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Abstract. Long-term (1978–1990) total electron content
(TEC) data have been analyzed to show the dependence of
ambient ionization on EUV radiation from the Sun. TEC
observations were made at Calcutta (22.58◦ N, 88.38◦ E ge-
ographic, dip: 32◦ N), situated virtually below the north-
ern crest of the equatorial ionization anomaly. Day-to-day
changes in TEC at different local times do not show any sig-
nificant correlation with F10.7 solar flux. A good correlation
is, however, observed between the F10.7 solar flux and the
monthly mean TEC when both are considered on a long-term
basis, i.e. either in the ascending (1986–1990) or in the de-
scending (1979–1985) phase. In the early morning hours the
correlation coefficient maximizes around the 08:00–10:00 h
IST interval. The flux independent nature of diurnal TEC is
evident around the noon time hours of only a few months in
the descending phase for F10.7 values greater than 150 unit.
Variation of TEC for the whole time period (1979–1990)
also exhibits a prominent hysteresis effect. The remarkable
feature of the hysteresis effect is its local time dependence,
leading to a temporal flip-over. Solar flux-normalized TEC
values show a clear seasonal dependence with asymmetri-
cal variations in the two equinoxes. The amplitudes of the
equinoctial peaks reveal a prominent local time dependence.
A further normalization leads to a typical local time varia-
tion of TEC. Based on solar flux, seasonal and local time
dependent features of TEC, an empirical formula has been
developed to represent the TEC variation in the early morn-
ing hours. It yields a quantitative estimate of the solar flux
dependent nature of the TEC variation. The formula has been
validated using the available TEC data and data from the neu-
ral network.
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1 Introduction

Two most prominent features of the equatorial ionosphere
are: (i) the equatorial ionization anomaly and (ii) the intense
form of the irregularities. During daytime the ionization dis-
tribution in the ionosphere of the low-latitude region is mod-
ified by the fountain effect (Hanson and Moffett, 1966). The
electrodynamicExB drift produces a trough of ionization
at the equator with two crests around 15◦–20◦ geomagnetic
latitudes – known as the equatorial ionization anomaly. The
neutral wind further introduces asymmetries in the anoma-
lous distribution of the ionization with larger plasma flow (to-
wards the hemisphere of the stronger poleward wind) and a
stronger anomaly crest occurring in the opposite hemispheres
(Balan and Bailey, 1995). The latitudes of the anomaly crests
and the strength of the anomaly are found to vary with day,
month, season, solar activity, as well as longitudes (Rush and
Richmond, 1973; Huang et al., 1989). The world’s largest
value of total electron content (TEC) is observed around the
equatorial anomaly crest. For the same percentage variation
of ionization the largest deviation in TEC is recorded around
this region. With the development of the equatorial anomaly,
the movement of the crest across a fixed point of observation
may be reflected in the measured values of TEC at the point
under varying geophysical conditions. For any study con-
cerning the temporal variability of the equatorial ionization
a location near the crest would be most suitable. The pa-
per presents the results of analysis of long-term (1978–1990)
TEC data obtained from Calcutta (22.58◦ N, 88.38◦ E geo-
graphic, dip: 32◦ N), using the geostationary satellite ETS-2.
The station has a peculiar location with respect to the equa-
torial anomaly crest (Fig. 1). During the high solar activity
period, as the crest of the anomaly shifts to higher latitudes,
the station is within the anomaly belt. But during the low
solar activity epoch the crest shifts towards low latitudes and
the station is situated just below the northern crest. Hence,
TEC around this location is very sensitive to the variation
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Fig. 1. Location of the observing station Calcutta, with respect to
the equatorial anomaly crest of the Indian longitude sector. Ge-
ographic latitudes and longitudes are shown. Horizontal lines in-
dicate isodip lines (geographic). Location of the 400-km sub-
ionospheric point of the satellite (ETS-2) path is also shown.

of solar activity, as dictated by solar fluxes. In addition to
solar flux, neutral wind, tides and waves, and geomagnetic
activity affect the TEC values at a location. There is a com-
plex interplay among various geophysical phenomena, such
as solar activity, equatorial fountain, geomagnetic activities,
neutral wind, tides and waves, etc., which control the ambi-
ent ionization around the equatorial anomaly region. TEC at
a location is actually the integrated effect of production, loss
and transport processes. Production is mainly controlled by
solar radiation while transport is dominated by the equatorial
fountain effect.

