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Abstract

In this paper we examine the relationship between the tidal characteristics as observed by the MF radar at Tirunelveli (8:7◦N,
77:8◦E, geographic; 0:3◦N magnetic dip) and the occurrence of afternoon counter electrojet (ACEJ) events. A reduction in
the diurnal tide activity and=or an enhancement of semi-diurnal tide amplitude is observed on many of the ACEJ days. A clear
anticorrelation is seen between the afternoon electrojet strength and the amplitude of the semi-diurnal tide in the solstitial
months of June and July, 1995. The results presented herein provide observational support to the earlier numerical models
that consider the interplay of various tidal modes in the evolution of equatorial ionospheric current system whose extreme
manifestation in ground-geomagnetic 8eld variations being the reversal of the electrojet in the afternoon hours.
c© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The equatorial electrojet (EEJ) is an intense band of east-
ward electrical current ;owing at ∼ 105 km during daytime
in a narrow latitudinal belt around the dip equator. This re;-
ects in the daily variation of the horizontal component (H) of
Earth’s magnetic 8eld which shows a positive deviation dur-
ing the day with a maximum at around noon (Onwumecheli,
1997). Sometimes a negative deviation in H occurs due to
the reversal in the direction of the current system from the
normal eastward ;ow to westward which is often called
‘counter electrojet’ (CEJ) (Mayaud, 1977, for a review). A
CEJ can occur either in the morning or in the afternoon;
we shall refer to these as morning (MCEJ) and afternoon
counter-electrojet (ACEJ), respectively. ACEJ events have
attracted many researchers for many of their complexities
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that include their variable nature and diDculties in iden-
tifying causative mechanisms responsible for their genera-
tion. Though the morphological behaviour of ACEJ has been
studied in detail by several workers in the last three decades
(Marriott et al., 1979, for a review), the causative mecha-
nisms for its occurrence still remain an unsolved problem.

There are two schools of thought that have attempted to
identify the process responsible for the ACEJ. Earlier work-
ers believed that it is the height-varying local winds that
cause the reversal in the current system. Though such winds
can produce altitudinal changes in the vertical polarization
8eld (Reddy, 1989), the desired eEects are pronounced not
at the equator, but at latitudes ¿ 2◦ (Richmond, 1973, for
example). Raghavarao and Anandarao (1980) proposed that
gravity-wave-associated vertical winds can cause the rever-
sal. The second school of thought looks for a mechanism that
is global in nature. Global-scale tidal winds with appropriate
phase combination were shown to reverse the currents in the
afternoon hours (Forbes and Lindzen, 1976; Marriott et al.,
1979; Stening, 1989). Hanuise et al. (1983) and later Singh
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and Cole (1987) incorporated a three-dimensional numeri-
cal model that evaluates the role of tidal modes in causing
the observed changes in the magnetic 8eld variations asso-
ciated with the ACEJ.

The experimental evidences for the role played by the
dynamical processes in causing ACEJ as suggested by the
above theoretical studies are awaited. Continuous measure-
ments of neutral winds in the equatorial dynamo region are
yet to be made. Rocket experiments are occasional and they
prove to be expensive. Radar measurements within the dy-
namo region (100–110 km) are constrained by the in;uence
of electric 8elds over the measured drifts. In this region, the
radars tend to measure the electron drift motion driven by
intense electric 8elds rather than the neutral wind.

With the installation of a partial re;ection medium
frequency (MF) radar at Tirunelveli (8:7◦N, 77:8◦E geo-
graphic; 0:3◦N dip), continuous data on neutral winds close
to the dynamo region (84–98 km) are available since 1992.
This experimental set-up provides an opportunity to exam-
ine the mesospheric wind and tidal characteristics possibly
associated with the electrojet during diEerent electrody-
namical conditions. With more MF radar systems coming
up in diEerent longitudinal sectors in the equatorial and
low-latitude belt, there is scope for using this network in
studies for the understanding of the dynamical and electro-
dynamical coupling associated with many of the equatorial
ionospheric processes.

