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Abstract. In this paper, we analyze daytime observations of
the critical frequencies of the F2 (foF2) and F3 (foF3) lay-
ers based on ionosonde observations made from Indian low
latitudes close to the magnetic equator and study their lo-
cal time, seasonal, planetary-scale variations (including the
solar rotation effect), and solar activity dependence. Given
the occurrence of the F3 layer, which has remarkable local
time, seasonal and solar activity dependences, variations in
foF2 have been evaluated. Local time variations in foF2
and foF3 show noon “bite-out” in all seasons and in all solar
activity conditions, which are attributed to vertically upward
plasma transport by the zonal electric field and meridional
neutral wind. Comparison of observed foF2 with those of
the IRI-2012 model clearly shows that the model values are
always higher than observed values and the largest difference
is observed during noontime owing to the noon bite-out phe-
nomenon. Peak frequency of the F layer (foF2/ foF3), how-
ever, is found to have better agreement with IR1-2012 model.
Seasonal variations of foF2 and foF3 show stronger asym-
metry at the solstices than at the equinoxes. The strong asym-
metry at the solstice is attributed to the asymmetry in the
meridional neutral wind with a secondary contribution from
E x B drifts, and the relatively weak asymmetry observed at
the equinox is attributed to the asymmetry in E x B drifts.
Variations in foF2 and foF3 with solar flux clearly show
the saturation effect when Fyg 7 exceeds ~ 120 sfu, which is
different from that of the mid-latitudes. Irrespective of solar
flux, both foF2 and foF3 in summer, however, are found to
be remarkably lower than those observed in other seasons.
Variations in foF2 show dominant periods of ~27, ~16
and ~ 6 days. Intriguingly, amplitudes of ~ 27-day varia-
tions in foF2 are found to be maximum in low solar activity

(LSA), moderate in medium solar activity (MSA) and min-
imum in high solar activity (HSA), while the amplitudes of
~ 27-day variations in Fig 7 are minimum in LSA, moderate
in MSA and maximum in HSA. These results are presented
and discussed in light of current observational and model-
based knowledge on the variations of low-latitude foF2 and
foF3.
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1 Introduction

The Earth’s ionosphere exhibits complex variabilities with
varying spatial and temporal scales. The influencing factors
for the ionospheric variabilities are (a) solar ionizing flux,
(b) neutral dynamics and electrodynamics, and (c) solar wind
conditions. The solar flux, which varies with the 11-year so-
lar cycle, quasi 27-day rotation of the sun, day-to-day and
even shorter timescales, has direct control on the plasma
density in the ionosphere. The ionosphere is also controlled
by the solar zenith angle, manifesting diurnal, annual and
semiannual variations. Solar flux induced spatial and tem-
poral variations in the neutral atmosphere lead to the ther-
mospheric wind and electric field. In the low latitudes, the
thermospheric wind and electric field, in conjunction with
Earth’s magnetic field, play an important role in the redistri-
bution of plasma. In the recent past, it has also been recog-
nized that significant variations in ionospheric parameters are
governed by lower-atmospheric processes through complex
coupling processes in the middle atmosphere (e.g., Abdu et
al., 2006; Pancheva et al., 2006, Immel et al., 2006; Ha-
gan et al., 2009; Chau et al., 2011). Neutral dynamical and
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electrodynamical forcing of in situ and lower-atmospheric
origin jointly produces remarkable ionospheric variabili-
ties with various spatial and temporal scales. At times, the
ionosphere also turns unstable leading to unexpected vari-
ations. In addition to these, interaction of solar wind with
the Earth’s magnetic field manifests large variabilities in the
ionosphere through both neutral dynamical and electrody-
namical coupling. Thus, understanding of ionospheric vari-
abilities from various perspectives, such as characterization,
causative mechanisms and forecasting skill, continues to be
one of the priority areas of aeronomy research.

