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Abstract. Several investigations have been carried out to
identify the factors that are responsible for the day-to-day
variability in the occurrence of equatorial spread-F (ESF).
But the precise forecasting of ESF on a day-to-day basis is
still far from reality. The nonlinear development and the sus-
tenance of ESF/plasma bubbles is decided by the background
ionospheric conditions, such as the base height of the F-layer
(h′F ), the electron density gradient (dN/dz), maximum ion-
ization density (Nmax), geomagnetic activity and the neutral
dynamics. There is increasing evidence in the literature dur-
ing the recent past that shows a well developed Equatorial
Ionization Anomaly (EIA) during the afternoon hours con-
tributes significantly to the initiation of ESF during the post-
sunset hours. Also, there exists a good correlation between
the Equatorial Ionization Anomaly (EIA) and the Integrated
Equatorial ElectroJet (IEEJ) strength, as the driving force for
both is the same, namely, the zonal electric field at the equa-
tor.

In this paper, we present a linear relationship that exists
between the daytime integrated equatorial electrojet (IEEJ)
strength and the maximum elevated height of the F-layer dur-
ing post-sunset hours (denoted as peakh′F ). An inverse
relationship that exists between the 6-h averageKp-index
prior to the local sunset and the peakh′F of the F-layer is
also presented. A systematic study on the combined effects
of the IEEJ and the averageKp-index on the post-sunset,
peak height of the F-layer (peakh′F ), which controls the
development of ESF/plasma bubbles, is carried out using
the ionosonde data from an equatorial station, Trivandrum
(8.47◦ N, 76.91◦ E, dip.lat. 0.5◦ N), an off-equatorial station,
SHAR (13.6◦ N, 79.8◦ E, dip.lat. 10.8◦ N) and VHF scintilla-
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tions (244 MHz) observed over a nearby low-latitude station,
Waltair (17.7◦ N, 83.3◦ E, dip.lat. 20◦ N). From this study, it
has been found that the threshold base height of the F-layer
at the equator for the development of plasma bubbles is re-
duced from 405 km to 317 km as the solar activity decreases
from March 2001 (meanRz=113.5) to March 2005 (mean
Rz=24.5). This decrease in threshold height with the decreas-
ing solar activity is explained on the basis of changes in the
local linear growth rate of the collisional Rayleigh-Taylor in-
stability, due to the variability of various terms such as in-
verse density gradient scale length (L−1), ion-neutral col-
lision frequency (νin) and recombination rate (R) with the
changes in the solar activity.

Keywords. Ionosphere (Electric fields and currents; Equa-
torial ionosphere; Ionospheric irregularities)

1 Introduction

The equatorial and low-latitude ionosphere is the region
where the most important post-sunset electrodynamics play
a great role towards the generation of a wide spectrum of
plasma density irregularities, generally referred to as equato-
rial spread-F (ESF). Since Dungey (1956) first proposed the
gravitational Rayleigh-Taylor (R-T) instability as the main
driving mechanism which triggers the ESF, many linear and
nonlinear theories for the R-T instability were developed to
simulate the generation of ESF (Balsley et al., 1972; Haeren-
del, 1973; Ossakow et al., 1979; Kelley, 1989; Sultan, 1996).
The general morphological features, such as the variability of
ESF with local time, season, geographical location, solar ac-
tivity and geomagnetic activity conditions, have been exten-
sively reported by several researchers (Chandra and Rastogi,
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Fig. 1. Illustration showing the distinction between bottom side
spread-F (BSSF) and the plasma bubbles as a function of latitude
and the geomagnetic field.(a) BSSF (shown with dot pattern)
is confined to below the F layer maximum and extends along the
magnetic field lines to a narrow belt in latitude detectable only by
the ionospheric sounders near the dip equator (Trivandrum and/or
SHAR). (b) An equatorial plasma bubble that rises to high altitude
and extends along the magnetic field lines to higher latitudes, de-
tected by all three sounders (Trivandrum, SHAR and Waltair) (after
Whalen, 2002).

1972; Woodman and LaHoz, 1976; Sastri et al., 1979; Fejer
and Kelley, 1980; Abdu et al., 1981; Aarons, 1993; Fejer et
al, 1999; Hysell and Burcham, 2002). However, the accu-
rate forecasting of ESF on a day-to-day basis, which is an
essential requirement for satellite-based communication and
navigational systems, is still far from reality, owing to the
enigmatic day-to-day randomness in their occurrence.

