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Abstract. The general features of the F3 layer occur- vealed the possibility of an additional layer above the F2
rence over the magnetic equatorial location of Trivandrumpeak, which was called the G layer (Balan and Baliey, 1995).
(8.5°N; 77° E; dip lat~ 0.5° N) in India during the period Later, it was renamed as the F3 layer, since it was not found
from 1996—2005 are presented using the ionosonde observae involve any new ionization source or neutral species. The
tions. The study brings out that the F3 layer occurrence ovefirst modeling of the F3 layer (Balan and Baliey, 1995) was
Trivandrum is weak and rare compared to the other equafor the Jicamarca longitude (13, 77 W, dip 2°N), and
torial locations. The F3 layer occurrence is relatively morelater it was extended to the Brazilian and Indian longitudes
pronounced during the magnetically active conditions, thus(Balan et al., 1997).

indicating the dependence of the layer formation over Trivan-  Following the first detection of the F3 layer at Fortaleza
drum on magnetic activity. It is also observed that the per-(3° S, 38 W, dip 2° S) in Brazil (Balan et al., 1997; Jenkins
centage occurrence of the F3 layer decreases with increasing al., 1997), a possible physical mechanism for the layer for-

solar activity. mation, its statistics of occurrence and the day-to-day vari-
Keywords. lonosphere (Equatorial ionosphere) — Magneto- ability were reported (Balan et al., 1998, 2_000; Batista et al.,
spheric physics (Electric fields) 2002). According to the physical mechanism of the F3 layer

formation, as suggested by Balan et al. (1998), the layer usu-
ally forms during daytime~08:30-16:30 LT) withint=10°
magnetic latitude, from the production of ionization and
unique electrodynamics of the equatorial F-region. The F3

L I ._layer is expected to form centered at that equatorial loca-
Th mbination of the electrodynamic drift, thermospheric . . .
e combination of the electrodynamic drift, thermosphe Ct|on where the combined effects of the upwdtdk B drift

winds and diffusion on the plasma over the magnetic equa-

tor leads to a number of peculiar features over the equato"-de equatorward neutral wind provide a vertically upward

rial and low latitude ionosphere. The appearance of an adplasma drift velocity. This velocity causes the F2 peak tg

ditional ionization layer above the F2 peak is an exampledrlft upward and form the F3 layer, while a normal F2 layer

of the aforesaid equatorial features. The additional strat—developS at lower altitudes through the usual photochemical

ification of the F2 layer over low and mid latitudes was and d_ynamical _effects of the_equatorial region. Once an F§
known as early as the 1940s (Sen, 1949; Raitcliffe, 1951layer|sformed, Its peak densnM(ng) remamsgreaterthan
Skinner et al., 1954; Heisler, 1962), though the stratifica—tuatlOf the F2 layerNmF2) for a Eer'Od of time, wh_en both
tion could not be explained. These investigators attributeot € layers can be detected by the ground-based |onosonde39
the traveling disturbances and dynamics involving verticalAt Iater_ times, wherNni3 pecomes less tharF2, the F3 8
ionic drifts as the possible sources of these stratificationsIayer disappears from the ionograms, and t_hen the layer can_E
Modeling studies of the Equatorial lonisation Anomaly be observed by topside sounders as tqpsuje ledges.  AftSy
and its effects using the Sheﬁield-University-PIasmasphere—Sunset.‘ due to the absence O].( phot0|on|zat|.on, the F.3 layer
lonosphere-Model (SUPIM) (Bailey and Balan, 1996) re- formation ceases, though topside ledge continue to exist well c
after sunset.
Sayers et al. (1963) were the first to detect the topside O

Correspondence tdv. Sreeja ledges in the equatorial ionosphere using a Langmuir probe O
BY (v.sreeja@gmail.com) onboard the Ariel-l satellite and they predicted that the
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Table 1. Variation in the critical frequencies of the FidE2) and al. (200_8) rep_orted_ the obse_rvatiops of the F3 layer at the
F3 (foF3) layer for the days shown in Fig. 1a. equatorial regions in Malaysia during 2005. The solar ac-

tivity dependence of the F3 layer occurrence was studied
by Batista et al. (2002) at Fortaleza and by Rama Rao et
Date— 12 August 2000 3 October 2003 30 March 2005  al. (2005) at Waltair, which confirmed that the layer becomes