In the present paper attempts have been made to identify
the solar activity dependent features of the ionization varia-
tion considering a long-term (1978–1990) database of TEC
and a 10.7 cm solar flux. The peculiarity of the database is
that it contains both the descending (1979–1985) and ascend-
ing (1986–1990) phases of the solar cycles. The solar ac-
tivity dependent features have been discussed in various pa-
pers (Golton and Walker, 1971; Rastogi and Sharma, 1971;
Huang et al., 1989; Klobuchar et al., 1991; Prasad and Rama
Rao, 1993; Feichter and Leitinger, 1997; Gupta and Singh,
2001; Jayachandran et al., 2004; Wu et al., 2004). These are
mostly based on data for one solar cycle or less, or obser-
vations were made from mid/higher latitude regions. On the
contrary, the present investigation using a long-term database
of TEC involving both the phases of solar cycles around the
region of the equatorial anomaly crest of the Indian zone is
reported for the first time.
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Fig. 2. (A) Monthly mean TEC vs. 10.7-cm solar flux plots for
descending (1979–1985) and ascending (1986–1990) phases of so-
lar cycles at different months and at different local times [IST(h)=
UT+530 h]. Satellite transmission was off during February 1981
and 1990. 1 TEC unit=1016 electrons/m2. Equations of linear
fit and corresponding R2 values are shown.(B) For the month of
February, monthly mean TEC and F10.7 solar flux plots for the de-
scending and ascending phases of the solar cycle at different local
times (IST (h)).

2 Data

Ionospheric total electron content data obtained by the Fara-
day rotation technique of a VHF (136.11 MHz) signal from
a geostationary satellite ETS-2 (130◦ E) have been analyzed
for the present investigation. The observations were made at
Calcutta (22.58◦ N, 88.38◦ E geographic, dip: 32◦ N) with a
400-km subionospheric point located at 21◦ N, 92.7◦ E, dip:
27◦ N geographic (Fig. 1). Due to unavailability of a proper
database of solar EUV radiation, 10.7-cm solar flux (F10.7)
is considered as a surrogate index. The solar flux data have
been downloaded from the Internet.

3 Results and discussion

Production of ionization is mainly controlled by the solar ra-
diation in the EUV range. Variation in the solar EUV radia-
tion is expected to cause changes in the ionospheric temper-
ature, dynamics and composition. In the absence of a proper
database of EUV radiation, 10.7-cm solar flux may be con-
sidered as a surrogate index of solar activity (Kane, 2005;
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Mahajan and Dwivedi, 2005). In the present investigation at-
tempts have been made to identify the contribution of a pro-
duction term, as dictated by solar flux, in developing the ion-
ization profile. The whole data period has been categorized
in the ascending (1986–1990) and descending (1979–1985)
phases of the solar cycle and the monthly mean values of
TEC have been calculated (1 TEC unit=1016 electrons/m2).
To observe the solar flux dependent nature, monthly mean
TEC values are considered in conjunction with F10.7 solar
fluxes. Figure 2a presents typical solar flux vs. monthly mean
TEC plots at different local times pertaining the solar activ-
ity increasing and decreasing phases. A good correlation be-
tween F10.7 solar flux and TEC is evident in the plots. A
correlation is found to be somewhat larger in the ascending
epoch compared to that in the descending phase. Moreover,
variations of ambient ionization in the equinoctial and the
December solstitial months are found to be more sensitive to
solar flux changes. A higher “m” value in the linear fit and/or
a higher value of the correlation coefficient indicates this sen-
sitivity. The rate of increase depends primarily on the rate
of production of the ionization. Photoionization of oxygen
produces the ionization; molecular N2 does not contribute
much. The change in the ratio of these gasses ([O]/N2) can
alter the production rate and a high value of the ratio may ac-
count for the winter anomaly. Titheridge (1974), using TEC
data from Honolulu (20◦ N), obtained an annual variation in
the production rate change and suggested that the changes in
[O]/N2 ratio may be responsible for the observed production
rate change in December. The seasonal changes in ioniza-
tion might be associated with the seasonal anomaly in the F2
layer electron density (Millward et al., 1996), as well as the
change in composition of the ionosphere. The anomalous ef-
fect in winter may also be due to energetic photo electrons
from the summer hemisphere of conjugate points (King et
al., 1968). The test of significance of the observed correla-
tion coefficients indicates a high level of significance except
for a few [May (1979–1983, 08:00 IST) at a 1% level of sig-
nificance, February (1979–1985, 06:00 IST) at a 1% level
of significance, February (1986–1990, 06:00 IST) at a 0.5%
level of significance and February (1986–1990, 10:00 IST)
at a 1% level of significance] which can be rejected at very
low significance levels.