The association of the rapid post-sunset rise of the equato-
rial F-layer with the occurrence of spread-F was first sug-
gested by Booker and Wells (1938). Several earlier stud-
ies have also shown that a rise in the height of the night-
time F-layer is the most important parameter controlling the
generation of spread- F (Farley et al., 1970; Ossakow et al.,
1979; Rastogi, 1980; Sastri, 1984; Kelley and Maruyama,
1992; Devasia et al., 2002; Jyoti et al., 2004). Further, Fe-
jer et al. (1999), Anderson et al. (2004) and Tulasi Ram et
al. (2006) have shown that, when the post-sunset vertical
drifts at the equator are large enough, the necessary condi-
tion to trigger the ESF always appears to be present.

It is known that both equatorial plasma bubbles and bot-
tom side spread-F (BSSF) are generated after sunset at the
bottom side of the F-layer near the dip equator. Although
both of these features are described as equatorial spread-F
(ESF), these two phenomena have distinct temporal and spa-

tial properties (Woodman and LaHoz, 1976; DasGupta et
al., 1983; Argo and Kelley, 1986; Whalen, 1997; Fejer et
al., 1999 and Whalen, 2000, 2002). Hysell and Burcham
(1998) and Hysell (2000) have explained the differences be-
tween bottom-type spread-F, bottom-side spread-F and top-
side spread-F. The bottom side irregularities develop below
the F-region peak with larger primary wavelengths. These
bottom side irregularities predominantly drift eastward un-
der the F-region dynamo action and often give rise to as-
cending depletions that may penetrate to topside ionosphere.
The conceptual structure illustrating the distinction between
the bottom side spread-F (BSSF) and the plasma bubbles in
altitude and latitude is schematically represented in Fig. 1
in a north-south cross section, together with the geomag-
netic field lines. This original figure is adopted from Whalen
(2002) with a few modifications made to represent the Indian
equatorial and low latitude stations.

The bottom side spread-F (BSSF) consists of irregulari-
ties that are confined below the peak of the F-layer so as to
form a thin layer in altitude (Fig. 1a). As a result, BSSF
maps via the magnetic field lines to a narrow belt of latitudes
(Aarons, 1993), which is observable only by the sounders lo-
cated near the dip equator. On the other hand, the bubbles
are the plasma depletions and accompanying plumes of ir-
regularities that rise in altitude and extend to a wide band in
latitude, which can be detected by the sounders located at lat-
itudes off the dip equator through anomaly crest regions and
beyond. The particular importance of plasma bubbles is that,
when they extend to the latitudes of the anomaly crest, they
intersect with the highest levels of ambient electron density,
so that the trans-ionospheric radio-wave propagation through
this intersection undergoes high disruptive levels of scintilla-
tions, both in amplitude and in phase, with increasing levels
during the solar maximum. Fejer et al. (1999) and Whalen
(2000, 2002) have shown that the presence of BSSF over the
equatorial latitudes is the prerequisite for the development of
plasma bubbles. Once the BSSF is present, the nonlinear de-
velopment of plasma bubbles will be decided by the magni-
tude of the post-sunset vertical drifts or the maximum height
of the F-layer over the equator (Fejer et al., 1999; Whalen,
2002) and also the prevailing background ionospheric con-
ditions, such as the electron density gradient (dN/dz), max-
imum ionization density (Nmax), ion-neutral collision fre-
quency (νin), geomagnetic activity and the neutral winds.

Earlier studies by Raghavarao et al. (1988a); Sridharan et
al. (1994); Rama Rao et al. (1997) and Thampi et al. (2006)
have shown that the well developed Equatorial Ionization
Anomaly (EIA) during the afternoon hours contributes sig-
nificantly to the initiation of ESF during the post-sunset
hours. Also, it has been shown by Raghavarao et al. (1988b),
and Rama Rao et al. (2006) that there exists a one-to-one cor-
relation between the Equatorial Ionization Anomaly (EIA)
and the Integrated Equatorial ElectroJet (IEEJ) strength, as
the driving force for both is the same, namely, the zonal elec-
tric field at the equator. Further, Sastri (1998) has shown that
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the abnormally large post-sunset height rise of the equatorial
F-layer followed by intense spread-F is due to the enhanced
daytime EEJ strength, even during the low solar activity pe-
riods.

