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Abstract. Theoretical investigations predict meridional currents in the dy-
namo region of the ionosphere a few degrees north and south of the
magnetic equator as a consequence of the equatorial electrojet. The magnetic
fields of these currents are perpendicular to the permanent magnetic field of
the earth and cause a height variation of the magnetic declination. It was the
aim of six rocket launches performed in 1970 near noon at Natal, Brazil, to
detect these currents. To reach this objective, identical payloads each consist-
ing of two flux-gate magnetometers, a solar aspect sensor, an experiment to
measure the angle between the magnetic field and the direction to the sun,
and an impedance probe to determine the electron density were launched
under different magnetic conditions. The predicted variation of the de-
clination has been observed but with considerably higher amplitude than
was expected. On the other hand, the measured height integrated current
density in the west-east direction was smaller than deduced from ground
based magnetic H-variations.

These discrepancies can be explained by currents flowing at 5 degrees off
the magnetic equator, on both sides, with intensities of about 0.3 of the
electrojet intensity at the same height but in reversed direction. Such
reversed currents have recently been observed from ground based magnetic
observations by others and have also been interpreted theoretically by
ionospheric wind effects.

Key words: Equatorial electrojet — Meridional currents — Rocket
experiments.

Introduction
Untiedt (1967) has shown that the primary eastward electric field responsible for

the equatorial electrojet also gives rise to a meridional current flow perpendicu-
lar to the equator. This flow constitutes an infinite solenoid which generates a
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toroidal east-west or west-east directed magnetic field within the ionosphere. A
schematical representation of the meridional current flow and of the equatorial
electrojet is shown in Figure 1.

According to calculations by Untiedt (1967), Sugiura and Poros (1969) and
Richmond (1973) the two maximum absolute values of the toroidal magnetic
field 4Y,; which changes sign above the magnetic equator are to be expected at
about 300 to 400 km off the magnetic equator and at an altitude of about
120 km. The magnitude of these values should be about the same as that one of
the magnetic variations on the ground caused by the electrojet at the magnetic
equator.

Assuming a value of 160 nT for such a variation on the ground, representing
a moderately developed electrojet, the toroidal magnetic field should change the
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declination of the total earth’s magnetic field by as much as 0.5 degrees at
120 km altitude and at the flanks of the jet. The contribution to the total field
intensity at this height should be less than 1 nT because the direction of the
disturbing toroidal magnetic field is nearly perpendicular to the permanent field
F (F ~25,000 nT).

Because the toroidal field is confined to the ionospheric E- and F-regions it
is not observable on the ground and can only be detected by means of rocket-
borne vector magnetic measurements.

The present paper reports on the results of six such rocket experiments that
were performed at Natal (Brazil) in October 1970. Day and time of each launch
may be taken from Figure 8. Natal was selected as the launch site because it is
situated about 380 km off the magnetic equator (Fig. 2), approximately below
the maximum of the toroidal field strength (Fig. 1).

Description of Instrumentation

A detailed description of the instrumentation is given by Musmann (1971),
therefore only some particulars of the payload will be reported on here.

On board the rocket the electron density was measured using an impedance
probe developed by Melzner and Rabben (1970). The components of the
magnetic field parallel and perpendicular to the spin axis of the rocket were
determined by flux gate magnetometers (Forstersonde). The spin modulations of
the magnetometer outputs were eliminated on board by filtering. It was there-
fore possible to limit the measuring range for the component R perpendicular to
the spin axis to 8,000 nT with a constant offset of 20,000 nT while the measure-
ment range of the longitudinal component L was 0 to 13,000 nT. Using a fast 12
bit A/D-converter a resolution of about +1 nT for the radial (R) and +1.5nT
for the longitudinal component (L) was obtained.