For a particular month February, Fig. 2b shows the varia-
tion of TEC with F10.7 solar flux at different local times of
the morning sector. It exhibits the local time dependent ef-
fects of solar flux variation. The correlation coefficient max-
imizes around the time interval of 08:00–09:00 h IST, and no
saturation effect is detected in the monthly mean TEC varia-
tion. The feature is the same in all months and phases of the
solar cycles.

In the ascending/descending phase of the solar cycle, when
daily values of TEC are considered in association with F10.7
solar flux, a good linear fit is observed. Diurnal TEC val-
ues at different local times are plotted in Fig. 3a consid-
ering both the phases of the solar cycles. The dates with
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Fig. 3. (A) Diurnal TEC values vs. daily 10.7-cm solar fluxes for
the quiet days at different local times (IST (h)) for the month of
February of descending and ascending phases. From the year 1980
onwards of the descending phase the satellite transmission was off
for a few days in February due to eclipsing – limiting the total num-
ber of data points.(B) Plots of quiet day TEC values for various
months vs. daily F10.7 solar fluxes at the prescribed local times
(IST (h)) showing saturation effect.

Dst<−50 nT are discarded on the assumption of disturbed
days (Akasofu, 1981). Obviously solar flux response max-
imizes around 08:00–09:00 h IST of the descending phase.
In the ascending phase, the correlation coefficient attains
maximum values at two time intervals, one around 08:00–
09:00 h IST, another around 12:00–13:00 h IST. As produc-
tion is mainly dictated by solar fluxes, early morning maxima
may represent the dominant role played by the solar radiation
in modulating the TEC profile around the sunrise sector.

Solar flux dependent features of diurnal maximum and
minimum values of TEC are depicted in Fig. 4. Diurnal
TEC minimum mainly occurs around 04:00–05:00 h IST. It
shows little correlation with daily solar flux. The period cor-
responds to no direct solar control of ionization. On the
contrary, maximum values of diurnal TEC are generally ob-
served around 11:00–14:00 h IST. When solar flux related
variations of diurnal maxima are studied, the following fea-
tures emerge:

(i) good correlation with daily solar flux, greater in the as-
cending phase than in the descending phase,

(ii) high level of significance of correlation coefficients,

www.ann-geophys.net/26/47/2008/ Ann. Geophys., 26, 47–57, 2008



50 S. K. Chakraborty and R. Hajra: Solar control of ambient ionization of the ionosphere

JAN (79-85)

R
2

= 0.35

R
2

= 0.66

0

50

100

150

200

250

0 100 200 300

TEC(max)

TEC(min)

JAN (86-90)

R
2

= 0.11

R
2

= 0.91

0 100 200 300

APR (79-83)

R
2

= 0.04

R
2

= 0.07

0 100 200 300

APR (86-90)

R
2

= 0.13

R
2

= 0.82

0 100 200 300

0

20

40

60

JUL (79-85)

R
2

= 0.08

R
2

= 0.57

0

50

100

150

200

250

0 100 200 300

JUL (86-90)

R
2

= 0.22

R
2

= 0.82

0 100 200 300

SEP (79-85)

R
2

= 0.06

R
2

= 0.85

0 100 200 300

SEP (86-90)

R
2

= 0.13

R
2

= 0.63

0 100 200 300

0

20

40

60

OCT (79-85)

R
2

= 0.15

R
2

= 0.91

0

50

100

150

200

250

0 100 200 300

OCT (86-90)

R
2

= 0.24

R
2

= 0.85

0 100 200 300

NOV (79-85)

R
2

= 0.23

R
2

= 0.80

0 100 200 300 400

NOV (86-90)

R
2

= 0.19

R
2

= 0.88

0 100 200 300

0

20

40

60

F10.7

D
iu

rn
a
l
T

E
C

m
a
x

D
iu

rn
a

l
T

E
C

m
in

Fig-4

Fig. 4. Variation of daily maximum and minimum values of TEC with daily solar flux (F10.7).

(iii) only in few months of the descending phase an apparent
saturation-like effect for the solar flux greater than 150
units,

(iv) lower correlation compared to the early morning hours
except for a few months (June, July, August, October)
of the ascending phase (1986–1990).