With regard to the low-latitude ionosphere, variabilities in
the F region have been given special attention due to their di-
rect effects on communication/navigation systems. A large
number of observational and modeling studies have been
made to understand F region parameters, such as the criti-
cal frequency of the F2 layer, foF2 and the corresponding
height, hmF2, in terms of variabilities in solar flux, magnetic
field, neutral dynamical/electrodynamical parameters (e.g.,
Forbes et al., 2000; Rishbeth and Mendillo, 2001; Dabas
et al., 2006; Chen et al., 2010; Yadav et al., 2011; Ma et
al., 2012). These studies have provided important inputs to
the development of the International Reference lonosphere
(IRI) model (Bilitza, 2001, Bilitza and Reinisch, 2007; Bil-
itza et al., 2011, 2014), which is widely used by the aeron-
omy community across the world. Given the fact that the
equatorial/low-latitude ionosphere is highly variable both
spatially (both along longitude and latitude) and temporally,
and with solar and geomagnetic activity, observations have
revealed significant departure from the IRl model. With re-
gard to the Indian sector, although some interesting studies
addressing local time, seasonal and solar activity dependence
of foF2 and hmF2 have been made based on observations
made from the magnetic equator and from locations close
to or beyond the equatorial ionization anomaly crest (e.g.,
Chandra and Rastogi, 1971; Rajaram and Rastogi, 1977; Pas-
richa et al., 1987; Sharma et al., 1999; Sethi et al., 2003;
Dabas et al., 2006; Yadav et al., 2010, 2011), no study has
been made from locations in between the magnetic equa-
tor and the equatorial ionization crest to fully characterize
low-latitude ionospheric variabilities. Moreover, these stud-
ies have not considered the F3 layer, which occurs frequently
in the equatorial/low-latitude ionosphere (e.g., Pavan Chai-
tanya et al., 2012), while addressing the variabilities in the
F2 layer parameters.

In this paper, we analyze the critical frequency of the
F layer (foF2 and foF3) observed during daylight hours
(07:00-18:00 LT) from Sriharikota (13.6° N, 80.2° E, mag-
netic latitude 6.5° N), a low-latitude site in the Indian sec-
tor, and address their local time, seasonal and solar activ-
ity dependent variations. These include noon “bite-out”, and
equinoxial and solstice (summer and winter) asymmetries.
Importantly, we consider the F3 layer properties while ad-
dressing the variabilities in foF2. We also address planetary-
scale variations in foF2 and examine the solar flux at

Ann. Geophys., 33, 997-1006, 2015

10.7cm (Fio.7) and magnetic field in an effort to under-
stand these variabilities. Further, we make a detailed com-
parison of foF2/ foF3 with the IRI-2012 model (Bilitza et
al., 2014). Low-latitude ionospheric variabilities from Sri-
harikota or similar latitudes in the Indian sector have not been
reported before and hence these results should be considered
important to improve our understanding of the low-latitude
ionospheric variabilities in the Indian sector in specific and
the low-latitude ionosphere in general.

2 Observational data

This study is based on ionosonde observations made dur-
ing daytime (07:00-18:00LT) from Sriharikota (13.6° N,
80.2° E, magnetic latitude 6.5°N), a low-latitude site in
southern India. Observations used for the present study were
made during 1995, which corresponds to low solar activ-
ity (LSA) conditions (F1g.7 < 75sfu); 1998 and 2004, which
correspond to medium solar activity (MSA) conditions dur-
ing rising and declining phases (75 sfu < F1g.7 > 125 sfu); and
May 2002-April 2003, which corresponds to high solar ac-
tivity (HSA) conditions (Fig.7 >125sfu). lonosonde obser-
vations made on a quarter-hourly basis have been manually
scaled to obtain foF2 and foF3 (corresponding to F2 and
F3 layer peak electron densities). F3 layer parameters can
be derived only when electron density of the F2 layer is
smaller than that of F3. Observations during the major mag-
netic storms (Ap >40) have been excluded in statistical anal-
ysis.

Ground-based magnetic field observations used here were
made during 1995, 2002 and 2004 from Tirunelveli (8.7° N,
77.8° E, dip lat. 0.4° N), located close to the magnetic equa-
tor, and Alibag (18.5° N, 72.9°E, dip lat. 13.0° N), located
well outside the electrojet belt (+3° magnetic latitude). The
difference of observed magnetic fields from these stations,
AH (i.e., AHTirunelveli—A Halibag), Provides a measure of the
equatorial electrojet, which has been used as a proxy for
zonal electric field (e.g., Vikramkumar et al., 1987; Rastogi
and Klobuchar, 1990; Anderson et al., 2002) to understand
planetary-scale variabilities in foF2.

3 Results and discussion

3.1 Local time and seasonal variations of foF2 and
foF3 in different solar activity conditions

Figure l1a and b present foF2 and foF3, respectively,
as a function of local time (during 07:00-18:00LT) and
day of the year based on ionosonde observations made
during 1995 (LSA), 1998 (MSA), 2002-2003 (HSA) and
2004 (MSA) (shown in the panels from top to bottom). It
should be noted that for 2002-2003 observations, we have
reorganized the data to plot from January to December so as
to compare these results with those observed in other years.
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Figure 1. Local time variations of (a) f, F» and (b) f,F3 as a func-
tion of day number observed in 1995, 1998, 2002-2003, and 2004
(from top to bottom panels). These observations correspond to dif-
ferent solar activity conditions (note the annual mean solar flux at
10.7 cm (F10.7cm) Qiven in parentheses).

