparatively larger scatter from one day to another
characteristic of an equatorial station. The values ofθ are
extremely random for the night time hours and fairly consis-
tent during the midday hours. The variability of night time
values is due to almost zero values of individual1X and1Y ,
θ being equal to arc tan1Y/1X.

In Fig. 4b are shown the mean daily variations of1X,
1Y and1Z and on the single abnormal day, 7 January 1991
at stations SJP, BUR and BRA. At the southern station SJP,
large midday maxima of1X and1Z and a flat minimum of
1Y are clearly seen. At the equatorial station BUR a large
midday maximum of1X and a midday minimum of1Y are
observed. At northern station, BRA, both1Z and1Y show
a midday minimum while1X has a maximum at noon.

On the abnormal day, 7 January 1991, a depression of1X

is seen at all stations around the sunrise period indicating a
counter electrojet event. During the same period1Z shows
a minimum at SJP and a maximum at northern station BRA;
expected of a westward electrojet current. At the electrojet
station BUR, the depression of1X was associated with a
maximum of1Y suggesting that both1X and1Y are inti-
mately connected with each other.

The 26 stations were divided into 6 groups according to
the geographic latitude 0◦ and 1◦, 1◦ and 2◦, 2◦ and 3◦, 0◦

and−1◦, −1◦ and−2◦ and last one for less than−2◦. Daily
variations of1X, 1Y and1Z andθ◦ E=tan−11Y/1X for
each group of stations are shown in Fig. 5a. The individual
stations included in each of the groups are also indicated in
the plots for1X in the top of the figure. As expected, the
daily variation of1X for all groups showed a peak around
noon. The profile of1Z showed a maximum at southern

and a minimum at northern stations. These features are as
expected of the EEJ models discussed earlier. The peak1Z

is larger at the northern than at the corresponding southern
station which is an abnormal feature for this region. The
daily variations of the eastward (1Y ) showed a minimum
around noon, just opposite to the corresponding variations of
1X. The maximum deviation of1Y was at stations close to
the dip equator.

In Fig. 5b are shown the hourly values of1X versus1Y

loops for each of the station groups. At stations close to
mean dip latitude 0.6◦ S and 0.3◦ N the loop are inclined
respectively to 25◦ and 21◦ west of north compared to the
mean declination of 20◦ west of north. The direction of the
current was 20◦ west of north for station with dip latitude
3.0◦ S; it was 16◦ west of north for station with dip latitude
1.7◦ S and was 23◦ west of north for station with dip lati-
tude 1.4◦ N. At all these stations the loops were fairly narrow
suggesting that the direction of the ionospheric current was
fairly constant throughout the daytime hours. The loops for
the northernmost stations (dip latitude 2.3◦ N) were compar-
atively broader. The directionθ was 10◦ west during the pre-
noon hours but increased to more than 30◦ west during the
evening hours. This suggested the effect of a mid-latitude Sq
current system over the EEJ current system at the northern
edge of the equatorial electrojet belt. Rastogi (2006) showed
that both the Sq(H) and sfe(H) vectors at the equatorial sta-
tions Addis-Ababa and M’Bour aligned precisely along the
magnetic meridian in the particular region.

In Fig. 6 are shown the variations of M4 (mean of 1000
to 1300 h) values of1X, 1Y , 1Z andθ averaged over all
the 16 quiet days with respect to dip latitude. The variation
of 1X showed a maximum between 0 and−1◦ dip and it
decreases at southward as well as at northward stations. The
variation of1Z showed a maximum at latitudes close to that
of BAL (dip lat. 2.9◦ S) and a minimum at latitude close to
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that of BRA, (dip lat. 3.1◦ N) crossing the zero values at 1◦ S
dip latitude close to the stations SAL and BAC. The profile
of 1Y showed a broad minimum between 0◦ and 1◦ S and
slowly increases towards the edge of the EEJ belt. It is in-
teresting to note that the minimum value of1Y was−60 nT
compared to the corresponding value of 135 nT for1X. The
value of the direction of H vector showed a flat maximum of
25◦ west of north at stations close to the equator and with a
suggestion of decreasingθ at latitudes 2.5 south of the equa-
tor.

