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R. G. Rastogi and H. Chandra

Physical Research Laboratory, Navrangpura, Ahmedabad 380 009, India

(Received June 6, 2005; Revised March 16, 2006; Accepted April 5, 2006; Online published September 16, 2006)

Rocket-borne in-situ measurements of electron density and current density made from Thumba, India, on four
occasions between 1966 and 1973 and on one flight from Peru in 1965 are studied along with the corresponding
ground magnetometer data. The Cowling conductivity is computed using the yearly mean magnetic field values
of 1965 and the atmospheric density values from the MSIS 1986 model. The rocket-borne measurements from
Thumba cover different geophysical conditions of strong, moderate and partial counter-electrojet events. The
vertical profiles of the measured current density and electron density are presented along with the computed
Cowling conductivity, electron drift velocity and electric field. The peak current density occurred at 106–107 km
over Thumba and at 109 km over Peru compared to 104 km over Brazil. Cowling conductivity peaks occurred at
102 km over Huancayo and 101 km over Thumba, while electron drift velocity and electric field peaks occurred at
approximately 105–107 km over Thumba, 108 and 110 km over Huancayo and 104 km over Brazil, respectively.
While the electron density near the level of peak current density shows some variability, electron drift velocity
and electric field show large variability. We conclude that the local electric field plays an important role in the
spatial and temporal variability of the strength of the electrojet.
Key words: Equatorial electrojet, equatorial ionosphere.

1. Introduction
Enhancement of the solar daily range of the horizontal

component of the geomagnetic field H , as detected above
Peru, was explained by Chapman (1951) as being due to
a band of intense electric current in the E-region of the
ionosphere within ±3◦ dip latitude; subsequently denoted
as the Equatorial Electrojet (EEJ). The unique geometry of
the orthogonal electric and magnetic fields and the different
vertical mobility of electrons and ions in the E-region cause
a vertical Hall polarization field, which in turn increases the
electrical conductivity over the magnetic equator (Cowling
and Borger, 1948). This causes a large current over the dip
equator with the same dynamo electric field that found at
other latitudes (Baker and Martyn, 1953). For orthogonal
magnetic and electric fields B and E , respectively, and in
the absence of collisions, both electrons and ions move with
the same velocity in a direction perpendicular to both that
is expressed by

Vd = E × B/B2 (1)

with no current flow. However, in the presence of collisions
electrons move faster than the ions, causing a vertical Hall
Polarization field. This vertical Hall Polarization field is
restricted to a few degrees around the dip equator and in-
creases the Cowling conductivity. The enhanced East-West
Cowling conductivity σ3 is given by

σ3 = σ1[1 + (σ2/σ1)
2] (2)
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where σ1 is the Pederson conductivity and σ2 is the Hall
conductivity. At 100 km the ratio σ2/σ1 is about 30, indi-
cating that the Cowling conductivity is about two orders of
magnitude larger than the Pederson conductivity.
The electrojet current density Je is related to the electron

density ne by the equation

Je = ne · e · Vd (3)

where e is the electronic charge and Vd the electron drift
velocity. The current density is also related to the Cowling
conductivity,

Je = σ3 · E . (4)

Therefore if simultaneous measurements of current density
and electron density are available, drift velocity and electric
field can be computed from Eqs. (3) and (4) respectively.
Pfaff et al. (1997) made simultaneous rocket-borne in-

situ measurements of vector DC electric field, current den-
sity and plasma density in the daytime equatorial electro-
jet from Alcantara, Brazil. Good agreement was found be-
tween the magnitude and the profile of plasma drifts calcu-
lated independently from Evert/B and Jzonal/q Ne.
Investigations on the EEJ have traditionally been based

on the measurements of the horizontal (H ) and vertical (Z )
components of geomagnetic field, which are known to be
affected by various currents in the ionosphere and magne-
tosphere, especially during disturbed conditions in the mag-
netic field. Consequently, the determination of variations in
the EEJ during different conditions was not possible. The
ionospheric drift measurements carried out by the spaced
receiver method has provided data on the EEJ that were not
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vitiated by disturbances. An extensive set of ionospheric
drift measurements made over the dip equator in India over
a 5-year period remains the only long series of data avail-
able anywhere in world. The drifts at Thumba (India) have
been shown to be a better index of EEJ than the geomag-
netic H field (Chandra et al., 1971; Rastogi et al., 1972).
The Thumba data set also provided the first conclusive

evidence that the equatorial electric field decreases with the
increase in geomagnetic activity, described by the index K p