The sampling rate for all sensors was triggered by a precision differential sun
slit sensor giving one pulse per rotation of the rocket. For each rotation (spin
frequency approximately 10 Hz) the field magnitude F and the angle o between
the figure axis of the rocket and the field vector were calculated according to F
=(R?+I*)'? or tan a=R/L respectively. The resolution of o is about one
minute of arc.

The angle y between sun direction and figure axis (see Fig. 3) was measured
with a high accuracy solar aspect sensor developed by Ernst Leitz GmbH,
Optische Werke, Wetzlar, Germany. The resolution of this sensor was 1.8 min of
arc.

From the rocket data the variation of declination is seen in the variation of
the azimuth angle v between the sun meridian indicated by the sun slit sensor
and the direction of the magnetic field detected by a search coil. This angle v
was determined as the time difference between both signals. The time resolution
was 1 us corresponding to a resolution of 0.4 min of arc.

In addition the spin period of the rocket was measured with the same
precision slit senor with a resolution of 4 ps. Four payloads operated success-
fully (F1, F3, F4, and PT). One failed partially, and for one flight the solar
aspect sensor was out of range.



360 G. Musmann and E. Seiler

z
rocket axis
solaraspect angle A -]
P 9 O > v azimuth angle
T A
A
a
position of sun(®

3

F. field direction
h, I
D o Y
90-w-5
H

X

Fig.3. Coordinate system defining the measured angles o, i, v. x, y geographical north and west
direction; D, I, H magnetic declination, inclination, and horizontal component, respectively

Identification of the Toroidal Field

In Figure 3 the sun is represented by its coordinates A (distance from zenith) and
o (azimuth). These values can be calculated for each flight using the geographi-
cal coordinates of Natal, the launch time, data from the Nautical Yearbook
1970, and the tracked trajectory of the rocket. The flight altitude of the rocket is
negligible when compared to the distance of the sun. The direction of the
magnetic field vector F ist characterized by the inclination I and the declination
D.

The spherical triangle given by the direction towards the sun, the field vector
F and the rocket figure axis (Fig. 3), is determined by the measured solar aspect
angle y, the field direction angle «, and the azimuthal angle v. From these
measured quantities the angle £ between sun and magnetic field direction, here
named &, can be calculated according to the equation

cos &; =cos Y cos o+ sin ¥ sin « cos v (1)

with an error of a few minutes of arc.

The orientation of the spherical triangle in space is not considered because it
is of no interest for the subject in question. &, is the “measured value” of &.

On the other hand a second value for ¢ (named ¢,) can be calculated using
the triangle represented by the sun’s direction, the field vector F, and the vertical
axis Z, from calculated values of A, w, I, and D:

cos &, =cosAsin ] +sin 4 cos I cos(D —w) 2)
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I and D, respectively, are the undisturbed values for inclination and declination
of the earth’s magnetic field along the trajectories. The variations of the
inclination and declination produced by the main electrojet without meridional
currents can be neglected. Therefore &, is a “calculated value” of &, neglecting
the influence of the meridional currents.

Figure 4 shows the predicted variations with height of the field components
AXggy, AZggy, and AY,, as produced by the main electrojet (index EEJ) and by
the meridional current system (index M), respectively.

It is assumed that the difference between the measured and the calculated
values &, namely between £, and &,, must be caused by the meridional current
system via 4D,,, the variation in declination caused by the meridional current
system. According to Untiedt’s (1967) model significant values of 4D, are to be
expected in the region 90 km <h <130 km only. Therefore ¢, and &, should be
identical with the exception of this region where the meridional currents are
flowing.