To test if the latitudinal variations of X, Y and Z were de-
pendent on the strength of the equatorial electrojet current,
two days were chosen, 29 June 1991 and 30 January 1991
when extreme value of1Xo was recorded. The value of the
daily range of1X at BUR was the smallest (=120 nT) on 29
January 1991 and largest (=226 nT) on 30 January 1991, an
increase by a factor of about 1.9. The daily variations1X,
1Y and1Z on 29 and 30 January 1991 are shown in Fig. 7.
It is important to note that the latitudinal variations of1Z

showed zero crossing at the latitude of 1.0◦ S on the weak as
well as strong current day. The minimum daily range of1Z

was−44 nT on 29 January and−98 nT on 30 January show-
ing an increase by a factor of about 2.2. The maximum value
of daily range1Z was 40 nT on 29 January and 76 nT on 30
January showing an increase by a factor of 76/40=1.90. The
largest daily ranges ofY were −28 nT on 29 January and
−78 nT on 30 January, showing an increase by a factor of
2.79. With the present data it is not possible to identify any
change in the width of the electrojet belt with the strength of
the current at the centre of the belt.

Both the daily and latitudinal variations can be combined
in contours of1X, 1Y and1Z on the grid of dip latitude
versus the local time as shown in Fig. 8. The contours of1X

show a high of>140 nT centered at 12:30 LT and slightly
south of the dip equator. A minor low centered over dip
equator between +2◦ and−2◦ dip latitude is also evidenced
at pre-sunrise hours. The contours of1Y show a low<60 nT
at noon over the dip equator. A minor maximum of1Y

is also evidenced at pre-sunrise hours corresponding to the
early morning counter electrojet. The contours of1Z show
a high>+30 nT at noon around 2.5◦ S dip latitude and low
<−70 nT at noon around 2.5◦ N dip latitude. The 0 nT con-
tour is significantly shifted to 1◦ S dip latitude. Thus the EEJ
width seems to be larger in north than in south of the equator.
A counter electrojet is evidenced by a highZ at 2◦ N and a
low Z at 2◦ S dip latitude around sunrise hours.

From the present analysis, the average centre of the elec-
trojet ribbon has been estimated at about 1◦ S dip latitude at
ground level, as computed by the from International Geo-
magnetic Reference Field (IGRF) program in Space Physics
Interactive Data Resources (SPIDR) website (http://spidr.
ngdc.noaa.gov/spidr/index.jsp). In Fig. 9 are given the varia-
tions, with the geographic latitude, of the inclination at the
ground level and at 100 km altitude in the ionosphere for
46◦ W geographic longitude. The inclination of the field

Fig. 5a.Mean daily variations of ranges of X, Y and Z fields and of
the electrojet current direction ,θ (direction of H east of geographic
north = arc tan(1Y /1X) averaged for groups of stations at 3◦ S,
2◦–1◦ S, 1◦–0◦ S, 0◦–1◦ N, 1◦–2◦ N and 2◦–3◦ N dip latitudes for
all the sixteen quiet days.

lines is zero at 3.54◦ S geog. latitude at the ground level and
at 3.72◦ S geog. latitude at the ionospheric level. Thus, if one
considers the centre of EEJ relevant to the ionospheric level
then it is shifted southward by only about 0.18◦.

5.1 Day-to-day variation of1X, 1Y , 1Z and θ

Figure 10 shows the day-to-day variations of M4 ranges of
1X, 1Y , 1Z and θ on all available days for the equato-
rial station BAC and for the stations, BAL and BRA near
the edge of EEJ. The range1X is seen to vary appreciably
from one day to another, especially at the equatorial station
BAC, the extreme values were 110 and 162 nT. The range
1Y seems to vary comparatively by larger amount and syn-
chronously at all stations. In a seemingly quietest day, 6 Jan-
uary 1991, the ranges of1Y were around−50 nT at the edge
of EEJ and about−100 nT near the centre of EEJ. The varia-
tions of the1X range were comparatively lower than that of
1Y . Ranges ofθ , the direction ofH vector varied over large
amount from−35◦ to +8◦ East and seems to be synchronous
at all stations.