(Rastogi et al., 1971b), and established for the first time
that a direct relation exists between the EEJ and the inter-
planetary magnetic field component normal to the ecliptic
(Rastogi and Chandra, 1974). The disappearance of the E-
region ionospheric irregularities (Esq) during the daytime
at times of depressions in the geomagnetic H field below
the night time base level, which is known as the counter-
electrojet (CEJ), has been shown to be associated with the
reversal of the equatorial electric field, as indicated by the
change in the ionospheric drift from the westward to the
eastward direction (Rastogi et al., 1971a).
Fambitakoye et al. (1973) compared the latitudinal pro-

files of the regular daily magnetic variations, SR , of the H
and Z components from a meridional chain of nine magne-
tometers across central Africa with corresponding quarter-
hourly ionogram/sequences from Fort-Archambault, an
electrojet station. This group found that the disappearance
of Esq traces coincided exactly with the reversals in the SR

variations of the H and Z fields.
Subsequent investigations revealed that Esq irregularities

over Thumba occasionally disappeared when �H showed
a depression not decreasing below the nighttime level, al-
though the irregularities were still associated with the rever-
sal of the direction of the ionospheric E-region drift. These
events are called partial counter-electrojet. Rastogi (1975)
suggested that the �H observed at ground level at a station
close to the magnetic equator was the combined effect of
two simultaneous E-region currents flowing at different al-
titudes: (1) part of the global Sq current system due to tidal
oscillations of the ionosphere flowing eastward during the
daytime at a altitude of 106–107 km and (2) a pure equato-
rial component flowing at 100 km eastward during the nor-
mal electrojet but westward during full or partial counter
electrojet events. Simultaneous opposite flowing electric
currents at different altitudes have been experimentally ob-
served by Carter et al. (1976) fromDoppler VHF radar mea-
surements in western Africa. The additional westward elec-
tric field during CEJ events is of tidal origin for slow events
and of magnetospheric origin during fast events.
Using high time resolution VHF Doppler radar data at

Thumba with the H field data at Trivandrum (TRD) and
Alibag (ABG), Rastogi and Patil (1986) showed that there
was an excellent correlation between the Doppler shift and
�H (TRD)–�H (ABG) during quiet as well as during se-
vere geomagnetic storms. These researchers concluded that
�H (TRD-ABG) is the best index for the EEJ component
of equatorial ionospheric currents.
We report a study of the equatorial electrojet (EEJ) using

the in situ rocket-borne measurements of plasma density
and current density from Thumba (India) and Peru along
with the ground magnetometer data. The vertical profiles of

the measured current density and electron density from pub-
lished data are presented along with the computed Cowling
conductivity, electron drift velocity and electric field. The
Cowling conductivity is computed using the yearly mean
magnetic field values of 1965, and the atmospheric den-
sity values were obtained from the MSIS 1986 model as
described by Sinha et al. (1999).

2. Data and Results
The measurements of the electrojet currents and elec-

tron density from Thumba had been reported earlier. Verti-
cal profiles of current density were obtained using the pro-
ton precession or rubidium vapour magnetometers (Sastry,
1968, 1970, 1973). The electron density measurements
were made using a new Langmuir probe system, which
works on a single floating battery (Prakash and Subbaraya
1967), developed at the Physical Research Laboratory. The
probe system with reduced leakage currents and thorough
pre-launch check-out has several advantages. The first suc-
cessful flight was on 7 July 1966 with a nose-tipped sensor
in a sweep mode (−2.4 to +2.4 V in 0.5 s followed by 1.5
s of fixed bias at +2.4 V); later flights used a more or less
standardized form with a fixed bias at +4.0 V. The conver-
sion of the probe current to electron density was calibrated
using the critical frequency of the E region, fo E , from the
ionosonde at Thumba (for twilight period) or Kodaikanal
(around midday). The calibration using ionosonde data at
Kodaikanal agrees within the experimental errors (10%).
Absolute values of electron densities were also obtained
over Thumba on two occasions using a resonance probe
(Rao and Prakash, 1978). Subbaraya et al. (1983) have de-
scribed the probe and calibration details and electron den-
sity values at every kilometre interval for 25 rocket flights
(12 during daytime) in the period 1966–1978 using height-
dependent calibration. Sinha and Prakash (1996) have re-
ported electron density profiles for 17 daytime rocket flights
from Thumba. In the present report we have taken cur-
rent density values for Thumba from the published profiles,
while electron density values are taken from the tabulated
values reported by Subbaraya et al. (1983). The current
density and electron density values for Peru are taken from
published profiles (Maynard, 1967).
The results of the rocket-borne magnetometer and elec-