However there can be a systematic deviation between the two curves &, (h)
and &,(h) due to differences between the actual values of D and I and those
calculated from spherical harmonic expansions, which are used to determine
&,(h). However, this difference is not critical as will be shown later. If the
influence of the meridional current system (4D, is taken into account, D —w
has to be replaced by D—w+ 4Dy in Equation (2), and also &, has to be
replaced by &,. This yields the relation

cos & =cos Asinl+sin A cosl cos(D—w)cosADy

—sin A cos I sin (D — w) sin 4Dy,. (3)

4Dy is expected to be <1° that means cos 4Dy =0.9998. Therefore we use
cos ADy=1. 41, is assumed to be zero because the meridional currents produce
no vertical magnetic disturbance.
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Fig. 5. Example (experiment F 3) of observations of ¢, and calculations of £, as function of flight
time. For exact definition of the angles (cf. Fig. 3) £; and &, see text. &, shows the influence of a
constant shift in inclination I by —0.1° which gives the best approximation to &, in the regions
where the influence of the meridional current systems should be negligible

Now, the combination of Equations (2) and (3) yields

cosé,—cos¢,
sin A cosIsin(D—w)

sinADy= 4
The values of D and I can be calculated according to Cain et al. (1968) using the
spherical harmonic expansion of the earth’s magnetic field and the NASA
GSFC 12/66 set of coefficients with deviations (actual main magnetic field minus
computed field) of about +0.2° for the flight area.

Due to the uncertainties in the spherical harmonic expansion a small but
nearly constant deviation between &,(t) and &,(¢f) may be expected. This de-
viation may be eliminated by including a constant shift of D and I in the
calculation of &, (). Figure 5 shows the effect of such a shift in I (as an example).
Apparently, only by including such a constant shift it is possible to match &,
and &, below and above the height region of meridional currents. The finally
adopted shift of I —0.1° represents the best fit between &, and &, for h <90 km
and h>200km. For all flights the curves &,(t) were adjusted in the same
manner.

Observational Results

All impedance probe measurements show a fairly smooth increase of the
electron density with height and are similar in character. Therefore only the
results of flight F5 are shown in Figure 6 as an example. More details about
these measurements are given by Miihlhausen (1974). The results also agree with
other observations of electron densities in the equatorial ionosphere, e.g. (Aikin
and Blumle, 1968), (Jacobs and Rawer, 1966), (Jacobs and Rawer, 1965), and
(Maynard, 1967).
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From the two magnetometer outputs R and L the field magnitude F,, was
calculated according to F,,=(R*+I*)"2 A field magnitude Fggc computed
according to Cain et al. (1968) using the NASA GSFC 12/66 set of coefficients
was subtracted from the observed field F,, to get the observed field intensity
difference AF. These values of AF are shown as a function of height in Figure 7
for the different rocket experiments. Only differences of AF are meaningful,
because no zero adjustment has been made in all these cases. The remarkably
nearly parallel shifts in ascent and descent curves for flights F,, F;, and F, are
mainly due to uncertainties in the determination of the rocket trajectories. This
is due to the fact that only skin tracking radar observations for limited time
intervals after launch were available.

During all the flights a steep decrease in 4F is to be seen beginning at
altitudes of 100 km for flights, F 3, F4, and PT, at about 110 km for F1 and F 5,
and at 90 km for F2. A second but not as well defined change in slope is to be
seen at 125 km for F2, F 4, PT, at 130 km for F 3, and F 5, and at 120 km for F 1.
If we assume that the observed slope is due to the main electrojet current a
variation in thickness of the current layer from about 15 to 35 km may be
derived.

A close correlation between the magnitude of the magnetic variation in the
horizontal component H on the ground and the total variation of AF with
height is to be expected. Figure 8 shows the H traces as observed at Natal for all
six rocket launches, taken from Musmann et al. (1971). If we define 4H as the
difference between the H component during rocket flight and the H level of the
two nights before and afterwards, it may be seen (Table 1) that 4H is nearly
equal to 4F_,,. On the other hand, the relation 4F,, ~2 - 4H when passing the
current layer should hold, if the internal part within 4H is being neglected. A
possible explanation for this apparent discrepancy will be given below.