Next, attempts are made to estimate any linear relationship
between the different components of the magnetic field at the
three stations.

Figure 11a shows the variation of1X(M4) at BRA and
BAL with respect to that at1X(M4) at BAC. It has to be
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Fig. 5b. Plots showing the1X versus1Y loop of the Sq variations at each of the selected group of stations.

noted that we have rather poor sample of 14 data points only.
The correlation coefficient for BAL and BRA with BAC are
0.49 and 0.39, respectively. It is interesting to note that the
slope of the regression line for1X BAC versus1X BRA is
0.24 and for1X BAC versus1X BAL is 0.35. This suggests
that with increasing latitude the range1X decreases faster in
the north than in the south.

Figure 11b shows the relationship of1Y (M4) with respect
to 1X(M4) for different stations BAL, BAC and BRA. The
correlation coefficient is the almost the same for any pair of
station being around−0.50.

Figure 11c shows the relationships between range
1Z(M4) with range1X(M4) for stations BAL, BAC and
BRA. At the station BAC close to the dip equator there is
no relationship between1Z with 1X. The southern sta-
tion, BAL, 1Z increases with increasing1X, the slops be-
ing 0.30. At northern station, BRA,1Z decrease relatively
faster with increasing1X, the slope being 0.67.

5.2 Latitudinal variations of 1X, 1Y and 1Z for dif-
ferent local hours

In order to understand the latitudinal variations of the com-
ponents of the magnetic field at different hours, the hourly
means of1X, 1Y and1Z are plotted against dip latitude in
Fig. 12. At 05:30 h,1X showed a flat variation with latitude.
But at 06:30 h and 07:30 h a minimum of1X was evident
centered over the dip equator. Only at 03:30 h a maximum
of 1X is observed signifying the development of an east-
ward electrojet current. This equatorial maximum developed
with them, was strongest around noon and disappeared by
the evening hours.

1Y showed a mild equatorial counter electrojet by posi-
tive values at 05:30 h and 06:30 h, but after 01:30 h, the1Y

values turned negative and this equatorial minimum devel-

oped deeper with time, was most developed around noon and
slowly disappeared by the evening. The behavior of1Y is
very similar but opposite in phase to that of1X and clearly
suggest that the daily variation of1Y within the electrojet
belt is closely linked with the electrojet current.

The latitudinal variations of1Z at 05:30 h and 06:30 h
showed mild positive values at north and negative values in
south suggesting the current to be westward. After 07:30 h
1Z values became positive around 3◦ S and a negative
around 3◦ N and became stronger till midday hours suggest-
ing the development of the eastward electrojet current, which
decreased slowly in the afternoon hours.

Thus, the latitudinal profiles of1X and 1Z were in
full conformity with the expectations of Chapman’s model
of equatorial electrojet but the behaviour of1Y has been
anomalous.

Similar curves were shown by Fambitakoye and Mayaud
(1976) for the H, Z and D data at the chain of stations in the
Central African sector operating in 1968–1970. Figure 13 is
drawn after the Fig. 1 of their paper. The characteristics of
the equatorial electrojet are clearly indicated in the profiles of
1H and1Z. But the profiles of1D showed a smooth vari-
ation with latitude with no special feature at latitudes close
to the equator. The reason for absence any special feature of
1Y near the dip equator may be partly due to the data being
average over all the months of the year.

Doumbia et al. (2007) have described the latitudinal varia-
tions of1H , 1D and1Z at different local hours. They did
not find any special features at the dip equator in the latitudi-
nal variations ofD at any hours of the day. They simulated
the magnetic variation by NCAR thermosphere-ionosphere-
electrodynamics general circulation model. There were little
agreement, between the observed features of magnetic varia-
tions at electrojet stations and the theoretical results.
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Fig. 6. Dip latitudinal variations of four hourly (10–13 h) mean
daily ranges of1X(M4), 1Y (M4), 1Z(M4) and the electrojet cur-
rent direction,θ (M4) averaged over all quiet days.

