
1.  Introduction
The solar radiation reaching the different layers of the ionosphere under quiet geomagnetic conditions has the 
greatest influence on daytime ionospheric variations (Hargreaves, 1992; Rishbeth, 1998). Although the amount 
of incoming solar radiation varies throughout the year depending on local time, seasons, latitude, and longi-
tude, ionospheric electrodynamics responds in accordance by altering the temperature, wind effect, and thermo-
spheric neutral density composition (e.g., Adimula et al., 2016; Fejer et al., 1979; Forbes et al., 2000; Mendillo 
et al., 2005; Schunk & Nagy, 1978; Zhao et al., 2009). Earlier research has examined ionospheric variation over 
a single station and a data set of a few years or a part of the solar cycle. Few studies (e.g., Jethva et al., 2022; 
Rao, Chakraborty, et al., 2019) have analyzed TEC data for the full solar cycle but for a single station. Also, no 
previous study that we are aware of includes full solar cycle TEC data over geomagnetic conjugate low-latitude 
stations. Kalita et al. (2022) and Rao et al. (2013) are perhaps the only studies using TEC data for geomagnetic 
conjugate low-latitude stations. However, these studies were limited in scope, focusing on seasonal variations 
in TEC and hemispheric asymmetry in EIA strength. Furthermore, no previous research had included full solar 
cycle TEC data over geomagnetic conjugate low-latitude locations. The present paper is the first article in which 
the intrinsic periodicities in TEC at pairs of geomagnetic conjugate stations, including a specific scenario of 
land- and sea-locked GPS stations, are studied over the solar cycle-24 (years 2009–2017). It is possible under-
stand the physical origin of ionospheric variability by examining short-, mid-, and long-term periodic changes 
in ionospheric indices. Using the Lomb Scargle Periodograms, Nayar et al. (2004) demonstrated periodicities of 
13.5, 18, 27, 55, 155, 180, 365, and 475 days in low-latitude electron and ion temperature data from 1995 to 2000. 
According to Li et al. (2013), the amplitude of periodic fluctuations in the daily averaged TEC time series changes 
dramatically with solar activity and latitude. Ma et al. (2009) investigated the periodicities in globally averaged 
TEC from 1995 to 2008 using the wavelet technique, and their results reveal that the time-variable characteristics 
of 27-day, semi-annual, and annual components corresponded to wavelet scales of 20–40 days, 160–220 days, 
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and 330–420 days, respectively. Lean et al. (2011) analyzed the modeled global TEC time series from 1995 to 
2010 and observed that the periodogram power near 182-day is equal in the northern and southern hemispheres. 
However, power near 365-day is substantially larger in the southern hemisphere. The annual oscillation is most 
noticeable in the southern hemisphere, with the greatest amplitude over mid-latitude in South American region 
(Lean et al., 2016). Lean et al. (2011) observed a strong presence of spectral power near 27-day in the solar EUV 
but a weak 27-day spectral peak in the TEC time series. Chandrasekhar et al. (2016) investigated the multi-fractal 
behaviour of TEC pertaining 27-day variations and its harmonics using IGS TEC data obtained from 27 stations 
in the latitude band 30°S–80°N along longitude sector 35–80°W for the low solar activity year 2008 and high 
solar activity year 2014. They reported that the 13.5-day variation could be influenced primarily by semi-lunar 
tidal effects, whereas the 9-day period could be influenced by day-to-day TEC variability. De Abreu et al. (2017) 
used wavelet analysis to determine small oscillations with periods of 1–10 days, 16–32 days, and 27–32 days in 
equatorial and low-latitude TEC related to planetary waves, semidiurnal tides, and solar rotation. Ionospheric 
variability is primarily influenced by changing solar EUV ionizing radiation (Schunk & Nagy, 2009), but lower 
atmosphere meteorology is also a factor (Immel et al., 2006; Rishbeth, 2006). The most significant components 
of the stratospheric equatorial circulation of zonal winds are the QBO of periods 22–34 months, characterized 
by alternate easterly and westerly phases in the zonal wind. The momentum flux supplied through Kelvin waves, 
Rossby-gravity waves (Holton & Lindzen, 1972), and gravity waves are considered to drive stratospheric quasi 
biannual oscillation, SQBO (Dunkerton, 1997). The ionospheric signatures of QBO were evident in the results 
of Chen (1992), who proposed that upward propagating waves primarily cause the day-to-day equatorial iono-
sphere anomaly region variability via the neutral wind dynamo effect (Lu et al., 2009; Neumann, 1990). Another 
possible factor is the relationship between solar and geomagnetic activity (Chanin et  al.,  1989; Kane, 2005). 
Tang et al. (2014) discovered SQBO-type periods with spectral peaks around 24- and 30-month in low-latitude 
TEC data from high and moderate solar activity years that is, 1999–2005. The QBO signals in the critical 
frequency of the F2 region (foF2), critical frequency of the E region (foE), the maximum height of the F region 
(hmF2) (Echer, 2007; Kane, 1995), and maximum electron density (Kurt et al., 2016) were also detected. Several 
hypothesis for ionospheric QBO have been proposed, including SQBO (Echer,  2007), solar activity (Berson 
& Kulkarni, 1968), the influence of the interplanetary magnetic field and geomagnetic activity (Kane, 1995; 
Maliniemi et al., 2016), and equatorial electrojet (Raja Rao & Joseph, 1971).