2. Observations

The wind data utilized in the present study were acquired
by the MF radar operating at Tirunelveli in the spaced an-
tenna mode. The system details, mode of operation and the
method of wind determination are the same as described by
Vincent and Lesicar (1991). Important results on the mean
winds and tidal climatalogies observed over Tirunelveli were
reported earlier (Rajaram and Gurubaran, 1998; Gurubaran
and Rajaram, 1999). Hourly values of wind measurements
in the altitude region 84–98 km were 8rst subjected to mean-
ingful statistics (Rajaram and Gurubaran, 1998) before sub-
jecting the data to further analysis. Since all hourly slots
may not be 8lled for altitudes below 84 km, this region is
not included in the present analysis.

The magnetic data are from the Indian Magnetic Data
(IMD) volumes published by the Indian Institute of Geo-
magnetism for the years 1993–1996. The usual method of
representing the EEJ strength (Kane, 1973) is adopted in
the present work: the electrojet strength is derived from the
diEerences between the magnetic 8eld variations obtained
from Trivandrum (8:5◦N, 77◦E, geographic; 0:5◦N dip) and
Alibag (18:6◦N, 72:9◦E, geographic; 12◦N dip). Trivan-
drum is a coastal station located close to the axis of EEJ and
is also under the in;uence of Sq current system, whereas
Alibag is a coastal oE-equatorial station under the in;uence
of Sq current system only.

3. Data analysis

In order to identify the relationship, if any, between
changes in the tidal components (refer to solar tides only
unless otherwise stated) in zonal wind and the geomag-
netic 8eld variations, successive groups of quiet ACEJ and
non-ACEJ events (Ap¡ 12) were identi8ed for the years
1993–1996. The groups of ACEJ and non-ACEJ days are
the following: 6–8 December 1995 with Ap values 4, 4 and
2, respectively; 9–11 December 1995 with Ap values 9,
5 and 4 (hereinafter referred to as group A); 5–7 March
1996 with Ap values 8, 7 and 11; 8–10 March 1996 with
Ap values 6, 4 and 2 (referred to as group B). In addi-
tion to obtaining tidal estimates from the corresponding
3-day composite mean winds we also considered individual
ACEJ and the nearest non-ACEJ days in order to obtain
more cases. Fifteen pairs of individual, quiet, ACEJ and
non-ACEJ days are selected and the tidal amplitudes are
computed for these days for comparison.

4. Results

Fig. 1 demonstrates the temporal variation of the EEJ
strength for the days in groups A and B (details given above)
and pairs A and B (two pairs of ACEJ and non-ACEJ days
are taken from the selected 15 cases and shown as exam-
ples). In general, the enhancement starts generally at around
0600–0800 EMT (Meridian Time at 75◦E) with a maxi-
mum at noon. On ACEJ days, one can note the strength of
electrojet to reach the maximum at around 1000 EMT which
is earlier than that on non-ACEJ days and a decrease after
1000 EMT to values well below the nighttime level in the
afternoon (1300–1500 EMT) which is later followed by a
recovery to the nighttime value at around 1800 EMT. Un-
usually, large afternoon depressions (40–50 nT) below the
nighttime level are noticed for two of the days during March
1996. The day-to-day variability of the EEJ strength is ex-
treme during the period 9–11 December 1995. On 10 March
1996 and 24 July 1993 there were morning counter electro-
jets noticed in the MH variations. On a quiet day in June
1996 the electrojet did not develop fully as the maximum
8eld variation was only 10 nT. In the afternoon hours the
electrojet reversed with a maximum depression of ∼ 35 nT
at 1500 EMT.

We now proceed to examine the tidal characteristics ob-
served by the MF radar over Tirunelveli on the groups=pairs
of days under consideration. Figs. 2a and b show the height
variation of the amplitude and phase of the diurnal (bot-
tom panel), semi-diurnal (middle) and ter-diurnal (top) tide
components in zonal wind on ACEJ days (line with solid
squares) and on non-ACEJ days (line with open triangles)
for the groups A and B, respectively. In general, the ampli-
tude and phase of all the tidal components during ACEJ days
are substantially diEerent from those on non-ACEJ days.
The amplitude of the diurnal component is reduced at lower
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Fig. 1. Temporal variation of the EEJ strength for the days of groups A and B (see text for details).