During the flights F 1 and F 4 some special features are to be seen in the AF
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Fig. 8. Horizontal magnetic field
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Table 1. The measured total 4F variation during flight and the
ground observation of AH at Natal for the flight time

AF (flight)

ascent (nT)

descent (nT)

AH Natal

ground (nT)

F1
F2
F3

F5
PT

45
30
100
100
100
40

45
80

60

230 (disturbed)
80
100
88 (decreasing to 80)
92
=30 (disturbed)

Fig. 7. Differences 4 F between observed (F,,) and calculated (Fggrc) field magnitudes versus altitude, for
the different rocket experiments. Only every tenth measured value has been plotted. Differences between
ascent and descent are due to uncertainties in trajectory determination and in spherical harmonic
representation of the actual permanent magnetic field. The abscissa values are not corrected for absolute
numbers, because only the variations of magnitude are of interest. The small periodical variations in the
representations for F2, F3 and F 5 are due to the influence of the on board spin demodulation on the
nutation modulation of the magnetometer outputs



366 G. Musmann and E. Seiler

250 F1 2501 F3

km model including

km
reversed currents

model including

200 reversed currents

200 ...,
+————Error bar ascent

descent

150

s < 10f
: E
E e
wof 100+ — +——— Error bar
....... K
sob— v o 0 50 e N
-02° 0° 02° o4 08 12° 0’ 04’ 08° 12°
ADM —_—— AD M
0 F4 250 PT
model including ) 7
km reversed currents model including
ascent reversed currents
200 L
descent 200
v
: ascent
< 150} 150} +—iError bar
3 s
2 3
: :
> R +———Error bar
00F~7 100}
s ':." -
50 — e ~— 50 - - —
-02° 0° 02° 06° 10° -02° 0° 04° 08°
ADM-—-—> ADM———>

Fig. 9. The existence of meridional currents is seen in the measured variation 4Dy, of the declination
with altitude. Each point of the dotted lines represents an average of 10 measured values. The solid
lines represent model calculations including currents on both sides of the equator with intensities of
0.3 of the electrojet but in reversed direction

curves: For flight F1 a change in AF occured when the ground observations
showed a small positive change in the decreasing phase of H indicating also a
temporary increase of the current density. The AF curve for flight F 4 showed
two significant extreme values at about 150 km and 125 km during the descent.
These variations were not seen in the ground data, which only showed a steep
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Table 2.

Flight Max. value 4H 4Yy AHg
of ADy (magn. Equator) (nT) (nT)
degrees (nT)

F1 ~1 (disturbed) ~430 ?

F3 ~1 185 ~430 346

F4 0.7 170 300 284

PT 0.3 80 130 121

decrease in H of nearly 10 nT during the flight time. Therefore the variations
during this flight must be due to locally enhanced current densities.

While the effect of the electrojet is seen in AF, the disturbance of the
meridional current is observed as a variation 4Dy, of the declination D. To get
this variation £, was calculated according to Equation (1). This was possible for
the four successful flights F 1, F 3, F4, and PT. The computed curves of &, were
shifted as discussed above in connection with Figure 5 to get a good agreement
between the curves £,(h) and &,(h) above 200 km as expected although the
corrections are only made for h<90 km altitude. A deviation between both
curves can clearly be seen in Figure 5, as an example, between 100 km and
200 km altitude. This deviation is considered to be due to the effect of the
meridional currents of the electrojet system.

To get 4Dy, Equation (4) is used. The term (sin A cos I sin (D —w))~ ! is of the
order of 7 to 10 for all flights and varies only slightly during a special flight. It
can be determined with a possible error of +10 %, The 4D, results for the four
flights are shown in Figure 9. Each point of the dotted lines in Figure 9
represents an average of 10 measured values. As expected from the electrojet
model the maxima of 4D, occur at higher levels than the main electrojet and
are much broader.

The measured maximum values of 4Dy are given in Table 2 for the four
flights, together with the instantaneous values of AH at the magnetic equator
(station Fortaleza) and values of 4 Yy which is the toroidal field strength from
the given AD,. The meaning of 4H will be explained later.