Time (IST)} ~ foF2 ~ foF3  foF2  foF3 ~ foF2  foF3 less distinct and less frequent as the solar activity increases.
(MHz) (MHz) (MHz) (MHz) (MHz) (MH2) Most of the earlier studies of the F3 layer have been made
09:00 12.5 11.6 8.7 during the magnetically quiet days. However, recently, the
gg%g 13? ﬂ:? ;:g g:g occurrence of the F3 layer during magnetically disturbed pe-
09:45 12.7 11.6 riods has received attention (Balan et al., 2008; Paznukhov et
10:00 13.2 9.4 11.6 al., 2007; Sreeja et al., 2009). There had been observations
10:15 13.1 96 115 of continuous geomagnetically active days when the layer
10:30 13.2 9.9 115 .
11:30 136 was observed on certain days and not observed on other days
11:45 77 135 (Balan et al., 2000; Rama Rao et al., 2005). These studies
?—é:gg g-é j—é-g point to the fact that the occurrence of the F3 layer does not

depend on the magnetic activity.

This paper reports the general features of the F3 layer oc-
currence over the magnetic equatorial location of Trivandrum
(8.5° N; 77° E; dip lat~ 0.5° N) in India under varying mag-
topside ionograms would reveal the ledges as cusps. Locknetic activity levels over a solar cycle, with emphasis on a
wood and Nelms (1964) and King et al. (1964) detected thesolar maximum year of 2001 and a minimum year of 2005.
ledges as cusps in the topside ionograms recorded by the top-
side sounder onboard the Alouette-l satellite. Raghavarao
and Sivaraman (1974) were the first to detect the topside2 Data
ledges in the Indian longitudes using the ISIS-II topside
sounder. Thampi et al. (2005) were the first to show that the©" the present study, we have made use of the quarter hourly
F3 layer and the topside ledges could be observed in the lationograms recorded using the digital ionosonde model IPS-
tudinal profiles of Total Electron Content (TEC) measured by42 at Trivandrum for the period of 1996-2005 to obtain the
the low earth orbiting satellites. Using the Ohzora (EXOS- characterlstlcs.of the 'F3 layer over the magne’uc e;quator. The
C) and ISIS-Ii satellite, Uemoto et al. (2004, 2006) presented!UmPer of available ionograms per day is 96 with the rou-
a statistical analysis of the topside ledges in the equatoriafin® 15 min sounding. Also, during the time interval (08:00-
ionosphere and concluded that except for the seasonal differ-8:00 IST), when the probability of F3 layer occurrence is
ence in the occurrence probability, the characteristics of thd2rge, 33 ionograms were available.

F3 layer and the topside ledges are similar.

Based on the average upward drift (Fejer et al., 1991) andy opservations
the Horizontal Wind Model (HWM) (Hedin et al., 1991), a
distinct F3 layer was predicted to occur on the summer side3.1  General features of the F3 layer
of the geomagnetic equator (Balan et al., 1998). However,
observations show that the layer occurs even during the winThe time sequences in the development of the F3 layer over
ter months (Batista et al., 2002; Rama Rao et al., 2005);Trivandrum on 3 days under three different seasons and so-
which was explained as due to the variability in the driv- lar activity conditions are shown in the different panels of
ing forces like the drift, wind, tides and waves (Balan et al., Fig. 1a (left panel). The ionograms at the corresponding time
1998). There had been several observations of the F3 layeduring three days when F3 is absent is shown in the right
from various equatorial locations. Lynn et al. (2000) pre- panel of Fig. 1a for comparison. It can be observed from
sented the latitudinal dependence of the F3 layer occurrencBig. 1la that virtual height of the F3 layer’ £3) when it first
at the equatorial latitudes in South East Asia using the ob-appears, is typically between 400 and 500 km and then with
servations from both oblique and vertical ionosondes. Theythe passage of time, the layer is observed to gradually drift
showed that the F2 layer stratification occurred over a narupwards. The time variation in critical frequency of the F2
row region between the magnetic equator and the peak offoF2) and F3 foF3) layer during the days shown in Fig. 1a
the southern equatorial anomaly, a result which corroboratess illustrated in Table 1. From Table 1, it is clear that on
with Jenkins et al. (1997). The first simultaneous observationl2 August 2000foF2 is around 13.6 MHz at 11:30 IST. At
of the F3 layer on either side of the geomagnetic equator wad1:45 IST, it decreases to 7.7 MHz, whfte-3 is 13.5 MHz,
reported by Uemoto et al. (2007). Rama Rao et al. (2005) rethe difference betweefoF2 andfoF3 is ~6MHz. On 3
ported the ionosonde observations of the F3 layer over WalOctober 2003foF2 before the development of the F3 layer
tair (17.7N; 83.3 E; dip lat ~8.2°N) in India. Zain et (i.e. around 09:45IST) is 11.6 MHz. By around 10:00 IST,
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Fig. 1a. Left panel: sample ionograms illustrating the temporal evolution of F3 layer at Trivandrum on different days. Right panel: sample
ionograms at the corresponding times when F3 layer is absent.