tron density measurements from Thumba on 29 August
1968 are shown in Fig. 1. The daily variations in the hor-
izontal component of the geomagnetic field at TRD and
ABG and the difference between the two, which is a mea-
sure of the electrojet strength, are shown in Fig. 1(a). The
maximum range in H was 112 nT at 1030 hours (75◦ EMT)
at TRD and 39 nT at 1200 h at ABG. The electrojet strength
was 90 nT at 1000 hours. The equatorial current therefore
comprised 90 nT of the electrojet component and 39 nT of
the global Sq current. Thus, that day can be considered to
be a strong electrojet day. At the time of the rocket launch
at 1345 hours �H was 70 nT at TRD and 28 nT at ABG,
a difference of 42 nT. Consequently, the electrojet portion
was larger than the Sq portion of the current.
The vertical profiles of the measured current density (J ),

electron density (N ) and computed values of the Cowling
conductivity (σ3), electron drift velocity (Vd ) and electric
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(a)

(b)

Fig. 1. (a) Daily variations of the geomagnetic H field (�H ) at Trivandrum and Alibag and of the differences at two stations on 29 August 1968. The
time of the rocket launch is also marked in the figure. (b) Vertical profiles of the rocket-borne in-situ measured current density (J ), electron density
(N) and the computed Cowling conductivity (σ3), electron drift velocity (Vd ) and electric field (E) on 29 August 1968 from Thumba.

field (E) are shown in Fig. 1(b). The current density in-
creases steadily from 95 km to a maximum value of 4.2
Amp km−2 at 107 km and decreases thereafter. The elec-
tron density, which was 0.24×105 el. cm−3 at 95 km, in-
creases steadily to a value of 2.0×105 el. cm−3 at 115
km. The Cowling conductivity, which peaks at 101 km,
is 11.7×10−3 mho m−1. The electron drift velocity remains
fairly constant up to 105 km and then decreases steadily
with maximum of 160 m/s at 105 km. The electric field
shows a minor peak of 0.48 mV m−1 at 106 km and a major
peak of 0.59 mV m−1 at 111 km. Thus, while the Cowling
conductivity is at its maximum at 101 km, the current den-
sity is at its maximum at 107 km. The explanation for this
is that both electron density and electric field are larger at
107 km than at 101 km.
There were two additional rocket flights at 1048 and 2230

hours, respectively, for current density measurements only
on 29 August 1968. The altitude profiles of the current den-
sity for all three flights on 29 August 1968 are shown in
Fig. 2. At the morning flight time of 1048 hours the �H
values were 110 nT at TRD and 37 nT at ABG, with the
electrojet strength then 73 nT. The electrojet current com-
ponent was therefore larger at 1038 than at 1345 hours even
though the Sq parts of the current were of same magnitude
at both times. The value of peak current density at 1038
hours was 9.0 Amp km−2, while at 1345 hours it was 4.2
Amp km−2. However, the altitudes of the peak current den-
sity were the same for the two flight times. The rocket flight
at 2230 hours was at the late night hours when the electro-
jet current is assumed to be absent. The observed altitude
profile of current density at this time shows slow random
fluctuations around the zero value, suggesting the absence
of any significant current.
Results for the rocket-borne measurements made at 1229

hours on 13 October 1972 along with geomagnetic H field
variations are shown in Fig. 3(a, b). The peak �H value
was 116 nT at 1100 hour for TRD and 33 nT at 1330 hours
for ABG. At the time of the rocket launch at 1229 hours,
�H at Trivandrum was 105 nT, of which 84 nT was due to
the electrojet component and 21 nT due to the Sq current