White portions in the figures represent data gaps. Black
squares in each panel of Fig. 1b represent occurrence rate of
the F3 layer (in percent) in the respective year. Occurrence
rate, S, has been computed based on quarter-hourly daytime
observations made during a period of 10 consecutive days as
S = (Nr3/Ny) x 100, where Ng3z and N, represent the num-
ber of times the F3 layer was observed and the total number
of observational runs in the 10-day period, respectively.

These results suggest that foF2 and foF3 are high in
HSA, moderate in MSA and low in LSA as expected from
solar flux dependence of the photoionization process. The
occurrence rate of the F3 layer is found to vary from one
year to another, with the occurrence rate being maximum
in June—-August (75-90 %), minimum in October—December
(10-40%) and moderate in other months (40-70%). Sea-
sonal dependence of the F3 layer occurrence shown here
is similar to those reported earlier by Pavan Chaitanya et
al. (2012) based on limited observations from the same lo-
cation. Notwithstanding these detailed variations observed
in different years, foF2 is found to have lower values dur-
ing noon hours than those in the morning and late after-
noon hours. This feature, however, is less conspicuous during
October—December. Note that the local time in which foF2
values are low coincides with the occurrence of the F3 layer.
Also note that this pattern is conspicuously present in all so-
lar activity conditions. In the following, we present more de-
tails on the variations of foF2 and foF3.

3.1.1 Local time variations in foF2 and foF3
Figure 2 shows local time variations of foF2, foF3 and

the difference of foF3 and foF2, foF3-foF2 in differ-
ent seasons and different solar activity conditions. Since the
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Figure 2. Local time variations in the mean and SD of (a) foF»2,
(b) foFsz and (c) foF3-foF2 in different seasons and differ-
ent solar activity conditions. Results presented in red, blue and
black correspond to 2002-2003 (Fyq.7>125sfu), 2004 (125sfu
>F10.7 >75sfu) and 1995 (F1g 7 <75sfu).

F3 layer is formed by plasma transport, foF3—f0oF2 is ex-
pected to provide some insight into the local time varia-
tions of plasma transport. For seasonal analysis, we consider
10 February-9 May as March equinox, 10 May-9 August
as summer, 10 August-9 November as September equinox,
and 10 November-9 February as winter. Figure 2a, b and
¢ show mean and standard deviation (SD) of foF2, foF3
and foF3-foF2, respectively, observed in different seasons
(March equinox, summer, September equinox and winter)
and different solar activity conditions. Results correspond-
ing to 2002-2003 (HSA), 2004 (MSA) and 1995 (LSA) are
presented in red, blue and black, respectively. Mean values
of both foF2 and foF3 show clear variations with solar ac-
tivity as well as season. Mean values of foF2 are found to be
in the range of 5.5-14.5 MHz in HSA, 5-14.1 MHz in MSA,
and 4.3-13.4 MHz in LSA. Similarly mean values of foF3
are found to be in the range of 7.3-14.3 MHz in HSA, 6.2—
12.3MHz in MSA, and 4.6-12.7 MHz in LSA. Variabilities
(estimated as o /| x 100 %, where o represents SD and
represents mean) in foF2 are found to be in the range of 10—
15% and it is higher in the afternoon than forenoon in all
seasons except for September equinox. Further, variations in
foF2 are found to be minimum in HSA, moderate in MSA,
and maximum in LSA. Variations in foF3 are found to be
in the range of 5-10% and no significant seasonal and so-
lar activity dependences have been noticed. As far as local
time variations are concerned, both foF2 and foF3 show
remarkable variations in almost all seasons and solar activ-
ity conditions. Notably, local time variations of foF2 show
a conspicuous feature of noon bite-out in all solar activity
conditions with decreasing values of foF2 with decreasing
solar activity. The observed bite-out of foF2 is pronounced
in equinoxes when compared to those in summer and winter.

Ann. Geophys., 33, 997-1006, 2015
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Notably, the noon values of foF2 are similar to those of early
morning in almost all seasons and solar activity conditions.

The noon bite-out can also be noted in foF3 although it
is not as noticeable as in foF2 due to the absence of the
F3 layer in the morning and evening. Interestingly, a signa-
ture of noon bite-out can also be noted in foF3-foF2 and
in all solar activity conditions. They are found to be in the
range of 0.5-3 MHz with larger values in the afternoon than
in the morning.