6 Latitudinal asymmetry of Sq ranges of magnetic field
components in the Peru region

Forbush and Casaverde (1961) have described the features
of magnetic field variations along the 75◦ W longitudes in
Peru during the International Geophysical Year 1957–1959.
Figure 14 here is redrawn after Fig. 12 in their publication.
The latitudinal variation of the range ofH was symmetrical
around geographic latitude of 13◦ S, the location of the dip
equator in that region.1Z showed strong latitudinal asym-
metry with the magnitude of the positive peak south of the
equator being about twice the magnitude of the negative peak
the north of the dip equator. The cross over of the1Z curve
was at a latitude north of the dip equator. The Declination
showed a significantly larger daily range at southern mag-
netic latitudes than at northern latitudes.

 38

Fig. 7. Dip latitudinal variations of daily ranges ofX, Y andZ

on a strong (30 January 1991) and on a weak (29 January 1991)
electrojet day.

The only other study of the geomagnetic data at a chain of
stations on both sides of the dip equator was made by Fam-
bitakoye and Mayaud but no information on any latitudinal
asymmetry of the magnetic field components is mentioned.
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Fig. 8. Contours of the daily ranges1X, 1Y and1Z on the grid
dip latitude versus local time averaged for all quiet days.

Similarly no such study is made of the data from the West
African chain of stations operative during the International
Equatorial Electrojet Year 1993–1994.

7 Special features of the general magnetic field in the
East Brazil sector

Forbush and Casaverde (1961) had concluded that the equa-
torial electrojet in Peru near midday hours is centered over
the dip equator. Fambitakoye and Mayaud (1976b) con-
cluded that the “true” centre of the equatorial electrojet in
Central African region (30◦ E) at midday hours, coincided
with the “effective” dip equator the position of which was
predicted by the POGO 8/6 model. For the counter electrojet

 40

Fig. 9. Variation with geographic latitude of the inclination of field
lines at the ground and ionospheric levels for 46◦ W geographic lon-
gitudes.

events in the morning and to a lesser extent in the afternoon
hours, the centre location was systematically about 40 km
north of the dip equator. As stated earlier, the EEJ centre
in Brazil was located at 21±16 km south of the dip equator
(Rigoti et al., 1999).

Jadhav et al. (2002) described analyses of scalar magnetic
field data from the low orbiting Ørsted satellite from April
1999–March 2000 and concluded that the EEJ axis (centre of
EEJ) closely followed the dip equator at an altitude of 106 km
but there were small departures with the local time, with the
minimum at noon. They also found that in the longitude re-
gions near 39◦ E, 285◦ E and 315◦ E the angular deviation of
EEJ axis from the dip equator was systematically larger than
0.5◦.

Luhr et al. (2004) described their analyses of the local
noon time magnetic data obtained by the low orbiting satel-
lite CHAMP. Rather than interpreting the magnetic signa-
tures, they determined the horizontal current distribution by
using a general current model. Surprisingly they concluded
that the electrojet current peaks right at the dip equator irre-
spective of season or longitude. They did not refer to earlier
work of Jadhav et al. (2002) on the same topic. One has to
examine why the analyses of satellite data by different sci-
entists do not agree with each other and why the conclusions
Luhr et al. (2004) are not in conformity with the ground mag-
netic field measurements.

Ivers et al. (2003) have discussed in detail the reasons
for the equatorial electrojet profiles being different from the
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Fig. 10. Day-to-Day variations of1X, 1Y , 1Z andθ at the BAC
station near the centre of EEJ and at the BRA and BAL stations near
the edges of EEJ.

ground and satellite measurements. They suggested that the
combination of long-track and spatial filtering of the satellite
data modified the characteristics of the raw electrojet signa-
ture. The filtering does not overall degrade the amplitude
of the electrojet, but produces artificial positive shoulders on
either side of the negative trench.

Thus a comparison of the ground measurements of the
electrojet morphology with the results from satellite mea-
surements should be performed with caution.