Fig. 2. Vertical profiles of the current density from the three rocket flights
conducted from Thumba at 1038 h, 1345 h and 2230 h on 29 August
1968.

component. Thus, the electrojet current component is much
larger than the global sq current in this case. The altitude
profile of the current density shows a maximum value of 9.6
Amp km−2 between 105 and 106 km. As its value is only
4.5 Amp km−2 at 100 km, the ratio for the Sq /electrojet
current is 0.47. The corresponding ratio of �H (Sq )/�H
(electrojet) is 0.25. The electron density increases from
0.37×105 el. cm−3 at 95 km to 1.26×105 el. cm−3 at 106
km, increasing slowly at higher altitudes. The Cowling
conductivity peaks at 100 km with a value of 10.8×10−3

mho m−1. The electron drift increases from a value of 270
m/s at 95 km to 491 m/s at 105 km and then decreases
steadily to 60 m/s at 120 km. The electric field value is 0.4
mV m−1 at 95 km, increasing steadily to 1.36 mV m−1 at
106 km, thereafter remaining fairly constant with altitude.
Thus, once again the current density peaks at 105–106 km
compared to the peak in conductivity at 100 km. In this case
the electric field at 105–106 km is much higher than that at
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(a)

(b)

Fig. 3. (a) Daily variations of the geomagnetic H field (�H ) at Trivandrum and Alibag and of the differences at two stations on 13 October 1972. The
time of the rocket launch is also marked in the figure. (b) Vertical profiles of the rocket-borne in-situ measured current density (J ), electron density
(N ) and the computed Cowling conductivity(σ3), electron drift velocity (Vd ) and electric field (E) on 13 October 1972 from Thumba.

(a)

(b)

Fig. 4. (a) Daily variations of the geomagnetic H field (�H ) at Trivandrum and Alibag and of the differences at two stations on 3 March 1973. The
time of the rocket launch is also marked in the figure. (b) Vertical profiles of the rocket-borne in-situ measured current density (J ), electron density
(N ) and the computed Cowling conductivity(σ3), electron drift velocity (Vd ) and electric field (E) on 3 March 1973 from Thumba.

101 km. Electron drift velocity is also higher at 105–106
km.
The results for the rocket flight conducted at 1154 hours

on 3 March 1973 along with the geomagnetic H field varia-
tions are shown in Fig. 4(a, b). The maximum value of �H
was 101 nT at 1130 hours for TRD and 59 nT at 1100 hours
for ABG, giving an electrojet strength of 42 nT. The elec-
trojet strength at the time of rocket launch was 45 nT. The
current density profile shows a maximum value of 10 Amp
km−2 at 107 km. The electron density increases steadily
from a value of 3.9×104 el. cm−3 at 95 km to a value of
1.3×105 el. cm−3 at 107 km. The Cowling conductivity
peaks at 101 km (10.3×10−3 mho m−1). The electron drift
velocity increases from a value of 285 m/s at 100 km to a
peak at 107 km with a value of 480 m/s and then decreases
steadily to 88 m/s at 120 km. However, there was an ob-
served increase below 100 km with high values. The elec-
tric field value is 0.63 mV m−1 at 95 km, which increases
steadily to a peak value of 1.61 mV m−1 at 107 km and then
increases once again from 113 km onwards.
The rocket launch on 7 July 1966 happened to take place

during a partial CEJ event. The results for the rocket flight
conducted at 1315 hours along with the geomagnetic H
field variations are shown in Fig. 5(a, b). Hourly values of
the ground magnetic field measured at TRD and ABG along
with the difference between the two are shown in Fig. 5(a).
The variation of �H shows a peak value of 86 nT at 1130
hours for the TRD data set. However the variation at ABG
was unusual on that day, with a maximum value of �H
at 1330 hours (60 nT). The electrojet strength, described
as the difference in H , showed a peak value of 42 nT at
1100 hour, with later values falling below the baseline in the
time frame from 1300 to 1600 hours. The rocket flight took
place at 1315 hours when the difference in H was about -10
nT. The transparent type of sporadic-E at Kodaikanal near
the dip equator was present, implying there was no reversal
of electric field or current at the time of the depression in
H . The current density profile shows a broad peak with a
value of 4.35 Amp km−2 at 106 km. The electron density
profile shows a value of 5.1×104 el. cm−3 at 95 km, steadily
increasing to a peak value of 1.92×105 el. cm−3 at 106 km,
followed by a very slow increase to 120 km (2.34×105 el.
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(a)

(b)

Fig. 5. (a) Daily variations of the geomagnetic H field (�H ) at Trivandrum and Alibag and of the differences at two stations on 7 July 1966. The time
of the rocket launch is also marked in the figure. (b) Vertical profiles of the rocket-borne in-situ measured current density (J ), electron density (N )
and the computed Cowling conductivity (σ3), electron drift velocity (Vd ) and electric field (E) on 7 July 1966 from Thumba.