Given the fact that noon bite-out of foF2 correlates well
with the occurrence of the F3 layer in all seasons and so-
lar activity conditions (as shown in Fig. 1), we examined
whether the noon bite-out of foF2 is exclusively related to
the occurrence of the F3 layer. We found (not shown here)
that noon bite-out occurs even when the F3 layer is not
observed. It is quite likely that some of these observations
may be related to lower foF3 than foF2 and in such cases
a ground-based ionosonde would not be able to probe the
F3 layer.

A number of studies have been carried out in the past
from the Indian low-latitude sector to study local time vari-
ations of foF2 (e.g., Rajaram and Rastogi, 1977; Rajaram,
1977; Sethi et al., 2003; Yadav et al., 2010). These stud-
ies showed the noon bite-out to occur close to the magnetic
equator and not at latitudes greater than 10° N. Although
there were also some observations of forenoon bite-out of
foF2 from the equatorial anomaly belt, the phenomenon
was short lived (e.g., Sastri and Ramesh, 1982) and hence is
very different from the noon bite-out reported here. The noon
bite-out of foF2 has been attributed to the upward E x B
drift of the F region plasma (e.g., Rajaram, 1977, and ref-
erences therein). Present observations showed that the bite-
out of foF2 is closely associated with the occurrence of the
F3 layer. Given the fact that the formation of the F3 layer is
primarily governed by upward E x B drift with a secondary
contribution from meridional wind (e.g., Balan et al., 1998),
a close association observed between the noon bite-out of
foF2 and occurrence of the F3 layer seems logical. As men-
tioned earlier, we have also found that the bite-out of foF2
occurs even when the F3 layer is not observed by ionosonde.
In such a scenario it is quite likely that the F3 layer may
be present at times, but is not visible with a ground-based
ionosonde if foF3 (in the topside and topside ledge) is less
than foF2. Given the fact that transport dominates over pho-
tochemistry at the F2 layer, the noon bite-out of foF2 during
the presence of the F3 layer clearly indicates the upward mo-
tion of the F2 layer plasma resulting in bite-out of foF2.

The meridional neutral wind also plays an important role
in transporting plasma along the magnetic field and this
could influence the formation of the F3 layer as well as
bite-out of foF2 at latitudes slightly away from the mag-
netic equator. For observations corresponding to Northern
Hemisphere low latitudes, such as those presented here, the
presence of transequatorial wind is expected to influence the
distribution of F region plasma and the formation of the
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F3 layer. For example, in the presence of vertical upward
E x B drift while equatorward wind enhances vertical trans-
port of plasma forming the F3 layer, poleward wind can en-
hance plasma diffusion process along the magnetic field in-
hibiting the formation of the F3 layer. An additional effect,
however, could be caused by the upward E x B drift and
poleward wind if the poleward wind exists at and above the
F2 peak. While the upward E x B drift will push F region
plasma upward causing a bite-out in density, plasma at alti-
tudes around the F2 peak and above would diffuse along the
magnetic field due to the poleward wind at that altitude. This
process could easily inhibit the formation of the F3 layer. For
low-latitude locations in the Northern Hemisphere, this effect
is expected to be seen when meridional wind is northward.
Such a scenario would occur in the Northern Hemisphere
winter, although it is not a rule. It is important to recall that
bite-out of foF2 varies with season and solar activity, imply-
ing that bite-out of foF2 is due to the united effect of upward
E x B drift and meridional wind, which vary with local time,
season and solar activity. A complete explanation of the ob-
served features requires a modeling investigation using con-
current measurements of vertical E x B drift and meridional
wind, which is beyond the scope of the present paper.

We have also noted noon bite-out of foF3, which has not
been reported before. Earlier studies (e.g., Rajaram and Ras-
togi, 1977; Radicella and Adeniyi, 1999) suggested that the
bite-out is pronounced around the F2 layer and it is due to
the vertical transport of F region plasma. Total electron con-
tent observations have not revealed noon bite-out, suggest-
ing that the noon bite-out is primarily related to the F2 layer
(e.g., Lee, 2012, and references therein). Observations re-
ported here clearly show that although the bite-out in foF3
is not as prominent as in foF2, itis also seen at the F3 layer,
which is higher than that of the F2 layer. This finding is new
and it would be interesting to understand under what con-
ditions this bite-out occurs. Considering that vertical E x B
drift, meridional wind and plasma diffusion along magnetic
field line all are responsible for the plasma distribution in the
F2 and F3 regions, it would also be interesting to see how
the bite-out phenomenon varies with magnetic latitude. This
aspect, however, is beyond the scope of the present investiga-
tion and we would like to address this aspect using suitable
observations in future work.