Diurnal maxima are assumed to be the combined effect
of production and transport terms in the continuity equa-
tion. The effect of production maximizes around 08:00–
10:00 h ST, and contribution of the transport term becomes
dominant thereafter, with the solar flux effect remaining
more or less constant (Garriot and Smith, 1965; Iyer and
Rastogi, 1978; Raghava Reddi et al., 1982). The transport
of ionization is mainly controlled by the equatorial fountain
effect. The electrodynamicExB drift at the magnetic equa-
tor and subsequent diffusion generates the plasma fountain
and anomaly (Hanson and Moffett, 1966). The neutral wind
makes the fountain and anomaly asymmetric (Balan and Bai-
ley, 1995). An estimate of the equatorial electric field re-
sponsible for the fountain effect may be obtained from the
electrojet strength. To extract the quantitative contribution
of the transport mechanism, further investigation based on
electrojet data is essential (Rastogi and Rajaram, 1971; Rush
and Richmond, 1973; Sethia et al., 1980; Gupta and Singh,
2001).

Sometimes the saturation-like effect is observed in the
noon time diurnal TEC variation, as shown in Fig. 3b. The
feature is primarily observed in the solstitial months of the
descending phase, not in the ascending phase except in the
months of September and December. Further, the flux in-

dependent nature is absent in the other time periods of the
diurnal TEC variation. Most of the workers (Balan et al.,
1993; Gupta and Sing, 2001) obtained a linear relationship
between the TECmax and the F10.7 for solar flux values up
to about 200 flux units. Gupta and Singh (2001), consider-
ing TEC data from Delhi for the rising phases of the 21st
and 22nd solar cycles, found the saturation effect at differ-
ent seasons with a nonlinear fit. Present observations support
the saturation-like effect only for a few months of the de-
scending phase – this may be due to the peculiar position
of the observing station relative to the equatorial anomaly
crest. The same effect at larger values of F10.7 for all lat-
itudes from 17◦ N to 47◦ N and in all seasons was reported
by Balan et al. (1993) using TEC data for the period (1980-
1985). The saturation effect may be due to an inherent de-
ficiency of F10.7 to represent the variation of EUV, for a
2800-MHz radio flux exceeding 200 units. Although it was
reported by Kane (2005) that the saturation effect between
F10.7 and EUV is not an invariable feature, it may occur
in some months when F10.7 exceeds 200 units but not in
all such months. The time interval of the occurrence of the
saturation-like effect in TEC is such that not only produc-
tion, for which solar flux is mainly responsible, but transport
of ionization is also important. The equatorial fountain and
the thermospheric neutral winds mainly control the transport
processes. The daytime average verticalExB plasma drifts
at the magnetic equator do not vary considerably with solar
activity, but the day-to-day variability of the vertical drifts,
which becomes maximum at equinox, decreases systemati-
cally with increasing solar flux (Fejer and Scherliess, 2001).
Again, for the wind system, the meridional neutral wind is
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Fig. 5. Monthly mean TEC vs. monthly mean solar flux for the period (1979–1990) at different local times (IST (h)) showing prominent
hysteresis phenomenon. The vertical bars indicate standard deviation in TEC values.
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Fig. 6. Seasonal plots of solar flux normalized TEC values at different local times (IST (h)). As satellite transmission was off due to satellite
eclipse, TEC data for the month of March in the descending phase (1979–1985) are unavailable.

always poleward throughout the day during the high solar
activity period. The diurnal amplitudes of the wind decrease
with increasing solar activity and vice versa (Igi et al., 1999).
Emmert et al. (2006) reported that the dependence of the neu-
tral wind on the F10.7 solar flux either weakens or saturates
around F10.7=150 at most latitudes and local times. As TEC
is an integrated parameter of production, loss and transport
processes, the above-mentioned effects may be reflected in
the TEC variation.

Although a good correlation with a high level of signif-
icance is observed when TEC (both diurnal and monthly
mean) is considered on a long-term basis, i.e. either for the

descending (1979–1985) or ascending (1986–1990) phase,
the day-to-day changes in TEC do not show any significant
correlation with the day-to-day changes in solar flux. The
absence of any short term relation suggests that TEC around
the location is not a simple function of solar flux alone; devi-
ations may be attributed to the changes in temperature, com-
position and dynamics (Doherty et al., 2000) of the iono-
sphere.
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4 Hysteresis effect