Doumouya et al. (1998) have described the analysis of
magnetic field H, D and Z data at the chain of stations
in West African longitudes during the IEEY period, 1993–
1994. Figures 2 and 3 of their paper show a systematic

Fig. 11. Latitudinal profiles of the daily variation of the1X, 1Y

and1Z components at different hours of the day at East Brazil sta-
tions. (a) Relationship with M4 range of1X at BAC on individual
days with respect to corresponding M4 ranges of1X at BAL and
BRA, M4 1Z at BAL, M3 1Y range at BAC and BRA.(b) Re-
lationship between1Y (M4) versus1X(M4) at different stations.
(c) Relationship between1Z(M4) versus1X(M4) for different sta-
tions.
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Fig. 12. Mean latitudinal profiles of the regular solar daily varia-
tions of1X, 1Y and1Z at East Brazilian stations during Novem-
ber 1990 to March 1991.

inter-relationship betweenH , D andZ. It is intriguing why
they have not been able to extract regular variations of the
Declination in the equatorial electrojet region. Analysis of
African data in a similar fashion as the present analysis of
Brazilian data is necessary for understanding the latitudinal
extent of the south Atlantic magnetic field anomaly.

8 Discussions

Next, the various factors affecting the observed magnetic
field components due to the equatorial electrojet current and
its spatial variations are discussed.

(I) Base line values of the magnetic field components:
The observed hourly mean H field is the combined effect

of various currents at different levels as well as their induced
currents inside the Earth, both superimposed over the back-
ground main magnetic field. The main magnetic field on any
day is estimated from adopted curve drawn through abso-
lute measurements made at intervals of a week or so. It is
further assumed that the ionospheric currents are absent or
insignificantly small during the night time hours. Subtract-
ing the midnight, or the mean of few hours around midnight
from the hourly mean values at other hours is assumed to be
indicative of the ionospheric current. Any inconsistency in

 44

Fig. 13. Variations with geographic latitude of the magnetic field
components H, Z and D in 46◦ W geographic longitude sector (after
Fambitakoye and Mayaud, 1976).

the consecutive midnight values is corrected by suitably dis-
tributing the errors among all the hours (Price and Wilkins,
1963). The hourly deviations of1H at any equatorial or low
latitude station is supposed to be zero during the night time
hours, starts increasing after the sunrise, reaches its maxi-
mum around noon and later decays to the base level (=0) by
the sunset. Rastogi and Iyer (1976) showed that during the
low sunspot years, the Sq(H) at an equatorial electrojet sta-
tion starts increasing at 06:00 LT and returns to the base level
by 16:00 LT and remains so throughout the night. During
high sunspot years, the H field continues to decrease from
noon to evening and later throughout the night time up to
the sunrise, there being no period in the night when the field
remains constant.

In Fig. 16 are shown the monthly mean Sq variations of
1X at Sao Luiz (SLZ) during the months of January and
June 1993. During June 1993,1X was fairly constant be-
tween the hours 16:00 LT through the midnight to 07:00 LT
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Fig. 14. Latitudinal variations of1H , 1Z and1D at 75◦ W lon-
gitude sector during International Geophysical Year (after Forbush
and Casaverde, 1961).

after which1X increased rapidly due to the rising of the sun.
During January 1993,1X continued to decrease after sun-
set, reached a minimum value around 22:00 LT after which
it continued to increase steadily attaining a value of about
20 nT at 06:00 LT after which it increased rapidly due to the
production of ionizations by the rising sun. The lower set of
curves show the nightly variations of1X on some individual
days. On 20–21 January 1993,1X attained minimum value
at 21:00–22:00 LT, started increasing slowly till 04:00 LT, af-
ter which there was a rapid increase due to the sunrise . On
29–30 March 1993,1X showed a strong depression around
06:30 LT before the rapid increase due to the fresh ioniza-
tions in the E layer. This raises a serious question about
the base value of the X component which has to be assumed
when there is no equatorial electrojet current existing.