Fejer et al. (1999) have shown that the post-sunset vertical
drifts at the equator decreases significantly during the geo-
magnetically disturbed periods. Later, Whalen et al. (2002),
Lee et al. (2005) and Tulasi Ram et al. (2006) have shown
that the pre-reversal enhancement in theE×B drifts de-
creases linearly with increasing magnetic activity, as mea-
sured by a 6-h averageKp-index prior to the local sunset
during both high and low solar activity periods. The dis-
turbance dynamo (westward) electric fields associated with
enhanced geomagnetic activity (high 6-h averageKp-Index)
cause large reductions in the post-sunset vertical drifts. It has
also been shown by Whalen et al. (2002), Lee et al. (2005)
and Tulasi Ram et al. (2006), that the decrease in post-sunset
vertical drifts with increasing averageKp-Index is promi-
nent during equinoxes and winter solstices. Further, Becker-
Guedes et al. (2004), from their case studies on the ESF
occurrence/suppression during geomagnetic storms over the
Brazilian sector, have shown that the enhanced geomagnetic
activity acts as an inhibitor during the high spread-F season
and acts as an initiator during low spread-F season, possibly
due to the corresponding changes in the quiet and disturbed
drift patterns during the different seasons.

These results suggest that the daytime EEJ strength con-
tributes positively for the post-sunset height rise of the equa-
torial F-layer thereby creating conditions favorable for the
development of ESF, while the averageKp-index acts as
a suppressant for the post-sunset height rise of the equato-
rial F-layer during equinoxes and winter solstices. Hence, it
is reasonable to expect that the daytime Integrated Equato-
rial ElectroJet strength (IEEJ) and the 6-h averageKp-index
prior to the local sunset are the two important parameters,
which will give some indication on the state of the back-
ground ionospheric conditions around the post-sunset hours.
In this paper, the presence of a linear relationship that exists
between a function that involves both these parameters (day-
time integrated electrojet (IEEJ) strength and the 6-h aver-
ageKp-index) and the post-sunset peak height of the F-layer
(peakh′F ) at the equator is presented.

Recent investigations by Basu et al. (1996), Fejer et
al. (1999), Anderson et al. (2004) and Tulasi Ram et
al. (2006) have consistently shown that there exists a thresh-
old value for the post-sunset vertical drift (PREE×B drift)
at the equator to favor the occurrence of ESF. Fejer et
al. (1999), from Jicamarca radar observations of 200 events
during evening and nighttime periods from April 1968 to
March 1992, have reported that the threshold drift velocity
for the generation of strong early night irregularities varies
from 50 m/s during solar maximum to a value of 20 m/s dur-
ing solar minimum. Tulasi Ram et al. (2006) have shown that
the threshold value of this upwardE×B drift at the equa-
tor should be≥30 m/s for the onset of strong scintillations

over Waltair (17.7◦ N, 83.3◦ E) during the high sunspot year
2001, while it reduces to 20 m/s during the low solar activity
year, 2004. Devasia et al. (2002), from the ionosonde obser-
vations over an Indian equatorial station, Trivandrum during
equinoctial periods of March–April 1998, have reported that
the ESF appears on ionograms whenever the virtual height
of the F-layer (h′F ) exceeds a threshold value of 300 km, ir-
respective of the polarity of the meridional winds. Further,
Jyoti et al. (2004) have clearly shown that the critical height
(h′F )c of the F-layer for the onset of ESF increases/decreases
linearly with solar flux. However, the rationale for this so-
lar activity dependence of the critical/threshold height of the
post-sunset F-layer for the onset of ESF still remains unex-
plained. Here, in this paper, this result is explained, for the
first time, on the basis of changes in the local linear growth
rate of collisional Rayleigh-Taylor instability due to the vari-
ability of various terms, such as the inverse density gradient
scale length (L−1), ion-neutral collision frequency (νin) and
recombination rate (R) with the changes in the solar activity.