Although there seems to exist some correlation between 4H and 4 Y, within
Table 2 the observed 4Y,,/4H amounting to about 2 is larger than has to be
expected from Untiedt’s (1967) model. According to this model the 4 Y, maxi-
mum value should be comparable to the equatorial 4H variation at the ground.

Possible Explanation of the Observations

Although the equatorial electrojet and the toroidal magnetic fields of the
predicted meridional currents have been observed within our rocket experiments
there seem to exist two discrepancies:

1. The measured total AF variation with height is considerably smaller than
expected from the ground AH measurements via calculations according to
Untiedt’s (1967) model.
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2. The observed toroidal magnetic field A4Y,, is larger than predicted by
Untiedt’s (1967) model by about a factor of 2.

In addition to recent results from ground based magnetic observations
(Fambitakoye and Mayaud, 1976a and b; Hesse, 1977, private communication)
our results indicate that the influence of other currents has to be taken into
account.

The ground based observations mentioned clearly have shown the existence
of two secondary current ribbons flowing at about 500 km distance from the
magnetic equator in a direction which is opposite to the direction of the main
electrojet. Richmond (1973) has shown that an electrojet model including the
effects of height-dependent ionospheric east-west winds is able to generate such
secondary current ribbons. His model has been applied by Fambitakoye et al.
(1976¢) to explain the recent observations of Fambitakoye and Mayaud (1976a
and b). Accordingly, we assume that the observed magnetic variations 4AH on
the ground are a superposition of the effects of the following currents: the
equatorial electrojet, the reversed currents north and south of the equator, the
normal Sg-current system, and their induced currents.

For each rocket flight the 4H variation on ground was measured at the three
stations Fortaleza (d=0 km, d =distance from the magnetic equator), Mossoro
(d=180 km) and Natal (d =370 km) [Musmann et al., 1971].

For the simplified model three equivalent line currents were selected: a line
current at an altitude of 500 km above the magnetic equator and two reversed
line currents at an altitude of 400 km at a distance of 500 km north and south
from the magnetic equator with 0.3 the current intensity of the main electrojet.
These equivalent line currents representing the main electrojet and the reversed
currents, respectively, are producing the same magnetic variations on the ground
as the measured quantities. The hights and distances of the line currents from
the magnetic equator were selected to match the observed latitudinal field
distribution on ground while the ratio of the current densities was chosen to give
a best fit to the H-observations at Natal and Fortaleza.

For adaptation of the model there are still three variables free: The current
intensity I of the electrojet line current, a part of AH which is independent of d
(representing the contribution from the Sq current system) and the depth T of an
infinitely conductive layer for modelling the induced currents.

A value of T=200 km was selected which gives maximum influence of the
induced currents, according to observations reported by Sastry (1973), Davis
etal. (1967), and Hesse (1977, private communication). On the other hand,
Fambitakoye and Mayaud (1976a) have shown that the effective depth for
image earth currents must be greater than 1200 km for regular variations.
Therefore in Figure 10 also the 4H (d) profile including no effects from induced
currents, i.e. for the case T= oo, are shown to demonstrate all possible values
between maximum and zero influence. To 4AH(d) in Figure 10 one possible
profile of Sq as observed in Brazil (Hesse, private communication) was added.
The absolute value of the electrojet current intensity I was selected to match the
observations of 4H in Natal. Using this simplified model it is possible to
calculate the influence in the observed H values of the reversed currents for the
station Fortaleza (magnetic equator). In Table 2 the value 4Hy is representing
this corrected 4H value.
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about 30 nT for Natal). For comparison a profile neglecting induced currents (T= co) is also shown.
The magnitude of the electrojet current was chosen to get the best agreement at d=0 km (Fortaleza)
and d =370 km (Natal) with ground observations for flight F 3. The observations of H on the ground
at Fortaleza and Natal are marked (©)