(ii) The two fundamental parameters which determine the
ionospheric current are (a) the peak electron density in the
E regionNmE (or the critical frequencyfoE (α Nm1/2), (b)
the imposed electric fieldζ . The E-region is a very well be-
haved ionospheric layer following Chapman’s theory of ion-
ization (Chapman, 1931) and its ionization density is dictated
by the solar zenith angle in the diurnal, seasonal and solar
cycle variation. Rastogi (1993) studied the diurnal, seasonal
and solar cycle variations ofNmE and1H at Kodaikanal, an
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Fig. 15. Variation with geographic latitude of magnetic field com-
ponents Horizontal field (H ), Declination (D) and Inclination (I )
along 46◦ W longitude.

equatorial electrojet station for the period 1959–1965. It was
shown that the solar cycle variation of the Sq range ofH is
primarily associated with the E-region electron density with
little effect of the electric field variation. The seasonal vari-
ation of the range ofH is associated with the electric field
in the ionosphere with little effect of the variationNmE. The
diurnal variation is controlled by the product of both the elec-
tron density and the electric field. Electron density reaches
a maximum only a few minutes before the local noon and
the electric field maximizes at 11:00 LT resulting in the max-
imum of1H occurring slightly before noon.

The dynamo electric field at any longitude sector depends
on the lunar/solar tides in middle atmosphere which are de-
pendent on the orography of the region. The mountain chain
in Asia is aligned east-west, while that in American region is
an aligned north-south direction. This is bound to affect the
global circulation in the upper atmosphere.

Using the program in the website of SPIDR, the magni-
tude of H, D and I components of the geomagnetic field at
different latitudes along the 46oW longitude were computed.
Figure 15 shows the latitudinal variation of the three param-
eters. It is seen thatH was a maximum around 10◦ latitude
and decreased both northward and southward. Thus, in the
east Brazilian sectorH decreased rapidly with increasing lat-
itude and was minimum around 40◦ S, associated with the
South Atlantic Anomaly. This resulted in the centre of Sq
current system being 26◦ in Northern and 46◦ in Southern
Hemisphere. The D was around 20◦ W between 30◦ N and
30◦ S latitudes, the largest deviation of magnetic meridian
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 Fig. 16. Daily variations of SqH at Sao Luiz (SLZ) averaged for
January and June 1993 and for individual days 20–21 January, 29–
30 March and 2–3 April 1993.

from the geographic meridian compared to the same at low
latitudes around the world. The Inclination was asymmetries
with latitude in this region, increasing slower in south than in
the north

These longitudinal non-uniformities in the magnetic field
direction and magnitude would seriously affect the move-
ment of ionospheric plasma in the E region and thereby affect
the global pattern of the dynamo electric field.

It is concluded, that the longitudinal anomalies in the mag-
nitude or the phase of the daily variation of the equatorial
electrojet current is due to longitudinal non-uniformities in
the ionospheric electric field rather than due to the longitudi-
nal variations of ionospheric conductivities.

Considering the daily variation of1H at American sta-
tions, it has been shown that1H is not constant during the
nighttime hours. Hence, there are additional sources of the
E region ionizations in American longitudes other than from
solar UV and X-ray radiations. These points suggest to the
solar charged particle precipitations in the region of a low
background magnetic field.

All the models of the equatorial electrojet assume a perfect
latitudinal symmetry of the magnetic field components. In
the east Brazil sector there is larger north-south asymmetry
of the magnetic field. This results a very rapid decrease of
current in the north while a very slow variation in the south.

This causes a larger shift of the Sq focus from the dip equator
in the south than in the north.

9 Suggestions

First of all it is suggested that a detailed study has to be made
using X, Y and Z data from the Brazilian array data for the
whole period November 1990 to March 1991 together with
those from Tatuoca, Natal and Eusebio and Vassouras.

It is necessary to find out the western and eastern bound-
aries of the anomaly region. Determination of the direc-
tion of current in the E region of the ionosphere with a H F
Doppler radar or by spaced receiver drift measurement in E
Brazil would be the most useful method to solve the puzzling
problems of the equatorial electrojet and its association with
Space Weather. It would be very useful to check the anomaly
in Central African longitudes by re-analyzing the earlier data
of Fambitakoye.

Any collaborative study of the geomagnetic and iono-
spheric observations would be very helpful in solving many
problems.
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