3.1.2 Comparison with the IR1-2012 model

In an effort to examine to what extent the observed foF2
values agree or disagree with the IRI-2012 model values
(Bilitza et al., 2014), we have compared the mean values
of foF2 with those of the IRl model. A detailed compari-
son demonstrating variations with local time, season and so-
lar activity is made in Fig. 3. Figure 3a, b and c show local
time and seasonal variations of foF2 from observations and
model corresponding to 1995 (LSA), 2004 (MSA) and 2002—
2003 (HSA), respectively. These figures represent hourly val-
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ues of observed (blue) and model (black) foF2 along with
the differences (f oF2opserved—f 0F2model) in thick black bars.
Results clearly show that observed foF2 values are mostly
lower than those of the model (represented as negative val-
ues of foF2opserved—f 0F2model)- Notably, the maximum dif-
ference (as high as 1.7 MHz) is found during noon hours and
the difference is due to the observed noontime bite-out of
foF2. This implies that observed foF2 values are smaller
than those of IRI by 3.5 x 1019 electron m—3.

Considering that the occurrence rate of the F3 layer is
as high as 90% (in LSA summer) in the Indian low lati-
tudes and the IRl model does not provide foF3, we have at-
tempted to compare the observed peak frequency, i.e., foF2
or foF3, with IRl model foF2. Figure 4 shows a detailed
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comparison similar to that done in Fig. 3, but for observed
peak frequency (foF2/ foF3) and IRl foF2. It is inter-
esting to note that the difference between the two dimin-
ishes considerably. The maximum difference is found to be
1 MHz, which corresponds to a difference in electron density
of 1.24 x 1019 electronm—3. Notably, the difference during
noon is found to disappear, implying that the IRl model rep-
resents the peak F layer frequency better. However, we find
that the difference is positive (negative) in the forenoon (af-
ternoon), which means that observed peak frequencies are
higher (lower) in the forenoon (afternoon) than those of the
model.

Lee et al. (2008) compared foF2 observations made from
Jicamarca during low solar activity conditions of 1996 with
those of IRI-2001 model. Later, Lee and Reinisch (2012)
compared foF2 observations made from Jicamarca during
low solar activity conditions of 2008—-2009 with those of IRI-
2007. Both Lee et al. (2008) and Lee and Reinisch (2012)
found that the difference between observed and model val-
ues are both positive and negative and the difference is
5 x 1010 electron m—2. Their results also show observed val-
ues are higher (lower) in the forenoon (afternoon) than those
of the model. In our observations, however, we find that
the observed foF2 values are mostly smaller than those of
the model irrespective of local time. In the case of peak
F layer frequency, our results are found to be similar to Lee
et al. (2008) and Lee and Reinisch (2012).

3.1.3 Seasonal variations of foF2 and foF3
To illustrate seasonal variations we show mean and SDs of
foF2, foF3, and foF3-foF2 in Fig. 5a, b and c, respec-

tively, for three local times, viz., 10:00, 13:00 and 16:00 LT
(shown from top to bottom) as a function of day number.
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Figure 6. Equinoxial asymmetry (September equinox—March
equinox) in (a) foF, and (b) foFs, and solstice asymmetry
(winter—-summer) in (c) foFp, (d) foFjz in different solar activity
conditions.

Observations made in 2002-2003 (HSA), 2004 (MSA), and
1995 (LSA) are shown in red, blue and black, respectively.
These figures clearly show large values in HSA, moderate
values in MSA and small values in LSA as expected from
variations in solar ionization flux. Most importantly, foF2
and foF3 are found to be minimum in summer, moderate
in winter, and maximum in equinoxes and these features are
apparent in all solar activity conditions. Variations in foF3—
foF2 are found to be in the range of 0.5-2 MHz and these
do not show any noticeable seasonal and solar activity de-
pendent patterns except for the fact that the differences in
foF3 and foF2 at 13:00 LT are somewhat higher in HSA
than those in MSA/LSA. Considerable equinoxial and sol-
stice asymmetry in foF2 and foF3, however, can be noticed,
which are addressed in the following.