2 Data and method of analysis

The ionogram data obtained from three identical digital
ionospheric sounders operated simultaneously, at an equato-
rial station Trivandrum (8.47◦ N, 76.91◦ E, dip.lat. 0.5◦ N),
an off-equatorial station SHAR (13.7◦ N, 80.2◦ E, dip.lat.
10.8◦ N) and a nearby low latitude station Waltair (17.7◦ N,
83.3◦ E, dip.lat. 20◦ N), during the descending phase of the
current solar cycle (2001 to 2005) are considered in the
present study. Amplitude scintillations data recorded simul-
taneously at VHF (244 MHz) from a geostationary satellite
FLEETSAT (73◦ E) over Waltair is also used.

Further, the data from two magnetometers, one situ-
ated at the equatorial station (within the ElectroJet region),
Tirunelveli (8.7◦ N, 77.7◦ E, dip.lat. 0.6◦ N) and the another
at an off-equatorial station (outside the ElectroJet region),
Alibagh (18.5◦ N, 72.9◦ E, dip.lat. 23.5◦ N), is used to ob-
tain the variation of the Equatorial ElectroJet (EEJ) strength.
The difference between the1H values (H-component of the
magnetic field after subtracting the night time base level) at
Tirunelveli and Alibagh, i.e.1HT −A (nT), is taken as a mea-
sure of the Equatorial ElectroJet (EEJ) strength (Rusch and
Richmond, 1973; Rastogi and Klobuchar, 1990). The details
of the various instruments operated at different locations are
given in Table 1.

In the present study, we have analyzed the data pertaining
only to the equinoctial month of March for the years 2001,
2002, 2004 and 2005 because of the high occurrence prob-
ability of ESF in the Indian low-latitude sector during this
month. Table 2 shows the number of days considered in this
study for each year along with the number of nights with ESF
and without ESF occurrence.

The method of calculating the Integrated Equatorial Elec-
troJet (IEEJ) strength is illustrated in Fig. 2. The Equatorial
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Fig. 2. Method of computing the Integrated Equatorial ElectroJet
(IEEJ) strength. The area under the curve measured at each hour
between 07:00 and 17:00 LT is taken as IEEJ strength.

ElectroJet (EEJ) strength and (1HT −A) values are plotted
against the local time with one hour intervals and the area
under the curve from 07:00 h to 17:00 h local time (shaded
portion) is considered as the IEEJ strength of that day.

The virtual height of the 4-MHz return signal (h′F ) on the
ionograms of the equatorial station, Trivandrum, is taken as
the base height of the F-layer, since the difference between
the true height and virtual height is very small at this low
frequency. Theh′F is scaled at every 15-min interval from
18:00 LT (local sunset time) to the onset time of spread-F on
the ionograms for each day. For those days on which spread-
F has not occurred, theh′F values are scaled between 18:00
and 20:00 LT. The maximum of theseh′F values is consid-
ered as the post-sunset peak height of the F-layer (herein
after called as peakh′F ) for that day. In the majority of
the cases (more than 90%) the peakh′F occurred between
19:00–19:30 LT over Trivandrum.

3 Results and discussion

In order to examine the effect of Integrated Equatorial Elec-
troJet (IEEJ) strength and the averageKp-index on the post-
sunset peak height of the equatorial F-layer, the peakh′F for
the month of March 2001, as a function of IEEJ, and the 6-
h averageKp-index prior to the local sunset are plotted and
presented in Figs. 3a and b, respectively.

From Fig. 3a, it is clearly seen that the peakh′F increases
with increasing IEEJ and there exists a linear relationship be-
tween these two parameters. The least-squares straight line
fit gives a relation between IEEJ and the peakh′F as

Table 1. Geographical locations of the different instruments oper-
ated during the period of study.

Station
Geographic co-ordinates

Dip latitudeGeog. Latitude Geog. Longitude

Ionospheric sounders
Trivandrum 8.47◦ N 76.91◦ E 0.5◦ N
SHAR 13.7◦ N 80.2◦ E 10.8◦ N
Waltair 17.7◦ N 83.3◦ E 20◦ N

Magnetometers
Tirunelveli 8.7◦ N 77.7◦ E 0.6◦ N
Alibagh 18.5◦ N 72.9◦ E 23.5◦ N

VHF (244 MHz) scintillations
Waltair 17.7◦ N 83.3◦ E 20◦ N

Table 2. Number of days considered in each year along with num-
ber of nights with ESF and without ESF.