One important feature of long-term variation of TEC with
solar flux is the hysteresis effect. When monthly mean TEC
values are plotted against mean solar flux, TEC variations
in the ascending phase follow a path different from that of
the descending epoch, similar to the hysteresis effect shown
by the ferromagnetic material. A prominent hysteresis ef-
fect is evident in the plots of Fig. 5. The vertical bars rep-
resent the corresponding standard deviations. The effect is
observed in all months and at all local times of the whole
data period (1979–1990), though some data fall within the
1-σ level. The effect is more prominent in the high solar ac-
tivity period than in the lower one. The hysteresis may be
classified as positive or negative according as TEC in the de-
scending part of solar cycle lies above or below that of the
ascending part. In most cases positive hysteresis effect is ob-
served during the time interval of 06:00–09:00 h IST, with
higher values of TEC in the 1979–1980 periods than the cor-
responding values in the 1989–1990 periods. One remark-
able feature of the hysteresis phenomenon is its local time de-
pendence. For more or less the same solar flux the TEC vari-
ation shows a positive, as well as a negative effect at differ-
ent local times. In the pre-noon to noon time hours (11:00–
14:00 h IST) TEC in the ascending phase lies above that of
the descending epoch, contrary to the early morning feature.
This implies negative hysteresis and the change-over takes
place around 11:00–13:00 h IST at various months. The ef-
fect becomes again positive in the afternoon to early evening
hours (17:00–19:00 h IST). Thus, the variation of TEC with
solar flux exhibits not only hysteresis, but an intricate lo-
cal time effect is also prominent. The reversal occurs earlier
(09:00–11:00 h IST), mostly in the equinoctial and Decem-
ber solstitial months, while for the rest of the months the flip-
over takes place at a later time interval (12:00–13:00 h IST).
Although the phase reversal occurs twice a day in the De-
cember solstitial months, for the rest of the months the same
is repeated four times. Two extra reversals occur at around
20:00–00:00 h IST and 01:00–04:00 h IST, respectively. The
ETS-2 beacon signal was off during the satellite eclipse pe-
riod of the years 1980–1985, so data were not complete for
March, September and October (1980, 1981, 1982), April
(1980, 1984, 1985).

The hysteresis effect observed with TEC is similar to
that observed in foF2, the semi-thickness of the F2 layer,
the slab thickness and M(3000)F2 with sunspot number
(Huang,1963; Rao and Rao, 1969; Huang and Bor-Shenn,
1976; Smith and King, 1981; Apostolv and Alberca, 1995).
The geomagnetic activity lags the sunspot activity by about
two years, and the magnetic activity in the falling part of the
solar cycle is larger than that in the rising part. The hys-
teresis effect in foF2 was reported to be the result of the cu-
mulative influences of magnetic disturbances (Rao and Rao,
1969; Apostolv and Alberca, 1995; Mikhailov and Marin,
2001). Various other causes of hysteresis, as suggested by

several workers, may be mentioned as:

(i) larger solar radiation in the falling part of the solar cycle
than in the rising part (Huang, 1963),

(ii) the delayed response of the sunspot number (Huang and
Bor-Shenn, 1976),

(iii) changes in the ion composition lag six months behind
the changes in solar flux (Titheridge, 1974),

(iv) uncertainty in the definition of the sunspot number in
terms of the sunspot group and individual spot (Davies,
1989),

(v) the inherent hysteresis effect detected in the variation of
solar EUV radiation with a 10.7-cm solar flux (Kane,
2005).

The positive hysteresis effect observed in the present inves-
tigation may support the idea of the cumulative effects of
geomagnetic disturbances occurring in the falling part of the
solar cycle. Dates withDst values less than−50 nT may be
related to disturbed days. In the descending part of the 21st
solar cycle the total number of such disturbed days is 403/347
(1980–1985/1981–1985), while in the ascending phase of the
22nd solar cycle (1986–1990) the same is 278 – the ascend-
ing phase registered less, though the two phases correspond
to the different cycles. The cumulative effects of the mag-
netic disturbances may produce changes in neutral composi-
tion, temperature and thermospheric wind pattern and these
may modulate the trend of the diurnal variation. The positive
hysteresis effect may also be due to the inherent deficiency
of the F10.7 solar flux to represent EUV radiation for higher
solar flux values.