3.1.4 Equinoxial and solstice asymmetries

Equinoxial asymmetry in foF2 (foF3) is estimated as
AfOFZequinox = f0F2Autumn—f0FZSpring (AfOFSequinox =
foF3autumn—f oF3spring). Similarly solstice asymmetry in
foF2 (foF3) is estimated as A foF2gistice = f 0F2winter—
S oF2summer (A foF3solstice = .f 0F3winter—f 0F3summer).
Equinoxial asymmetries in foF2 and foF3 are shown in
Fig. 6a and b, and solstice asymmetries in foF2 and foF3
are shown in Fig. 6¢ and d, respectively. Different colors
represent results corresponding to different solar activity
conditions (HSA, MSA and LSA). These figures suggest that
while foF2 is generally higher in the September equinox in
HSA and MSA, it is either higher in the March equinox or
equal to that of September equinox in LSA. In the case of
foF3, however, no significant difference is noticed. Solstice
asymmetries in both foF2 and foF3, however, are found to
be very different from those in the equinox. Both foF2 and
foF3 are higher in winter than in summer. We also note that
the asymmetry is more in HSA and moderate in MSA and
LSA.
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Figure 7. Scatter plot of AH vs. foF, showing relationship be-
tween these parameters in (a) 1995, (b) 2004 and (c) 2002-2003.

lonospheric plasma density not only depends on solar ac-
tivity, but also on transport. In the low latitudes two important
drivers of plasma transport are the E x B drift and neutral
wind. In the summer and winter as compared to the equinox,
the meridional neutral wind is expected to significantly con-
tribute to plasma transport via the magnetic field lines. Con-
sidering that large vertical E x B drift can significantly re-
duce the F2 layer density and form an additional layer (the
F3 layer), we would expect an inverse relationship between
vertical E x B drift and foF2. In order to gain some insight
into this phenomenon, we have used AH data as proxy of
E x B drift (Anderson et al., 2002; Patra et al., 2014) and
examined the relationship between AH and foF2. Figure 7
shows scatter plots displaying the relationship between the
two in different solar activity conditions. All figures show an
inverse relationship between the two parameters. In an ear-
lier study, Rastogi et al. (1972) found a similar relationship
between AH and foF2 based on foF2 observations made
at Kodaikanal and Ahmedabad. This implies that if seasonal
variation exists in E x B drift, it would account for the asym-
metry in foF2. This, however, would be more applicable
in the equinoxes when we do not expect a large meridional
wind. Patra et al. (2012) showed that in the Indian sector,
E x B drift is higher in the March equinox than in Septem-
ber equinox and higher in the winter than in the summer. This
is expected to result in low values of foF2 in March equinox
and winter and large values in September equinox and sum-
mer. The results show that while the equinoxial observations
are consistent with the forcing effect of E x B drift, the sol-
stice observations are not. This implies that at the solstice, the
meridional neutral wind plays an important role in the plasma
distribution. The present observations clearly suggest that the
winter anomaly (larger values of foF2 in winter than in sum-
mer) must be linked with large values of poleward wind in
winter.

In summer/winter, however, the meridional neutral wind
could play a significant role in plasma distribution. For ex-
ample, in the Northern Hemisphere winter, meridional wind
is expected to be poleward and such wind is expected to
push F2 region plasma downward, inhibiting the formation of
the F3 layer, which in turn may result in poleward enhance-
ment in foF2. In the Northern Hemisphere summer, how-
ever, meridional neutral wind is expected to be equatorward
and this is expected to push F2 region plasma upward, form-
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ing the F3 layer, which may result in reduction in foF2. The
actual meridional winds, however, could be different from
the expected directions, and including their magnitude and
such variations in the meridional wind in conjunction with
the vertical E x B drift could result in variations in the F2
and F3 layer parameters.

3.2 Solar activity dependence

Figure 8a, b and c show seasonal mean and SD of foF2,
foF3and foF3-foF2, respectively, observed at 13:00 LT in
different years (i.e., 1995, 1998, 2002-2003, and 2004) along
with solar activity in terms of Fyg 7. Results corresponding
to different seasons are shown in different colors. Both foF2
and foF3 increase with solar activity (represented by Fig7).
We also note that both foF2 and foF3 observed in sum-
mer (shown in red) are remarkably lower than those observed
in other seasons. Variations in foF3-foF2, however, do not
show any systematic pattern. For more clarity on the solar
dependence of these parameters, we present mean and SDs
of foF2, foF3 and foF3-foF2 as a function of Fip7 in
Fig. 8d, e and f, respectively. Note that observations shown
in red correspond to summer and those shown in blue corre-
spond to other seasons (winter and equinoxes). It is very clear
from these figures that both foF2 and foF3 are smaller in
summer than those in other seasons and thus we have fitted
summer observations separately to distinguish the summer-
time features from those observed in other seasons. Despite
the differences in foF2 and foF3 observed in summer and
in other seasons, all foF2 and foF3 are found to increase
with Fig 7 up to a value of ~ 120 sfu and saturate afterwards.
This implies that in 2002-2003, F layer critical frequencies
did not increase much with solar flux.