Period Number of days ESF No-ESF

March 2001 23 20 3
March 2002 21 19 2
March 2004 26 23 3
March 2005 27 20 7

peakh′F = 366.2 + 0.2 × IEEJ (1)

with a correlation coefficient,r=0.7.
Further, it is also seen from Fig. 3b that there exists an

inverse linear relationship between the 6-h averageKp-index
and the peakh′F . The least-squares straight line fit equation
can be given as

peakh′F = 458.4 − 12.8 × avgKp. (2)

The correlation is poor in this case (correlation coefficient
r=0.45), as may be seen from the large spread of points on
either side of the straight line fit. But the decreasing trend
of peakh′F with increasing averageKp-index is clearly ev-
ident. Thus, the results shown in Figs. 3a and b clearly sug-
gest that the IEEJ contributes positively for the increase in
the post-sunset peakh′F , whereas the averageKp-index ap-
pears to suppress the post sunset peak height of the F-layer.

The cause and effect relationship between the variations
in the IEEJ and the corresponding variations in the height
of the equatorial F-layer during the post-sunset hours, as ev-
idenced in the present study, may be explained as follows:
it is widely accepted that the post-sunset enhancement of F-
region upward drift is basically due to the contribution from
the electric fields produced by the F-region dynamo action
(Rishbeth, 1971; Farley et al., 1986; Batista et al., 1986;
Crain et al., 1993). The main ingredients of F-region dynamo
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Fig. 3. Plots showing the linear relationship of peakh′F values with IEEJ and averageKp-index(a) peakh′F as a function of IEEJ strength,
(b) peakh′F as a function of 6-h averageKp-index prior to the sunset,(c) peakh′F values as a function of the combined parameterF(IEEJ,
avgKp), and(d) peakh′F values as a function of the combined parameterF(IEEJ, avgKp) with color coding (the red triangles representing
the peakh′F values for the days on which plasma bubbles were observed, while the blue circles represent the days on which only bottom
side spread-F (BSSF) was observed and the black squares represent the days on which no ESF was observed).

action are thermospheric zonal wind (U) and the longitudinal
gradient in the flux-tube integrated E-region Pederson con-
ductivity across the sunset terminator. The latter depends
on the alignment of the sunset terminator with the magnetic
meridian, which is not expected to undergo significant day-
to-day variations. However, it may vary with season in any
given longitudinal sector, leading to the seasonal differences
in the post-sunset enhancement of F-layer vertical drifts. In
the present study, since we have considered only the equinoc-
tial month of March; the seasonal differences in the post-
sunset peakh′F due to flux-tube integrated E-region Ped-
erson conductivity are inconsequential. Hence, the thermo-
spheric zonal wind (U) is likely the key factor controlling

the F-region dynamo. Also, the zonal wind system at equa-
torial latitudes can be effectively modulated by the spatial
distribution of F-region plasma density (EIA) through ion-
neutral drag, which acts as a resistive force for the thermo-
spheric wind dynamics. Large equatorial electrojet strength
(which is a consequence of zonal electric field) around the af-
ternoon to pre-sunset hours can effectively operate the foun-
tain process throughE×B drift, thereby intensifying the
Equatorial Ionization Anomaly (EIA) during the pre-sunset
hours. Also, it has been shown by Raghavarao et al. (1988b),
Rama Rao et al. (2006), that there exists a one-to-one corre-
lation between EIA and IEEJ. The intensification of EIA re-
duces plasma density over the magnetic equator (trough) and

www.ann-geophys.net/25/2007/2007/ Ann. Geophys., 25, 2007–2017, 2007
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simultaneously increases the plasma density over the±15–
20 dip latitudes (crest regions). The decrease in the plasma
density over the equator reduces the ion-drag (which acts as
a resistive force) on neutrals and hence enhances the zonal
wind (U) prior to sunset. Further, the enhanced plasma foun-
tain, in addition, will increase the ratio of F to E-region flux
tube integrated Pederson conductivity, due to the increased
plasma content along the flux tubes with high apex altitudes
over the magnetic equator (Crain et al., 1993). Both of these
changes in the properties of the equatorial ionosphere con-
stitute favorable conditions for a very efficient F-region dy-
namo action, which, in turn, produces a large eastward elec-
tric field, thereby causing the large post-sunset height rise of
the equatorial F-region.