It is necessary to accurately predict the characteristics of the ionosphere's F2 region during various solar activity 
phases. The Community Coordinated Modeling Center (CCMC) made significant efforts to model the iono-
spheric parameters in this direction. (http://ccmc.gsfc.nasa.gov/modelweb/ionos/about_ionos.html). The Ther-
mospheric and Ionospheric Electrodynamics General Circulation Model (TIE-GCM), which is driven by inputs 
from the magnetosphere, solar radiation, and Mesosphere and Lower Thermosphere (MLT) inputs from below 
95 km, is one of the best options for studying the ionosphere feature (Richmond, 1992; Roble et al., 1988). Thus, 
in addition to the GPS TEC time series, we used the TIE-GCM TEC time series obtained for two pairs of geomag-
netic conjugate stations. The northern low-latitude land-locked station Varanasi is the geomagnetically conjugate 
location to the southern low-latitude sea-locked station DGAR. Similarly, the northern low-latitude land-locked 
station LHAZ is the geomagnetically conjugate location to the southern low-latitude sea-locked station COCO 
Island. Also, station Varanasi is in the Gangetic plane, whereas LHAZ is in the Himalayan zone. Station DGAR 
and COCO Island; on the other hand, are in the central and eastern Indian Oceans, respectively. Using the TEC 
time series for the period 2009–2017 encompassing the solar cycle-24 from GPS and TIE-GCM, this work was 
carried out to determine how sea-locked versus land-locked lower atmospheric conditions, latitudinal location 
of stations, and hemispheric asymmetry affect TEC variability and the inherent periods of TEC trends, as well 
as understand the potential physical relationships for observed TEC periodicities. It is also intriguing to examine 
how the TIE-GCM displays the TEC periods. To the best of our knowledge, no studies have compared periodic-
ities in TEC (GPS and TIE-GCM) time series of a solar cycle at geomagnetic conjugate low-latitude locations of 
specific cases of land-locked and sea-locked stations.

2.  Data Set and Methods
This work examined TEC data from two pairs of geo-magnetically conjugate stations (see Figure 1) for the years 
2009–2017. Among them, the Varanasi (25.31°N; 82.97°E; Mag. 16.57°N) and LHAZ (29.65°N; 91.10°E, Mag. 
20.42°N) are northern low-latitude land-locked GPS stations, while DGAR (7.27°S; 72.37°E, Mag. 14.89°S) 
and COCO Island (12.18°S; 96.83°E; Mag. 21.35°S) are southern low-latitude sea-locked GPS stations. Out 
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of four stations, LHAZ, DGAR, and COCO are IGS (International GNSS (Global Navigation Satellite System) 
Stations) stations, and their Receiver Independent Exchange (RINEX) formatted TEC data are available via the 
files transfer protocol using the link-garner.ucsd.edu. A registered user can download IGS TEC data through html 
or ftp access at Crustal Dynamics Data Information System (CDDIS) website: https://cddis.nasa.gov/archive/
gnss/data. The software tool to process the RINEX formatted TEC data used in the present study could be found 
elsewhere (Seemala & Valladares, 2011). This software tool takes care of the satellite (𝐴𝐴 𝐴𝐴𝑠𝑠 ) and receiver (𝐴𝐴 𝐴𝐴𝑅𝑅 ) errors 
(accessible from ftp.uni-be/aiub/CODE) inherent to the un-differenced pseudo-range and carrier phase obser-
vations on L1 (1,575.42 MHz) and L2 (1,227.6 MHz) carrier frequencies during the post-processing of data to 
obtain corrected slant total electron content (STEC). The tool of Seemala and Valladares 2011 provides VTEC 
computed from the corrected STEC using the following equation (Birch et al., 2002).