The negative hysteresis effect or the peculiar local time de-
pendence of hysteresis deserves further investigation. TEC
measurements contain a large contribution from above the
peak of the ionosphere, so they will be sensitive to inter-
hemisphere flow (Titheridge and Buonsantu, 1983). The
equatorial vertical drift and corresponding fountain effect
may modulate diurnal variability of TEC, and the fountain
effect is reported not to be directly related to solar flux (Do-
herty et al., 2000). Further, changes in the neutral wind
may give rise to fluctuations in the zonal electric field. This
may cause changes in the strength of the anomaly. Move-
ment of the peaks of the equatorial anomaly may lead to
rapidly increasing TEC in the equatorial zone, although its
intricate dependence on solar epochs has yet to be explored.
The meridional wind effect is also efficient at lower latitudes
(Mikhailov and Marin, 2001). Moreover, the solar ionizing
radiation changes with solar facular area. The time variation
of the faculae-associated radiation for a fixed sunspot num-
ber may affect the production of the ionization in the E and
F layers (Smith and King, 1981). For better realization of
phase reversal, values of the solar parameters, the long-term
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temporal effects of anomaly parameters and also of the wind
system are to be taken into account.

The geomagnetic activity operates more effectively during
the night than during the day (Huang and Bor-Shenn, 1976).
Depending on the latitude, the local time of the observing
station with respect to the initiation of the storm, the iono-
sphere may have a variable relaxation time for geomagnetic
disturbances. The cumulative effect of the enhanced equator-
ward thermospheric wind resulting from the auroral heating
may contribute to the NmF2/TEC increases. Though the idea
supports the positive hysteresis at night, its phase reversal re-
quires intensive study.

5 Seasonal variability of TEC

When TEC is normalized with respect to the F10.7 solar
flux, and seasonal variation is considered, an asymmetrical
double-peak response results. Typical plots of solar flux nor-
malized TEC values for various months at different local
times are shown in Fig. 6. The important features of this
semiannual variation are the peculiar local time dependence
of the asymmetrical peak amplitudes and its temporal flip-
over (Fig. 7). During the time interval 07:00–12:00 h IST
of the ascending phase (1986–1990), amplitudes of vernal
equinoctial peaks are found to be larger compared to the au-
tumnal equinoctial peaks. From 13:00 h IST onwards au-
tumnal equinoctial peak amplitudes are observed to exhibit
greater values and the trend continues up to 23:00 h IST. Ver-
nal equinoctial peak amplitudes again assume larger values
up to 03:00 h IST, with a gradual decay of the peak magni-
tudes. The double-peak nature ceases to exist during 04:00–
05:00 h IST of the ascending phase.

A similar semiannual asymmetrical double-peak response
is also detected in the descending epoch (1979–1985) of the
21st solar cycle. But contrary to the observed features in the
ascending phase larger vernal equinoctial peak amplitudes
persist throughout the day, up to 19:00 h IST. Thereafter, au-
tumnal equinoctial peaks assume greater values for two to
three hours and finally, the initial trend is recovered with a
gradual decay of the autumnal peak amplitudes around the
pre-dawn hours (03:00–05:00 h IST). It may be mentioned
that for the month of March in the descending phase (1979–
1985) there is a data gap due to a satellite eclipse. In both
the phases the semiannual variation registered minima at the
summer solstitial months (June, July), with winter solstitial
months (November, December, January) exhibiting higher
values (winter anomaly). Thus, both phases exhibit a sea-
sonal/winter anomaly, as well as an equinoctial asymmetry.

The seasonal anomaly is explained in terms of the yearly
variation of the thermospheric composition. In the F2 layer
ion production is related to the concentration of atomic oxy-
gen, and the loss of ions depends on the molecular gasses
(N2, O2). A higher atomic-to-molecular ratio in winter
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Fig. 7. Difference between peak TEC amplitudes of vernal and au-
tumnal equinoxes vs. local times (IST (h)), obtained from a seasonal
plot (Fig. 6). It shows local time dependent features of seasonal
peak amplitudes.