Fejer et al. (1999), Whalen (2002), Lee at al. (2005) have
shown that the extended magnetic activity during equinox so-
lar maximum conditions generally causes large reductions in
the amplitude of the post-sunset vertical drifts. Tulasi Ram
et al. (2006) have also shown that the pre-reversal enhance-
ments in theE×B drifts (PRE) decreases linearly with in-
creasing 6-h averageKp-index during both the high (2001)
and low (2004) sunspot years. The disturbance dynamo elec-
tric fields, which are driven by the enhanced energy deposi-
tion into the high-latitude ionosphere during the magnetically
disturbed periods, cause a large reduction of the evening
upward drifts at the equator, thereby suppressing the post-
sunset height rise of the F-layer.

Since the layer height at the post-sunset hours bears a re-
lation with the IEEJ and the averageKp-index, the effects of
these two parameters can be combined in the form of a func-
tion that involves both IEEJ and averageKp-index. Thus,
combining Eqs. (1) and (2), a new equation can be written,
as

F(IEEJ, Kp)=peakh′F=
0.2×IEEJ−12.8×avgKp

2
. (3)

Now the peakh′F is plotted against F(IEEJ,Kp) and is pre-
sented in Fig. 3c. As may be seen from this figure, the peak
h′F holds a good linear relationship with this function and
the correlation coefficient is significantly improved (r=0.88).
Thus, using this relationship, one can estimate the height of
the equatorial F-layer during the post-sunset hours (19:00–
19:30 LT) using the IEEJ strength and the 6-h averageKp-
index by 17:00 LT with reasonable accuracy.

Figure 3d is similar to that of Fig. 3c, except that the
data points are color coded, with red triangles representing
the peakh′F values for the days on which plasma bubbles
were observed, while the blue circles represent the days on
which only bottom side spread-F (BSSF) was observed and
the black squares represent the days on which no ESF was
observed. In the present study, the presence of plasma bub-
bles are designated to be on those days when the spread-F
is present simultaneously at all stations: Trivandrum (dip.
lat. 0.5◦ N), SHAR (dip. lat. 10.8◦ N) and Waltair (dip. lat.
20◦ N) and also the VHF scintillations over Waltair. Those

days on which spread-F was observed only at the equatorial
stations of Trivandrum and/or SHAR without any ESF over
Waltair were designated as BSSF. Further, the high probabil-
ity of a plasma bubble occurrence during the high solar activ-
ity period of March 2001 can be clearly seen from Fig. 3d. It
may also be observed from this figure, that the plasma bub-
bles were observed when the base height of the post-sunset
equatorial F-layer is sufficiently high and also there exists a
threshold height of 405 km for the development of plasma
bubbles during this high solar activity period, March 2001.
Here, the threshold height is defined as the minimum height
at which the plasma bubble event is observed during that
month.

In order to examine the solar activity dependence on the
threshold height of the F-layer, similar analyses are also
made for the month of March during the years 2002, 2004
and 2005. The variation of the peakh′F values (color coded)
against the combined function defined earlier, F(IEEJ,Kp),
were plotted for March 2002, 2004 and 2005 and are pre-
sented in Figs. 4a, b and c, respectively. As may be seen from
these figures, the peakh′F values hold a good linear rela-
tionship with the combined function that involves both IEEJ
and the averageKp-index during both high (March 2001,
2002) as well as low (March 2004, 2005) solar activity peri-
ods. However, the threshold heights for the development of
plasma bubbles are found to decrease with decreasing solar
activity from the years 2001 to 2005. In Fig. 4d, the varia-
tion in the threshold heights of the F-layer as a function of
the monthly mean sunspot (meanRz) number for the months
of March 2001, 2002, 2004 and 2005 is presented. The de-
creasing trend of the threshold height with decreasing solar
activity is clearly evident from this figure.

Using the ionogram data of an equatorial station, Trivan-
drum, during the years from 1993 to 1998, Jyoti et al. (2004)
have also reported that the threshold height (h′F )c for the
onset of bottom side spread-F (BSSF), irrespective of the po-
larity of meridional wind, follows a linear relationship with
the solar activity. However, the basis for this solar activity
dependence on the threshold height has not been explained.