According to Untiedt’s model this value 4H; would be comparable with
the maximum value of 4%, of the toroidal field. As can be seen in Table 2 this is
now in good agreement so that the second discrepancy cited above has been
removed. In Figure 9 the solid lines represent calculations of AD(h) including
the influence of reversed currents of 0.3 the strength of the electrojet. The
agreement with observations is fairly good for F1 and PT, whereas the results
for F 3 and F 4 differ significantly in the shapes of the curves but not so much in
amplitudes. This may be due to meridional currents with other current
distributions.

In order to predict AF(h) the variation with height for Natal (d=370 km) from
this simple model, an equivalent current density J(d) at 100 km height has been
calculated under the condition that it produces the same magnetic field as the
three line currents mentioned above between this height and the ground. For
heights greater than 100 km the magnetic field is assumed to be that of the
current layer J(d) with zero thickness. Therefore there is a jump in AH(h) at
100 km. If one includes also the field of the induced currents, one obtains A H (h)
profiles for any distance d which can be compared with the measured flight
profile, approximately.

Figure 11 shows the calculated profile 4H(h) for d=0 (magnetic equator)
and d=370 km (Natal). The asymmetry with respect to the line AH=AF =0nT
results from the fact that the magnetic field of the induced currents does not
change sign at the height of the electrojet. In addition to the theoretical curves
(solid line) the observed values AF,, for flight F3 as an example are shown
(dashed line) together with a curve 4H, calculated from Untiedt’s (1967) model
without reversed currents. The observational results are in good agreement with
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the simple model calculations also for the other flights, so that the introduction
of reversed currents also removes the first discrepancy.

Using this model it is also possible to explain the rocket flight results of
Davis etal. (1967) in more detail. At Natal a ratio of 1:1 for AH:AF,, was
observed for all flights under regular magnetic conditions (see Table 1). But as
can be seen from Figure 11 this ratio is a function of the distance d from the
magnetic equator, reaching a value of 1:2 for d =0 km. This is in agreement with
observations of Davis et al. (1967) who measured AF (flight) and AH (ground) as
a function of latitude. For comparison their results are shown in Figure 12
together with our results. Thus it seems that with the model described above not
only the amount of the AF variation but also its latitudinal dependence as
observed by Davis et al. (1967) can be explained.
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Conclusions

It was the aim of the rocket experiments to verify the existence of meridional
currents in the equatorial ionosphere. The results obtained clearly indicate such
currents, but the measured values of AF and 4D, (in Tables 1 and 2) can be
explained only by taking into account reversed currents. The strengths of these
reversed currents giving the best fit to the observed results were calculated.
Similar values were deduced from ground-based measurements. With the as-
sumption of reversed currents the observed variation of AF with latitude can
also be explained. Although not all details of the observations can be explained
by this simple model, some understanding of the observed AF and 4Dy,
variations seems possible. However, up to now there are no simultaneous
measurements in the ionosphere of the electrojet and its reversed currents. To
get a better picture of the electrojet phenomena simultaneous rocket measure-
ments at at least three different distances from the magnetic equator should be
carried out: At the equator to get the maximum effect of the electrojet, at the
center of the reversed currents which is at about 500 km north respectively south
of the magnetic equator, and at about half this distance. In addition to the
rocket borne measurements ground based observations of the earth’s magnetic
field on a profile perpendicular to the magnetic equator should be carried out
also. The influence of the Sqg-currents can only be calculated if there are
observations at a distance far enough from the magnetic equator. Therefore
ground stations at 3,000 to 4,000 km off the equator should be included. With
actual values of magnetic variations along a groundbased profile of some
thousand kilometers and ionospheric observations at three different distances
one should be able to distinguish between the different current systems. Besides
some minor changes the payload described here seems to be suitable for
ionospheric measurements, and especially for the observation of meridional
currents.
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