heights (86–94 km) on non-ACEJ days. Between 5 and 10
March 1996 (group B) the diurnal tide amplitude increases
from ∼ 5 m=s at lower altitudes to ∼ 20 m=s at 98 km for
both ACEJ and non-ACEJ days. A noteworthy feature in
Figs. 2a and b is that the semi-diurnal tidal component has
a larger amplitude during ACEJ days than on non-ACEJ
days in both the groups. On the ACEJ days of group B
the semi-diurnal amplitude increases from 10 to 23 m=s at
96 km. Phase pro8les of semi-diurnal tide show negative
slope on non-ACEJ days of group A indicating downward
propagation. As their phase pro8les indicate, large vertical
wavelengths are noticed for ACEJ days in group A. Phases
of semi-diurnal tide at higher altitudes on days of group B
show less variation with height in both ACEJ and non-ACEJ
days. The amplitude of the ter-diurnal tide is also larger in
both the cases considered with a tendency of larger ampli-
tudes on ACEJ days than on non-ACEJ days.

In Table 1 we present a list of quiet ACEJ and the
non-ACEJ events followed or preceded by ACEJ events

selected from 4 years (1993–1996) of magnetic data to-
gether with the response of tidal amplitudes. In this table,
unlike in Figs. 2a and b, only individual pairs of ACEJ and
non-ACEJ days are considered. Ap values and the indices S
and M denoting strong (¿ 20 nT) and moderate (between
10 and 20 nT) depression below night-time level in H on
ACEJ days are also given for reference. In this table 10
events are during the summer (May–August), 3 during
winter and 2 during the equinoctial months. The changes
observed in the amplitude pro8les of the tidal components
on ACEJ and non-ACEJ days are given.

An examination of the table shows that an enhancement
of semi-diurnal tide on ACEJ events occurred only during
a few of the events but 11 out of 15 of the events are as-
sociated with a suppression of diurnal tide amplitude. Of
the other four, one event is associated with the increase of
diurnal tide amplitude on ACEJ days but the semi-diurnal
tide amplitude is also increased in all the heights. In another
event, there is no signi8cant change observed in diurnal tide
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Fig. 2. The height-variation of the amplitude (left) and phase (right) (given in IST) of the diurnal (bottom), semi-diurnal (middle) and
ter-diurnal (top) tide components in zonal wind on ACEJ days (line with solid squares) and on non-ACEJ days (line with open triangles)
of group A. (b) Same as (a) but for the days of group B.

amplitude but the amplitude of semi-diurnal tide is increased
above 92 km. On some other occasions there is no signi8-
cant change observed in diurnal as well as semi-diurnal tide
amplitudes.

The above characteristic behaviour of the tidal modes on
ACEJ and non-ACEJ days is con8rmed with more examples
from the selected 15 cases shown in Figs. 3a and b. Fol-
lowing the same order as in Figs. 2a and b, we present the
height variation of the amplitude and phase of the diurnal,
semi-diurnal and ter-diurnal tide components in zonal wind
on ACEJ days (line with solid squares) and on non-ACEJ
days (line with open triangles): 24 and 25 July 1993 with
Ap values 5 and 4, respectively (hereinafter referred to as
pair A), and 24 and 25 June 1996 with Ap values 3 and 6,

respectively (hereinafter referred to as pair B). It may be
noted that the diurnal tide amplitude is suppressed on ACEJ
days when compared to non-ACEJ days of both pairs A
and B. Large diurnal tide amplitudes varying in the range
30–40 m=s on 24 July 1993 (non-ACEJ day) are reduced
to values in the range 20–30 m=s on 25 July 1993 (ACEJ
days). Phase pro8le shows negative slope on non-ACEJ days
of both pairs A and B indicating downward propagation,
whereas the phase pro8les on ACEJ days are irregular possi-
bly due to an interference between diEerent modes. The am-
plitude of semi-diurnal tide shows greater values at heights
above 88 km on the ACEJ day of pair A when compared to
the non-ACEJ day but there is no distinct change in the am-
plitudes for the pair B. The phase structure of ter-diurnal tide
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Table 1
A list of quiet ACEJ and the nearest non-ACEJ events are selected from 4 years (1993–1996) of magnetic data together with the response
of tidal amplitudes

Sl. no. Non-ACEJ
events=
ACEJ
events

Ap Changes in diurnal tide
amplitude during ACEJ
days when compared
to non-ACEJ days