Similar variations have been observed at other local times
as well (not shown) except for the fact that foF2 is the
highest at ~ 16:00 LT, moderate at ~ 10:00 LT and lowest at
~13:00 LT at all solar activity conditions. Nearly similar fea-
tures were noted in foF3 although local time variations are
not as great as observed in foF2. Low values of foF2 and
foF3 during 13:00 LT are consistent with those observed as
noon bite-out, which is linked with vertical transport of F re-
gion plasma, presumably governed by vertical E x B drift.
Given the fact that both foF2 and foF3 display noon bite-
out, modeling of foF2 and foF3 as a function of solar flux
would require knowledge of E x B drift, which varies with
longitude, latitude and season.

Solar activity dependence of low-latitude ionospheric
foF2 has been studied earlier based on observations made
from three stations (Kodaikanal, Ahmedabad and Delhi) in
the Indian sector (e.g., Yadav et al., 2011). They also found
saturation in foF2 for high values of Fig 7 (> 120 sfu) similar
to that shown here. They found that at the equatorial station
Kodaikanal foF2 values in equinoxes are roughly equal to or
slightly higher than those in winter and the winter values of
foF2 are always higher than those of summer. With regard
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JfoF2 with F1g 7 including the best fit lines. Data points shown in
red correspond to summer since they are different from those ob-
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to the off-equatorial observations, they found that while over
Ahmedabad the foF2 values in equinoxes are roughly equal
to or higher than those at the solstices, over Delhi they are
higher than those of solstices. They have also found that dur-
ing some period, the winter values of foF2 are higher than
those of summer. We found that foF2 values in winter sol-
stice are similar to those of equinoxes and foF2 values in
summer are always lower than those of equinoxes and win-
ter. It should be noted that the observations used in this study
were made from Sriharikota, which is located at a latitude
higher than that of Kodaikanal and much lower than those of
Ahmedabad and Delhi. The observed difference could be re-
lated to the dynamical and electrodynamical effects on foF2
owing to the difference in latitude. It should be noted that
most of the earlier studies were based on foF2. In the present
study, we show that foF3 also shows similar saturation for
F10.7>120sfu. Balan et al. (1994) used ionospheric elec-
tron content (IEC) to study variation of ionospheric ioniza-
tion with solar flux and found the saturation effect in IEC.
The saturation effect was very clear for Fig7>200sfu and
at times for Fyp.7 > 150 sfu. They found that this saturation is
due to the nonlinear relationship between Fig 7 and solar X-
rays, extreme ultraviolet and Lyman-« fluxes for high values
of Fip.7. In the present observations, however, we find the
saturation effect for Fig7>120sfu. It is important to men-
tion that Balan et al. (1994) used IEC data from stations well
beyond the equatorial/low-latitude region (19.6-58.6° mag-
netic latitude). The present and earlier observations from In-
dian low latitudes clearly suggest that the saturation effect in
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Figure 9. Spectral results, presented in terms of periods, of Fyq .7,
foF2 and AH observations corresponding to (a) 1995 (LSA),
(b) 2004 (MSA) and (c) 2002 (HSA). Data between day numbers
270 and 365 in each year, a period when continuous observations of
foF2 were available, have been used. Results on Fyg 7 are obtained
based on daily values, while those of foF2 and AH are based on
daily values taken at a 1 h interval during 07:00-18:00 LT.

the F layer critical frequency occurs at lower values of solar
flux than that in mid-latitude. It is quite likely that the satura-
tion effect reported here for low latitudes is due to the ubig-
uitous presence of dynamical and electrodynamical forcing
on plasma density distribution. The role of vertical transport
on the noon bite-out of foF2 and foF3 seems to support
this viewpoint although this needs to be ascertained through
further study.