this decreases to 9.4 MHz, whifeF3 is 11.6 MHz. In this Hence, it is observed that for all the cases presented here,
case, the difference betweést2 andfoF3 is~2 MHz. At the appearance of the F3 layer is associated with a decrease
09:00IST on 30 March 2005, before the development of thein foF2. Further, thdoF2 just before the appearance of the
F3 layer,foF2 is 8.7 MHz. With the development of the F3 F3 layer almost matches with tlieF3, when the F3 layer
layer at 09:15I1STfoF2 decreases to 7.9 MHz arfidF3 is appears, indicating that the F3 layer is not formed by the ad-
8.6 MHz, the difference betwedoF2 andfoF3 is~ 1 MHz. ditional production of ionization, but as a result of the redis-
Figure 1b illustrates the mean critical frequencies of the F2tribution of ionization. The decreasefio-2 with the appear-
(averaged between 08:00-16:00 IST-shaded histogram) ana@ince of F3 is expected and it corroborates with the earlier
F3 layer (open histogram) and their difference for the daysresults (Balan et al., 1997; Rama Rao et al., 2005; Zain et al.,
shown in Fig. 1a. It can be observed from this figure that the2008).

meanfoF3 exceeds the medoF2 by~ 2 MHz on 12 August

2000, by~ 1 MHz on 3 October 2003 and by 0.5 MHz on

30 March 2005.
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3.2 Statistics of occurrence of the F3 layer
. . - . 0-
During the period from 1996-2005, the solar activity varied W.Solstitial Equinox S.Solstitial  Seasons

from minimum to maximum phase and then back to mini-

mum. This helped in the investigation of the solar activity Fig. 3b. Same as for Fig. 3a, but for the solar minimum year of
dependence of the F3 layer occurrence. Figure 2 shows th2005.

percentage occurrence of the F3 layer over Trivandrum for

the quiet(Ap < 8) and disturbed daysAg > 8) along with . .

the average sunspot number during 1996-2005. The total 't IS Very clear from Fig. 2 that the F3 layer occurrence
number of quiet and disturbed days when data was availabl@V€r Trivandrum is very weak and rare, with the highest oc-
during each year is also shown in the figure. The percentagUrrence for the quiet days being only 16% in 1997. During
occurrence during the quiet/disturbed periods of each yeafh® disturbed days, the highest occurrence is 20% in 2004.
is taken as the percentage number of quiet/disturbed days oft/S: during the entire period of study (except in 1997 and
which F3 layer was observed out of the total number of avail-2002), the % occurrence is higher during the disturbed days
able quiet/disturbed days of that particular year. It is to bethan during the quiet days, thus indicating the dependence of
noted that the percentage occurrence of F3 layer is calculatelil® F3 layer occurrence over Trivandrum on magnetic activ-
on the basis of the appearance of the F3 layer in the iono!- o . o )

grams, and this happens only whiImF3 becomes greater Ano_th_erfeature which is evident from this figure is the so-
than NmF2. At later times, wherNmF2 becomes greater lar activity dependence of the F3 layer occurrence. For both
thanNnF3, the layer will not detected by the ground based the quiet as well as the disturbed days, the occurrence of the

ionosonde, though topside ledges could exist. F3 layer is higher during the low solar activity period (1996—
' 1997 and 2004—-2005). With the increase in the solar activity

from 1996 to 2000, the F3 layer occurrence for the quiet days

Ann. Geophys., 28, 1741%47,2010 www.ann-geophys.net/28/1741/2010/
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R o0 months have the highest occurrence with 32% and the lowest
2 oo o 150 occurrence is during the equinox with 10%. This illustrates
£ ool t. 140 that the occurrence of the F3 layer exhibits large seasonal
! ool . e e ¥ variability both under magnetically quiet as well as disturbed
% 10:00 - * 4 i ;zn days'
- i T T+ The day-to-day variation in the time of appearance of
T o | | i the F3 layer in the ionograms along with the daily average
° ® P ouy mumbar " “" * K ,(2K ) during 2001 and 2005 is shown in Fig. 4a and b,

respectively. It is clear from these figures that the layer oc-
Fig. 4a. Variation in the time of appearance of the F3 along with curs both during magnetically quieEK , < 15) as well as
the daily averagek', (XK ») during 2001. F3 layer was observed active conditions during both the years. Th& , < 15 is

for 17 days. chosen as the threshold to represent magnetically quiet con-
ditions because the mean of th&k, values for both the