than in summer may account, in principle, for the winter
anomaly. Further, the overall heat input is greater in the
Southern Hemisphere (Barlier et al., 1974) and it provides a
net northward wind across the equator. At low latitudes, the
trans-equatorial wind gives an increased flow of ionization
from the daytime equatorial fountain (Anderson and Roble,
1981). A summer-to-winter trans-equatorial wind produces
an increased peak density, and hence the larger winter values
(Titheridge and Buonsantu, 1983; Rishbeth et al., 2000). It
was reported by model calculation (Richard and Torr, 1986)
that the vibrational excitation of N2 becomes an important
factor for seasonal anomaly. The high electron temperature
possible at solar maximum may enhance the vibrational exci-
tation of N2 sufficiently to reduce the calculated O+ density
by a factor of 2 in summer while not greatly affecting the
winter density. At solar minimum elevated vibrational exci-
tation of N2 causes only a 30% increase in the effective N2
sink of O+. From October to April, throughout the day, the
neutral wind blows predominantly northward, thus increas-
ing the TEC values. The density of atomic oxygen increases
near the equinoxes, reducing the diffusive loss and increasing
the ionization/TEC (Titheridge and Buonsantu, 1983). Fur-
ther suggestion was made that not only composition changes
but the equatorial fountain effect also modifies the ionization
profile near the latitude of 20◦ N. An important feature of the
seasonal variation in TEC is the local time dependence of the
asymmetrical semiannual peak amplitudes. This equinoc-
tial asymmetry was suggested to be related to the changes
in the global atmospheric circulation at the equinox (Essex,
1977). During both the high and low solar activity periods,
an altitude dependence of equinoctial asymmetry in electron
density (Ne) was reported by Balan et al. (1997, 1998) and
Kawamura et al. (2002) using MU radar observations at a
mid-latitude station. It was suggested that the asymmetry
in the production-dominated bottom side ionosphere arises
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Fig. 8. Seasonal variation of TEC, normalized with respect to F10.7=80, 150, 200 unit. The higher the solar flux values – the higher the
ambient ionization level.
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Fig. 9. Monthly plots of calculated (using empirical formula) and observed values of TEC for the period 1979–1990.

mainly from the asymmetry in the thermospheric compo-
sition. The asymmetry in the higher altitudes in the iono-
sphere, where dynamical processes dominate, arises as a re-
sult of asymmetries in the local time variation of meridional
component of the neutral wind and the perpendicularE×B

plasma drift velocities. The northward meridional wind dur-
ing the daytime was reported to be higher in the September
equinox than in the March equinox while the vertical plasma
drift velocity during the daytime of the March equinox was
found to be larger compared to the September equinox. The
asymmetries in wind velocity are conducive to the develop-
ment of equinoctial asymmetry in Ne, with higher values in
the March equinox than at the September equinox. TEC, be-
ing a height integrated parameter and weighted mostly by
topside F-region ionization, should exhibit an asymmetry
similar to that in Ne in the topside.

When TEC is normalized with respect to different solar
flux values (F10.7=80, 150, 200 unit) and the correspond-

ing seasonal variations are considered, a prominent solar flux
dependent feature is reflected in the overall TEC behavior.
With high solar flux values two maxima in March/April and
September/October/November and one minimum in summer
characterize the seasonal variation (Fig. 8). For low solar
flux one peak disappears at the evening hours. The trend is
similar to that observed by Huang and Cheng (1995) using
TEC data from East Asian sector. The seasonal amplitude
depends on solar flux, and an increase in the general level
of ionization with solar flux is evident. Moreover, for the
same ratio of solar flux increase, corresponding ratios of sea-
sonal peak amplitudes of TEC are found to exhibit a local
time effect. With the solar flux ratio remaining constant, two
maxima, one around 08:00 h IST and the other around mid-
night hours, are observed in the ratio of the corresponding
equinoctial TEC peak values. Thus, not only solar radiation
but also other factors, such as neutral winds, tides and waves,
magnetic activity contribute to seasonal variability. When a
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F10.7 (78) F10.7 TECobs(78) TECcal Solar Flux Season Time