Changes in semi-diurnal
tide amplitude during
ACEJ days when compared
to non-ACEJ days

Changes in ter-diurnal
tide amplitude during
ACEJ days when com-
pared to non-ACEJ days

1 18.07.93=17.07.93 5=3
S

Suppression is observed in
most of the heights

No signi8cant change is ob-
served

No signi8cant change is
observed

2 24.07.93=25.07.93 4=5
M

Suppression is observed in
the height region 88–98 km

Enhancement is observed in
the height region 82–98 km

No signi8cant change is
observed

3 30.07.93=31.07.93 6=6
S

No signi8cant change ob-
served

Enhancement is observed in
the height region 82–98 km

No signi8cant change is
observed

4 14.08.93=13.08.93 2=4
S

Suppression is observed in
the height region 88–98 km

No signi8cant change is ob-
served

Slight decrease is ob-
served in the height region
88–98 km

5 23.11.93=24.11.93 7=5
M

Enhancement is observed in
the height region 90–98 km

Enhancement is observed in
the height region 82–98 km

Slight increase is ob-
served in the height region
88–98 km

6 23.01.94=24.01.94 7=4
M

Suppression is observed in
the height region 88–98 km

Enhancement is observed in
the height region 80–98 km

Slight increase is ob-
served in the height region
88–98 km

7 23.11.94=24.11.94 4=4
M

Suppression is observed in
all heights except at 98 km

Enhancement is observed in
the height region 90–98 km

Enhancement is observed
in the height region 80–
98 km

8 18.03.95=19.03.95 4=4
M

Suppression is observed in
the height region 88–98 km

No signi8cant change is ob-
served

No signi8cant change is
observed

9 11.05.95=12.05.95 6=6
M

No signi8cant change is ob-
served

Enhancement is observed in
the height region 92–98 km

Suppression is observed
in most of the heights

10 27.05.95=28.05.95 6=6
S

Suppression is observed in
the height region 80–98 km

No signi8cant change is ob-
served

Enhancement is observed
in the height region 80–
98 km

11 02.08.95=03.08.95 5=6
S

Suppression is observed in
the height region 80–98 km

No signi8cant change is ob-
served

No signi8cant change is
observed

12 24.06.96=25.06.96 6=3
S

Suppression is observed in
the height region 80–98 km

No signi8cant change is ob-
served

No signi8cant change is
observed

13 09.07.96=10.07.96 2=4
M

Suppression is observed in
the height region 88–98 km

No signi8cant change is ob-
served

Decrease is observed in
the height region 92–
98 km

14 26.7.96=27.07.96 5=3
S

Suppression is observed in
the height region 88–98 km

No signi8cant change is ob-
served

Increase is observed in the
height region 88–98 km

15 06.10.96=07.10.96 2=4
M

No signi8cant change is ob-
served

No signi8cant change is ob-
served

No signi8cant change is
observed

shows irregular structure on both the days of pair A. But the
phase structure of ter-diurnal tide for the days of pair B in-
dicates downward trend with a large vertical wavelength on
25 June 1996 (ACEJ day) and shows irregular phase struc-
ture on 24 June 1996 (non-ACEJ day) which may be due to
very small amplitudes at intermediate heights that may lead
to inaccurate phase estimation.

Earlier model results suggest that the (1;−2) diurnal tide
is the principal contributor to the dynamo current (Marriott
et al., 1979). It is nearly impossible to establish its presence
from a single observing site though the phase pro8les may

still provide some indications for the presence of the domi-
nant mode vis-Na-vis the (1,1) mode versus the other possible
modes. We examined the phase pro8les of the diurnal tides
for all the selected 15 groups of days. We notice a clear
downward phase propagation with vertical wavelengths in
the range 25–30 km in accordance with the ‘classical’ (1,1)
mode at least on few of the non-ACEJ days (24 Novem-
ber 1993, 23 November 1994, 24 June 1996, 9 July 1996,
26 July 1996) but not on ACEJ days. The phase pro8les on
other days show irregular structures indicating the superpo-
sition of diEerent modes, possibly (1,1) and (1;−2) modes,
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Fig. 3. (a) Same as Fig. 2(a) but for pair A. (b) Same as Fig. 2(a) but for pair B.

as observed by Somayajulu et al. (1993) from their meteor
scatter measurements carried out at Trivandrum.