With a view to investigate the rationale behind the effect
of the solar activity on the threshold height, we have exam-
ined the effects of different parameters on the local linear
growth rate (γ ) of the collisional Rayleigh-Taylor instability.
Following the method suggested by Lee (2006), the linear
growth rate of the CR-T instability is estimated by the equa-
tion given by Ossakow et al. (1979), as

γ =
1

no

.
dn

dh
.

g

νin

− Rs−1, (4)

whereno is the background electron density,h is the alti-
tude,νin is the ion-neutral collision frequency,g is the grav-
ity (positive downward), andR is the local recombination
rate. The term (1/no) (dn/dh) is called the inverse density
gradient scale length (L−1) of the background electron den-
sity profile. The values of L−1=(1/no)(dn/dh) in Eq. (4) are
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Fig. 4. Plots showing the linear relationship that exists between the post-sunset peak height of the F-layer (peakh′F ) and the combined
function F(IEEJ, avgKp) that involves both the Integrated ElectroJet strength and the averageKp-Index during the months of(a) March
2002,(b) March 2004 and(c) March 2005, while panel(d) presents the variation of the threshold heights as a function of the monthly mean
sunspot (meanRz) number, that are needed for the generation of plasma bubbles.

calculated from the electron density profile over Trivandrum,
derived from IRI 2001 model by giving the inputs of sunspot
number,foF2 andhmF2 values obtained from the ionogram
data of Trivandrum.

The ion-neutral collision frequency (νin) and the recombi-
nation rate (R) in Eq. (4) are given by Strobel and McElroy
(1970) as

νin = 2.4 × 10−11T 0.5nn, s
−1, (5)

whereT is the atmospheric temperature in degrees Kelvin,
nn is the neutral number density in cm−3, and

R = K1n(O2) + K2n(N2), s−1. (6)

In Eq. (6),n(O2) andn(N2) are the neutral number densities
of O2 and N2 in cm−3. The coefficientsK1 andK2 in Eq. (6)
are given (McFarland et al., 1973) as

K1 = 2 × 10−11
(

300

T

)0.4

, (7)

K2 = 1.2 × 10−12
(

300

T

)

asT ≤ 750◦K, (8)

K2 = 8 × 10−14
(

T

300

)2

asT > 750◦K. (9)

www.ann-geophys.net/25/2007/2007/ Ann. Geophys., 25, 2007–2017, 2007



2014 S. Tulasi Ram et al.: Effects of electrojet strength andKp-index on the post sunset height rise of the F-layer

Fig. 5. Altitudinal profiles of(a) inverse density gradient scale length (L−1), (b) ion-neutral collision frequency (νin), (c) recombination rate
(R) and(d) the linear growth rate of CR-T instability (γ ) at 19:00 LT over Trivandrum during the month of March 2001. The dotted lines
are the altitudinal profiles of each day in the month and the solid line represents the monthly mean altitudinal profile for the month of March
2001.

The various atmospheric quantities used in Eqs. (5) through
(9) are obtained from the MSISE-90 model (Hedin, 1991).

For example, the computed altitudinal profiles of the in-
verse density gradient scale length (L−1), ion-neutral col-
lision frequency (νin), recombination rate (R) and the lin-
ear growth rate of the CR-T instability (γ ) at 19:00 LT over
Trivandrum during the month of March 2001 are presented
in Figs. 5a, b, c and d, respectively. In these figures, the dot-
ted lines are the altitudinal profiles at 19:00 LT of each day,
whereas the solid line is the monthly mean altitudinal profile
for March 2001. As may be seen from Fig. 5d, the linear
growth rate of the CR-T instability increases exponentially
with increasing altitude due to a decrease in the ion-neutral
collision frequency at higher altitudes (Fig. 5b). After reach-
ing a maximum value around 520–530 km, the growth rate
(γ ) tends to decrease due to the relative contribution from
the decreasing L−1 with increasing altitude.

Further, in order to examine the variability of L−1, νin, R

andγ with changes in the solar activity, the monthly mean
altitudinal profiles for the months of March 2001, 2002, 2004
and 2005 are computed and presented in Fig. 6 as (a), (b), (c)
and (d), respectively. It is seen from Fig. 6a that the altitudi-
nal profiles of the inverse density gradient scale length (L−1)

during the equinox month (March) of four years closely fol-
low each other between the altitudes of 360 and 380 km.
However, between the altitudes of 380 and 500 km, the L−1

profiles exhibit a lower value during March 2001 and in-
creases with decreasing solar activity, reaching a maximum
during March 2005.