5 1m0 o years is around 15. From Fig. 4a and b, it is clear that the
_: 16:00] R 150 time of appearance of the F3 layer shows large day-to-day
£ ot | . : leo variability. The F3 layer occurs from as early as 08:00IST
f ool ] I, T ¥ to as late as 16:001ST in both the years. For the quiet days
& woo T4 1 L TR " y 4l of the solar maximum year of 2001 and the minimum year of
3 oo e T i & Tuo 2005, irrespective of the seasons, on an average, the layer oc-
T , I O gl Tl curs during the morning hours (09:00-11:00 IST). But, dur-

° © By e 20 300 se0 ing the magnetically active days, the F3 layer can occur at

any time from morning till evening (08:00-16:00 IST).
Fig. 4b. Same as for Fig. 4a, but during 2005. F3 layer was ob-
served for 53 days.

4 Discussions

decreased from 11% to 4%, whereas for the disturbed daydviany of the features of the F3 layer observed above are in
the occurrence decreased from 11% to 9%. The charactegeneral agreement with the model calculations of Balan et
istics of the F3 layer occurrence during the solar maximumal. (1998) that explain the formation of the F3 layer dur-
year of 2001 and the minimum year of 2005 are discussedng quiet days as due to the combined effects of the verti-
subsequently. cal E x B drift and equatorward neutral winds. Our data
It is clear from Fig. 2 that the occurrence of the F3 layer shows that the F3 layer occurrence over the magnetic equa-
during the quiet and disturbed days of the solar maximumtorial location of Trivandrum is very weak and rare compared
year of 2001 is 5% and 7%, respectively. For the quiet andto other equatorial locations, though model results (Balan et
disturbed days of the solar minimum year of 2005, the F3al., 1997) predict the F3 layer occurrence over Trivandrum
layer occurrence is 13% and 19%, respectively. The seaas at other equatorial latitudes. The difference between the
sonal occurrence pattern of F3 during the quiet and disturbednodel results and observations could be mainly due to the
days of 2001 and 2005 are shown in Fig. 3a and b, respecvariation in the actuak x B drift at Trivandrum and that (at
tively. The seasons are defined as: Winter Solstitial (Jandicamarca) used in models. However, this result of the weak
uary, February, November and December), Equinox (Marchf3 layer occurrence over Trivandrum corroborates with that
April, September and October) and Summer Solstitial (May,of Rama Rao et al. (2005). They have shown that in the In-
June, July and August). The total number of days on whichdian longitudes, the percentage occurrence of F3 layer over
data was available during each season is also shown on to@altair (17.7 N; 83.3 E; dip lat~ 8.2° N) is almost 100%
of the histogram. during the summer months (June, July and August) of the
From Fig. 3a, it is clear that for the quiet days of 2001, low solar activity period of 1997-1999. Their study indicated
the occurrence is higher during the summer solstitial monthghat Waltair could be the location where the resultant upward
with occurrence of 11% and lowest during the winter sol- vertical drift due toE x B drift and neutral winds becomes
stitial months with 2% occurrence. But for the disturbed exactly vertical, and hence is the most favorable location for
days, the occurrence is higher both during the winter as welthe F3 layer occurrence.
as the summer solstitial months respectively with 8% and Our data also clearly indicate the solar activity variations
11% occurrence. During the solar minimum year of 2005in the F3 layer occurrence. The occurrence of the layer
(Fig. 3b), for the quiet days, the highest occurrence is durdis higher during the low solar activity periods, which is in
ing the equinox with 19%. The quiet days of the summeragreement with the observational results obtained from other
solstitial months have an F3 layer occurrence of 13%. How-equatorial locations (Rama Rao et al., 2005; Batista et al.,
ever, during the disturbed days of 2005, the summer solstitiaP002). Balan et al. (1998) have modeled thg profiles
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for different solar activity conditions, which indicate that the rence is higher during periods of low solar activity than under
ionosphere becomes broad and intense with the increasingeriods of high solar activity. The most important outcome
solar activity, while theE x B drift and the winds remains of this present study is that the occurrence probability of the
more or less constant. Thus, during solar maximum periodsF3 layer over Trivandrum during a particular year is higher
the upward force arising from the drift and winds becomesduring the disturbed days compared to the quiet days.

less efficient to lift the morning F2 peak to the topside alti-
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