Since it is known that ACEJ events are more frequent in
solstices and the semi-diurnal tide contribution to the equato-
rial electric 8eld is expected to be large during these months
(for example, Marriott et al., 1979), the tidal characteris-
tics during the solstitial months (June and July) of 1995 are
considered for a close examination of their day-to-day vari-
abilities and their possible association with the ACEJ occur-
rence. Fig. 4 shows the comparison of afternoon (mean of
1400–1700 h values) EEJ strength (middle panel) with Ap

index plotted in the top panel. The diurnal (extreme bottom)
and semi-diurnal tide (second from bottom) amplitudes at
86 km are also plotted in Fig. 4 for comparison. Amplitudes
in both zonal and meridional directions are represented in the
comparison plot. Harmonic analysis subjected to the com-

posites of 3-day means (centred on each day) yield estimates
of the tidal amplitudes which are plotted for every day. It
may be noted that there are sequences of more than 10-day
duration when the Ap value was ¡ 10, for example, day
numbers 155–166 and 183–196. The MH variation during
these sequences of days may very well be controlled by the
neutral atmospheric tidal processes as the magnetospheric
in;uences will be reduced during these days. The tidal am-
plitudes in the meridional direction are larger on some days,
whereas the amplitudes in the zonal direction are larger on
the rest of the days. The diEerence in the zonal and merid-
ional amplitudes is less for the diurnal tide when compared
to the semi-diurnal tide amplitudes.

It is apparent from the 8gure that on day numbers 162
and 192 the amplitude of the semi-diurnal tide in the zonal
direction is more than 15 m=s. Around these days, the
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afternoon electrojet shows large negative values (30 nT
and more). The depression was less (20–30 nT) on days
when the semi-diurnal tide amplitude was around 10 m=s
(day numbers 173, 183 and 209). A noticeable feature in
the diurnal tide behaviour is that beginning on day number
184 the amplitudes are consistently ¡ 15 m=s up to day
number 198. Largest negative depression (∼ 40 nT) in the
afternoon EEJ strength occurs on day numbers 192 and
194 when the diurnal tide amplitudes are negligibly small
(¡ 5 m=s). Though in the solstice months of June and July,
1995, semi-diurnal enhancement during CEJ days is very
prominent, it does not stand out as a prominent feature in
the solstice months of other years. It may be noted from
Fig. 4 that a 10–15 day modulation is present in the ACEJ
strength. This might be due to the modulation of tidal winds
by a 16-day planetary wave, an important dynamical feature
of the middle atmosphere (Mitchell et al., 1999).

In spite of the limitations of the experimental tech-
nique and the complex nature of the occurrence of the
counter electrojet events the present work demonstrates
that on many CEJ days the semi-diurnal tide amplitude
at mesopause heights is enhanced and the diurnal tide
amplitude is reduced. For some cases these features oc-
cur together and on some other occasions they occur
separately.

5. Discussion

The in;uence of tidal modes in causing CEJ events has
been stressed by several workers (Forbes and Lindzen,
1976; Marriott et al., 1979; Stening, 1989; Stening et al.,
1996, to state a few). The suppression of diurnal tide ampli-
tude on ACEJ days was earlier reported by Somayajulu et al.
(1993) who considered successive groups of ACEJ days and
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control days (non-ACEJ days). Our 8ndings reported in the
present work are consistent with the results obtained by So-
mayajulu et al. (1993). The latter considered only one pair
of ACEJ and non-ACEJ days, whereas we have examined
a large number of groups of days. Our analysis reveals the
suppression of diurnal tide amplitude in most of the events
(11 out of the 15 cases considered) thus reiterating the
results obtained by Somayajulu et al. (1993). The latter
observed quasi-sinusoidal variation in the phase of the
diurnal component on CEJ days which was suggested to be
due to the superposition of diEerent modes of diurnal tide,
possibly (1,1) mode and the evanescent (1;−2) mode.
In the present work, the phase pro8les of diurnal tide in
most of the ACEJ and some of the non-ACEJ days show
irregular structure which indicate interference eEects of tidal
modes as suggested by Somayajulu et al. (1993).