From Figs. 6b and c, it is observed that at any given
altitude, both the ion-neutral collision frequency (νin) and
the recombination rate (R) are higher during high solar ac-
tivity periods and decreases with decreasing solar activity
from March 2001 to March 2005. In Fig. 6d, the altitudinal
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Fig. 6. Monthly mean altitudinal profiles of(a) inverse density gradient scale length, L−1, (b) ion-neutral collision frequency,νin, (c)
recombination rate,R, and(d) the local linear growth rate of collisional Rayleigh-Taylor instabilityγ for the months of March 2001 (red),
2002 (blue), 2004 (green) and 2005 (black).

profiles of linear growth rate of collisional Rayleigh-Taylor
(γ ) instability for the months of March 2001, 2002, 2004
and 2005 are presented. It is seen from this figure that the
growth rate (γ ) increases exponentially with altitude (up to
the altitudes of about 500–550 km) during all four of these
periods. However, for any given growth rate (γ ), the cor-
responding altitudes are lower during the low solar activity
periods and higher during the high solar activity periods.
For example, from Figs. 4c and d, it may be recalled that
the threshold height for a plasma bubble event to occur dur-
ing the low solar activity period of March 2005 is 317 km.
From Fig. 6d, if we consider the growth rate at 317 km dur-
ing March 2005 as the required growth rate for the develop-
ment of the plasma bubbles, the same growth rate is obtained
at an altitude of 348 km during March 2004, at 380 km dur-
ing March 2002 and at 408 km during March 2001. In other
words, the altitudes at which the necessary growth rate exists
for the development of a plasma bubble are 408 km, 380 km,

348 km and 317 km during the periods March 2001, 2002,
2004 and 2005, respectively. Hence, it is inferred from the
present study that the altitude at which the necessary growth
rate occurs for a plasma bubble to develop decreases linearly
with the decreasing solar activity. Also, these values are in
good agreement with the measured threshold height values of
405 km, 380 km, 360 km and 317 km, respectively, obtained
during the periods March 2001, 2002, 2004 and 2005, as seen
in Fig. 4d. Thus, the linear increase/decrease in the thresh-
old post-sunset peak height (peakh′F ) for the development
of plasma bubbles may be explained on the basis of the nec-
essary growth rate that is attained at low altitudes during the
low solar activity periods and this altitude increases linearly
with the increase in solar activity.
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4 Summary

The daytime integrated equatorial electrojet (IEEJ) and the
6-h averageKp-index prior to sunset are the two important
parameters that will give some indication of the state of the
background ionospheric conditions around the post sunset
hours. The IEEJ contributes positively for the post-sunset
height rise of the equatorial F-layer, while the disturbed ge-
omagnetic activity (as measured by the averageKp-index)
acts as a suppressant. Combining the effects of these two pa-
rameters, the combined function, F(IEEJ, avgKp), is found
to bear a linear relationship with the post-sunset peak height
(peakh′F ) of the F-layer. Thus, using this combined func-
tion, one can estimate the height of the equatorial F-layer
around the post-sunset hours (19:00–19:30 LT) in advance
by 17:00 LT with reasonable accuracy and thereby the occur-
rence of ESF.

Further, the threshold value of the post-sunset F-layer alti-
tude favorable for the development of plasma bubble irregu-
larities is high (405 km) during the high solar activity period
of March 2001 (meanRz=113.5) and decreases linearly with
the solar activity to a low value of 317 km during the low
solar activity period of March 2005 (meanRz=24.5). This
decrease in the threshold height with the decreasing solar ac-
tivity is explained as due to the necessary growth rate that is
attained at high altitudes during the high solar activity peri-
ods and at low altitudes during the low solar activity periods.

The concept of the combined function that can estimate
the height of the post-sunset F-layer along with the threshold
height and its solar activity variability is very useful in light
of forecasting the occurrence of ESF for trans-ionospheric
communication and navigational systems. However, the sud-
den geomagnetic disturbances, which can effectively mod-
ulate the equatorial and low-latitude ionosphere within the
short time scales of about 2 to 3 h, are still need to be con-
sidered. Also, it is expected that the threshold height, as
well as the linear relationship between the combined func-
tion and the peakh′F could be different during different sea-
sons. Thus, a much larger database is needed to be observed
to ascertain the dependence of the combined function and
the threshold height on various prevailing ionospheric condi-
tions.
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