(a)

(b)

Fig. 6. (a) Daily variation of the difference in range in H at Huancayo and Fuquene on 12 March 1965 along with the time of rocket launch marked
(upper); Magnetograms of H component for Huancayo and Fuquene on 12 March 1965 (lower). (b) Vertical profiles of the rocket-borne in-situ
measured current density (J ), electron density (N ) and the computed Cowling conductivity (σ3), electron drift velocity (Vd ) and electric field (E) on
12 March 1965 from Huancayo.

cm−3). The Cowling conductivity peak is at 101 km, with
a value of 15.6×10−3 mho m−1. Electron drift velocity is
86 m/s at 96 km, increasing to a broad peak of 146 m/s
at 105 km and then decreasing steadily to 34 m/s at 120
km. The electric field increases from 0.19 mV m−1 at 95
km to a broad peak of 0.58 mV m−1 at 110 km and then
steadily increases at higher altitudes. The electric field and
drift values were smaller on this day.
The results of a rocket flight conducted from Peru on

12 March 1965 are shown in Fig. 6. The magnetograms
of Huancayo and Fuquene are shown in the lower part of
Fig. 6(a), while the difference in H at the two locations is
plotted in the upper part. The rocket was launched at 1100
hours (75◦ WMT) near the peak of the electrojet strength
(64 nT). The vertical profiles of different parameters are
shown in Fig. 6(b). The current density shows a maximum
value of 7.9 Amp km−2 at 109–110 km. The electron den-

sity increases from 5×104 el. cm−3 at 95 km to 1.49×105

el. cm−3 at 110 km, slowly increasing thereafter to 1.7×105

el. cm−3 at 120 km. The Cowling conductivity peak is at
102–103 km with a value of 16.8×10−3 mho m−1. The
electron drift velocity increases from 75 m/s at 95 km to a
peak value of 350 m/s at 108 km, decreasing to 50 m/s at
120 km. The electric field peaks at 110 km (0.82 mV m−1).
Thus, the peak of current is at an altitude slightly higher
than that observed in the Indian sector.

3. Discussion
Geomagnetic studies in India have been experimentally

supported by the Kodiakanal ionosonde data since 1952.
Values of the critical frequency of the E-layer ( fo E) over
Kodaikanal were published for few years based on the
high-quality ionograms. Normalizing the range of H with
Nm E , the maximum electron density of the E-layer, Ras-



1076 R. G. RASTOGI AND H. CHANDRA: CONDUCTIVITY, ELECTRIC FIELD AND ELECTRON DRIFT VELOCITY

togi (1993) suggested an index for the equatorial electric
field (�H /Nm E). The solar cycle variation of �H at Ko-
daikanal was shown to be largely due to the corresponding
variation in Nm E , while the seasonal variation was shown
to be largely due the corresponding variation in the electric
field. Consequently, variations in Nm E and the electric field
contributed equally to daily variations in the electrojet.
Subbaraya et al. (1972) described the results of the

rocket-borne measurements from Thumba. It was con-
cluded that in the EEJ the horizontal electric field is not
constant with height and, in fact, probably increases with
height, in the height region of the EEJ. The electric field
ranged between 0.5 to 1.5 mV/m. A similar conclusion was
arrived at from measurements of the drift at Thumba us-
ing VHF backscatter radar. Tiwari et al. (2003) recently
reported measurements of drift velocity of electrojet irreg-
ularities by VHF and HF radar from Thumba. Average ve-
locities around noon showed a peak at 106 km for VHF and
109 km for HF measurements, while the mean peak drift
velocities were around 260 m/s for VHF and 240 m/s for
HF.
Pfaff et al. (1997) found a peak plasma drift velocity of