7:00 APR_149.37 161.82 33.40 32.15 75.68 23.55 0.77

MAY_146.49 144.65 28.32 26.65 69.83 29.40 0.76

JUN_142.20 171.91 27.80 27.90 68.39 31.03 0.67

JUL_131.09 159.60 25.31 25.73 65.84 33.55 0.63

AUG_114.05 124.37 23.74 20.18 56.41 42.85 0.73

SEP_157.67 225.90 37.55 29.44 66.47 33.28 0.23

OCT_158.19 169.82 40.49 25.63 57.31 42.39 0.29

NOV_151.53 167.38 39.40 35.44 65.08 34.34 0.58

DEC_175.49 199.35 33.53 33.73 75.43 24.03 0.55

8:00 APR_149.37 161.82 44.11 43.80 75.39 23.63 0.98

MAY_146.49 144.65 35.59 35.04 69.82 29.23 0.95

JUN_142.20 171.91 34.60 35.47 67.98 31.20 0.82

JUL_131.09 159.60 30.98 32.38 64.28 34.94 0.78

AUG_114.05 124.37 31.18 27.35 54.46 44.68 0.87

SEP_157.67 225.90 51.47 42.93 66.94 32.59 0.48

OCT_158.19 208.68 57.02 49.70 63.50 36.03 0.52

NOV_151.53 167.38 55.46 59.71 53.10 46.28 0.62

DEC_175.49 199.79 48.81 50.11 59.46 40.05 0.50

9:00 APR_149.37 161.82 58.01 59.75 75.15 23.71 1.14

MAY_146.49 144.65 46.03 46.29 69.79 29.09 1.12

JUN_142.20 171.91 42.77 44.75 68.12 30.88 0.99

JUL_131.09 159.60 39.26 39.17 65.27 35.05 0.97

AUG_114.05 167.87 41.24 49.96 63.34 35.79 0.88

SEP_157.67 225.90 65.82 63.26 67.04 32.18 0.78

OCT_158.19 208.68 78.56 76.35 64.97 34.27 0.77

NOV_151.53 167.38 71.31 72.38 59.00 40.22 0.79

DEC_175.49 199.79 62.16 68.46 63.73 35.47 0.79
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Fig. 10. Monthly plots of TEC values obtained from observations, empirical formula and neural network at the early morning hours of the
year 1978.

polynomial of the sixth degree is fitted to the seasonal vari-
ation a good correlation is observed with a high level of sig-
nificance.

A further normalization of TEC on the seasonal basis
yields the variation of TEC with local time. The diurnal min-
imum is generally observed around 04:00–05:00 h IST, with
maximum at 13:00–14:00 h IST. The nature of the diurnal
variation is found to be the same for both solar epochs. The
prominent signatures of the secondary enhancement are also
observed at the local pre midnight sector of the equinoctial
months. A sixth order polynomial fitted to the temporal vari-
ation shows a good correlation (R2 values about 0.99) with a
high level of significance.

6 Development of an empirical formula

Considering the solar flux, seasonal and local time variations
of TEC an empirical formula has been developed for the time
interval 07:00–09:00 h IST. This may give an indication of
the solar control of ionization in the morning sector when the
transport of ionization by the electrodynamic fountain effect
is not so important around the present location. The formula,
empirically developed, may be written as

TECcal=
(m+12)

(m+6)

(F10.7−1)

(F10.7+200)
[S.F.+m(

Sea

12
)+t (

Temp

24
)]

where

m= month,
t= local time,
F10.7= value of 10.7 cm solar flux,
S.F. = contribution of solar flux obtained from

TEC vs. solar flux plot,
Sea= seasonal contribution obtained from solar flux

normalized TEC plot,
Temp= local time contribution obtained from

temporal plot.
It may be noted that for the present analysis TEC data for
the period 1979–1990 have been considered. Results of
the calculated values of TEC along with original values are
plotted in Fig. 9. All the calculated values fall within the
1σ range of the observed values. A further validation of the
estimated values has been made using available TEC data for
the year 1978 (Fig. 10). Here calculated values also agree
well with the observed TEC values except for the months
of September and October when deviations are observed to
be 15–30% from experimental values. The side table gives
a quantitative estimate of the solar influence on ionization
compared to the seasonal and local time contributions.
The first column represents the month and monthly mean
values of solar flux. The second column represents the
matching values of the solar flux in the appropriate solar
epoch. The contribution of solar flux is obviously large at
the early morning hours. Using the neural network, TEC
values for the year 1978 have also been calculated and the
corresponding results are plotted in the same figure (Fig. 10).
It may thus further validate the empirical formula.
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7 Conclusions

An intensive study of TEC in association with solar flux over
an extended period (1978–1990), from a location near the
crest of the equatorial anomaly, reveals a good correspon-
dence between the two when both are considered on a long-
term basis. Day-to-day variability of TEC does not follow the
solar flux variation trend. This indicates an absence of any
short-term relation between TEC and solar radiation. TEC at
any location is not a simple function of solar flux alone; neu-
tral wind, tides and waves, transport by the equatorial foun-
tain effect may control its variability. At the early morning
hours transport of equatorial ionization by the fountain ef-
fect is not so dominant and ionization is mainly controlled
by solar radiation. Further, seasonal and local time contribu-
tions during this time interval are estimated to be less. The
apparent saturation-like effect in the variation of TEC with
solar flux, for certain months of the descending phase, needs
intensive studies involving various transport parameters and
solar EUV radiation. In the long-term variation of TEC with
solar flux a prominent hysteresis effect is observed, and may
be explained in terms of the cumulative effect of geomag-
netic disturbances but the negative hysteresis effect and its
phase reversal require further investigations.
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