3.3 Planetary-scale variations in foF2 and solar
rotation effect

To study planetary-scale variations including the solar rota-
tion effect, we limit our study to foF2 since the F3 layer is
not observed continuously. We have analyzed foF2, Fig7,
and AH data to examine the effects of solar rotation and
electrodynamical forcing on the foF2 variability. AH data
have been used due to the unavailability of E x B drift ob-
servations in the Indian sector. Since we have data breaks
in foF2, we have performed both fast Fourier transforma-
tion (FFT) and Lomb-Scargle periodogram analysis to ex-
amine the dominant period present in Fio7, foF2 and AH.
Both analyses show similar periods present in the data sets
but their amplitudes were better represented in the FFT spec-
trum. Thus to examine the dominant periods and their ampli-
tudes present in different solar activity conditions, we opted
for FFT and performed spectral analysis on daily values of
Fi0.7, foF2 and AH data between day numbers 270 and
365, a period when continuous observations of foF2 were
available in all the three years. Spectral results are shown in
the form of period (instead of frequency) one below the other
for 1995, 2004 and 2002 in Fig. 9a, b and c, respectively.
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Note that spectral data of foF2 and A H have been computed
at an hourly interval during 07:00-18:00 LT. Amplitudes of
the FFT spectra of F1g.7, foF2 and A H are normalized to the
peak amplitude observed in 2002, 1995, and 2002, respec-
tively to make a comparative assessment. Vertical dashed
lines in each panel are drawn to mark the 27-day solar ro-
tation period. Spectra of Fyg 7 clearly show a dominant peak
with period of ~ 25 days in 1995, ~ 30 days in 2004 and
~ 32 days in 2002, presumably linked with the solar rota-
tion period of ~ 27 days. Peak spectral amplitudes, however,
are different in different solar activity conditions: maximum
in 2002 (HSA), moderate in 2004 (MSA) and minimum in
1995 (LSA). There are other spectral peaks with periods of
13, 16 and 20 days as well, but they are less pronounced.
Spectral data of foF2 also show dominant peaks with peri-
ods of ~ 25 days in 1995, ~ 30 days in 2004 and ~ 32 days
in 2002, very similar to those observed in Fig7. Variations
in foF2 with these periods, however, are not present at all
local times. They are observed almost during the entire day
in 1995, during 08:00-10:00 and 12:00-16:00 LT in 2004,
and during 11:00-14:00 LT in 2002. Peak amplitude in foF2
variations is found to be maximum in 1995 followed by 2004
and 2002. In addition, shorter periods, which include ~ 16
days, ~ 10 days and ~ 6 days, can also be noted. Again these
periods are not always present. Spectral data of AH show a
dominant period of ~ 27 days during 1995, 20-25 days in
2004 and ~ 30 days in 2002. Shorter periods (< 16 days) are
also present. It is interesting to note that dominant periods
in AH do not match with those of foF2 except for 2002,
where the periodicity in AH (~ 30 days) is close to that of
foF2 (~ 32 days). This implies that while foF2 variations
have a closer relationship to Fig 7 they are poorly related to
those in A H except for 2002. We recall that in 2002, foF2
did not increase with solar flux due to saturation effect and
also the amplitude of 32-day variability in foF2 was unlike
that of Fig 7. Thus the 32-day variabilities observed in foF2
could partly be due to the electrodynamical effect (as seen
in A H variations). Further investigation is required to under-
stand the effect of solar rotation on foF2.

4 Summary

Important results on the variations of foF2 and foF3 can be
summarized as follows:

1. Lowe-latitude F2 layer critical frequency (foF2) is di-
rectly related to the formation of the F3 layer, which
varies remarkably with season and solar activity. Obser-
vations show that the occurrence rate of the F3 layer
is maximum in June—August, minimum in October—
December and moderate in other months and these have
direct influence on foF2.

2. Local time variations in foF2 show remarkable noon
bite-out in all seasons in HSA and MSA and somewhat
less evident in LSA. Local time variations in foF3 also
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show noon bite-out, but it is less prominent when com-
pared to foF2.

3. Comparison of observed foF2 with those of the IRI-
2012 model clearly shows that the model values are al-
ways higher than those of observations and the largest
difference is observed during noontime, which is linked
with the noon bite-out phenomenon. Peak frequency
(foF2 or foF3), however, is found to agree better with
the IR1-2012 model values.

4. Seasonal variations of foF2 and foF3 show stronger
asymmetry at the solstice than at equinox. Anti-
correlation between foF2/ foF3 and A H suggests that
vertical plasma drift due to the zonal electric field plays
a role in the observed asymmetries. In the solstices,
however, the importance of the meridional neutral wind
looks to be more important than the zonal electric field.

5. Variations in foF2 and foF3 with solar flux clearly
show the saturation effect irrespective of season when
Fio7 exceeds ~120sfu. Further, in summer foF2
and foF3 values are found to be lower than those
in other seasons. The saturation phenomenon in foF2
for Fi19.7 >~ 120sfu is different from that reported for
the mid-latitudes where saturation has been seen for
Fi0.7>200sfu.

6. Variations in foF2 show dominant periods of
~27 days, ~16 days and ~6 days. The ampli-
tude of ~27-day variations in foF2 is found to be
minimum in HSA despite the highest amplitude of
~ 27-day variations in Fig 7, indicating that the direct
effect of solar rotation on foF2 is minimum in HSA.
During HSA, however, ~ 27-day variations in AH are
found to have a close relationship with those of Fig7
when compared to those in LSA and MSA, implying
that ~ 27-day variations in foF2 in HSA may be partly
linked with electrodynamical variations (as seen in
AH).
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