Somayajulu et al. (1993) also observed a westward ex-
cursion of background wind on ACEJ days. They suggested
that a combination of global tidal wind 8elds which tends to
weaken the vertical polarization 8eld in combination with lo-
cal westward winds is necessary to produce the ACEJ events.
Stening et al. (1996) observed that many of the wintertime
ACEJ events at Trivandrum are associated with changes in
the mean zonal wind at Saskatoon. In our present study based
on the 15 pairs of quiet ACEJ and non-ACEJ days selected,
we did not observe any noticeable change in the background
wind on ACEJ days when compared to non-ACEJ days. In
this context, it may be noted that Stening et al. (1996) sug-
gested that the wind systems responsible for driving ACEJ
are part of a global system rather than a wind system in the
vicinity of the electrojet.

We observed a clear anticorrelation between
the semi-diurnal tidal amplitude and afternoon CEJ for the
solstice months of June and July 1995. This con8rms the
earlier model simulations that the semi-diurnal tide plays
an important role in the generation of the CEJ event. It may
be noted that in the limited data used by Somayajulu et al.
(1993) there was no distinct enhancement of semi-diurnal
tide noticed at heights near 100 km. The phase pro8les re-
vealed positive slope and the authors inferred the presence
of higher order modes.

Marriott et al. (1979) based on the theoretical calculations
found the diurnal tide to be the dominant generator of east-
ward electric 8eld during the equinoxes that will account
for a normal equatorial electrojet. But, during solstices, the
contributions of the semi-diurnal tide, especially the (2,2)
mode, to the equatorial electric 8eld are relatively greater.
They opined that the solar semi-diurnal tides have a ten-
dency to set up a westward electric 8eld in the afternoon
hours of the solstitial season to cause ACEJ, unless this ten-
dency is opposed by the diurnal tide. In our present work,
there is a suppression of the amplitude of the diurnal tide on
ACEJ days so that its contribution becomes smaller. Rather,
this eEect will pave way for the dominant semi-diurnal tide
to participate in the generation of the westward electric 8eld
that would cause the ACEJ.

Stening (1989) calculated ionospheric currents due to the
semi-diurnal antisymmetric tides (2; 3) and (2; 5) and found
the currents from (2; 5) mode are negligible. Further, the
latitude-local time structure of the current density gener-
ated from the (2; 3) mode seems to explain many of the
observed ground-based signatures. Earlier, from the meso-
spheric radar wind measurements at Adelaide (35◦S, 183◦E)
and Kyoto (35◦N, 136◦E), Vincent et al. (1988) gave an
observational evidence for the dominance of antisymmet-
ric tidal modes over the symmetric modes at heights near
90 km.

6. Conclusion

The tidal characteristics as observed by the MF radar
over Tirunelveli in the altitude range 84–98 km during
diEerent electrodynamical conditions as re;ected in the
ground-geomagnetic 8eld variations are examined in this
work. Many of the CEJ events tend to occur when the
diurnal tide activity is reduced. Since (1;−2) diurnal tide
is the principal generator for the dynamo electric 8elds, a
weakening of this tide may contribute to the generation of
the ACEJ as shown by earlier simulation results. Though it
is impossible to determine whether the observed tidal am-
plitudes represent (1;−2) mode, the vertical phase structure
provides clues to the presence of this mode.

Another important result reported herein in connec-
tion with the occurrence of the ACEJ events is that the
semi-diurnal tide amplitudes are enhanced during these
events. Altitude pro8les of groups of ACEJ and non-ACEJ
days con8rm this feature. When the variabilities of the
semi-diurnal tide during the solstitial months of 1995 were
examined, we 8nd that the magnitude of the afternoon de-
pression in the ground-geomagnetic 8eld variation varies in
tune with the amplitude of the semi-diurnal tide.

Observational results presented in this work favour a
tide-induced generation mechanism for an afternoon CEJ
event. Though the results are not new, the observations lend
support to the modelling eEorts in this direction made else-
where. An extensive analysis with a large database on tides
in the mesosphere and lower thermosphere region from sev-
eral radar sites, supported by numerical simulations, may
provide more insights into the various tidal modes that take
part in the generation of the reversal of equatorial electric
8elds and current systems in the dynamo E region.
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