370 m/s at 105 km from the plasma density and current
profiles at Alcantara, Brazil, on 1 September 1994. The
peak drift velocity from the electric field measurements was
390 m/s at 104.5 km.
This report compares the day-to-day variability results

from the four days of rocket measurements conducted from
Thumba. The current density peak varies from 4.15 to 9.5
Amp km−2, and the altitude of the peak varies from 105.5
to 107.5 km. The low value on 29 August 1968 is due to the
fact that the measurements were made at 1345 hours rather
than at noon. The current density at 1048 hours on same
day was higher. The lower value on 7 July 1966 was, how-
ever, due to the fact that it was a partial CEJ event. The
drift velocity and electric field near the peak current den-
sity were higher for the March and October measurements
but smaller for the July and August measurements. This
is consistent with the fact that electrojet is strongest dur-
ing equinoxes. While Cowling conductivity values differed
very little among the flights conducted during March, Oc-
tober and August, the highest value occurred during July.
The electron densities at the peak current density altitudes
are less during equinoctial months than summer months
(1.3×105 el. cm−3 compared to 1.9×105 el. cm−3). There-
fore, the lower current densities in the summer months are
associated with lower electric field and drift values. The
electric field shows a large variability, ranging from about
0.4 to 1.6 mV m−1. Consequently, it can be concluded that
the electric field plays an important role in the variability of
the electrojet strength.
A number of models have been developed in attempts to

explain the observed features of the EEJ (Untiedt, 1967;
Sugiura and Poros, 1969). Richmond (1973) developed a
numerical model that included winds and instabilities in
which the physical features of the EEJ were examined. It
was shown that the two-stream instability limits the strength
of the polarization electric field and the eastward current.
Changes in temperature, electron density, geomagnetic field
and electron and ion collision frequencies were tested in the

model to illustrate how currents are sensitive to conductivity
distribution. An increase in the magnetic field strength was
found to reduce the Pederson and Hall conductivities at
all levels and also to lower the altitude of the maximum
polarization field to a level where Hall conductivity is lower,
thereby reducing the strength of the electrojet.
Gangepain et al. (1977) compared different models and

showed that differences arise largely as a result of the differ-
ent values of electron collision frequencies used. A model
was devised by empirically adjusting the electron collision
frequency so that it is in good agreement with observed pa-
rameters of the EEJ. A value that is fourfold that calcu-
lated from laboratory data correctly modeled the electrojet
parameters. Ronchi et al. (1990) examined how the fully
developed strongly turbulent state of the small-scale waves
(tens of meters in size) affects large-scale dynamics. By in-
cluding the additional mobility and diffusion factors and the
small wave-length density fluctuations from in-situ rocket
measurements made from Peru, these researchers showed
that the equilibrium vertical electric field peaks around 100
km in the absence of turbulent terms and around 105 km
in their presence. The peak value of the vertical polariza-
tion field also decreases from about 24 mV/m to about 10
mV/m in the presence of turbulent terms (or the peak cur-
rent decreases from approx. 14 Amp km−2 to approx. 8–9
Amp km−2). Thus, the inclusion of anomalous mobility due
to short-wavelength turbulence in the large-scale dynamics
leads to substantial improvement in the linear theory pre-
dictions and a better conformity to experimental data.
The results of Gangepain et al. (1977) indicate that large

values of electric conductivity (fourfold that of laboratory
values) are needed to describe the electrojet parameters in
models, however a comparison of all models is beyond
the scope of this study in which we wish to report the
observed features of the electrojet from simultaneous in-situ
measurements and to estimate the electron drift and electric
field from the limited data set that exists.

4. Conclusion
Simultaneous in-situ measurements of the current density

and electron density from four rocket flights from Thumba
(India) and one from Peru show that peak current density
occurs at 106–107 km over Thumba and at 109 km over
Peru. This is consistent with the result of model studies car-
ried out by Richmond (1973) in which increases in the geo-
magnetic field reduces the Pederson and Hall conductivities
at all levels and also lowers the altitude of the maximum
polarization field and reduces the strength of the electro-
jet. Electron drift velocity and electric field estimated from
these measurements show a peak around 105–109 km. This
is also consistent with the VHF radar results. The electric
field shows large variability and plays an important role in
the day-to-day variability of the equatorial electrojet.
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