VTEC =
(

STEC −
[

𝑏𝑏
𝑅𝑅
+ 𝑏𝑏

𝑆𝑆

])

∕S
(

El

)� (1)

𝐴𝐴 S(El) is known as the obliquity factor or mapping function, and it is computed as a reciprocal function of the 
cosine of the solar zenith angle (χ). χ depends on the satellite's elevation angle 𝐴𝐴 El in degrees at the Ionospheric 
Pierce Point (IPP). According to the thin shell model (Mannucci et al., 1993), it is also affected by the mean 
Earth's radius and the ionospheric effective height h.

S(El) =
1

Cos(𝜒𝜒)
=

{

1 −

(

𝑅𝑅𝐸𝐸 Cos (El)

𝑅𝑅𝐸𝐸 + ℎ

)2
}−1∕2

� (2)

Mannucci et al. (1993) have proposed a two-dimensional thin shell model at 350 km ionospheric height to define 
the slant and vertical TEC mapping function. VTEC is abbreviated as TEC from now on.

TIE-GCM TEC data have been obtained from the CCMC website. We have obtained model data under the “Runs 
on Request" facility of CCMC from the advanced TIE-GCM version 2.0. The monthly data files were published 
on the CCMC website at the link-https://ccmc.gsfc.nasa.gov. The data are available at the “view request result” 
interface with run registration number sardar_rao_xxxxxx_IT_y. Here, x stands for the date of the model run, 
and y is the run number. The 3D time series of data for a given location could be created via a web interface. 
The height limitation set in the TIE-GCM simulation is 97–500 km. The main input parameters used are daily 
F10.7 solar indices, 81-day center-averaged F10.7 solar flux, the 3-hr Kp index, ionospheric electric fields at high 

Figure 1.  The geographical locations of the chosen GPS stations are shown. The northern land-locked station Varanasi 
(25.31°N; 82.97°E; Mag. 16.57°N) and the southern sea-locked station DGAR (7.27°S; 72.37°E; Mag. 14.89°S) are mutually 
the geo-magnetically conjugate locations. Similarly, the northern land-locked station LHAZ (29.65°N; 91.10°E; Mag. 
20.42°N) and the southern sea-locked station COCO Island (12.18°S; 96.83°E; Mag. 21.35°S) are geo-magnetically conjugate 
locations of each other.
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latitudes provided by the Heelis model (Heelis et al., 1982), and the Weimer model (Weimer, 2001), and diurnal 
and semi-diurnal migrating tides specified by the GSWM (Solomon et al., 2016). Thus, in the present analysis, 
we have used GPS-derived TEC and TIE-GCM TEC data for 2009–2017 over two pairs of geo-magnetically 
conjugate locations (Figure 1). The quiet time TEC time series were prepared by excluding data on days when the 
Dst index was less than −30 nT and solar flares of class M or more occurred.

In the present analysis, we have used two spectral techniques: the Lomb-Scargle periodogram (LSP) and wavelet 
coherence.

Lomb-Scargle periodogram-We have applied LSP to the time series of the daily mean data of F10.7 flux and 
Ap indices. We employed the daily data of noontime TEC values for the TEC time series. This spectral analysis 
technique helps to evaluate periodicities in unevenly sampled data (Horne & Baliunas, 1986). The variable (here 
F10.7, Ap, and TEC) or time can contain NaN values, which are treated as missing data and excluded from 
the spectrum computation. LSP evaluates the Lomb-Scargle power spectral density (PSD) up to a maximum 
frequency. If the signal is sampled atN non-NaN instants and Δt is the time difference between the first and 
the last of them, then PSD is returned at round (fmax/fmin) points, where fmin = 1/(4 × N × ts) is the smallest 
frequency at which PSD is computed and the average sample time is ts = Δt/(N − 1). fmax defaults to 1/(2 × ts), 
which corresponds to the Nyquist frequency for uniformly sampled signals. A false alarm probability (fap) is a 
simple estimate of the significance of the height of a peak in the power spectrum.

Wavelet Coherence-The magnitude-squared wavelet coherence measures the correlation between two 
non-stationary real-valued signals of equal length (here TEC vs. F10.7 flux and TEC vs. Ap index) in the 
time-frequency plane. Thus, this method does not handle missing or NaN values. Therefore, we have used the 
365-day smoothed data to overcome missing or NaN values errors while running the wavelet coherence code. The 
output of spectral coherence gives a wavelet coherence plot and cone of influence. Due to the inverse relationship 
between frequency and period, a plot that uses the sampling interval is the inverse of a plot that uses the sampling 
frequency. For areas where the coherence exceeds 0.5, plots that use the sampling frequency display arrows show 
the phase lag of TEC to F10.7/Ap. The direction of the arrows corresponds to the phase lag on the unit circle. 
For example, a vertical arrow indicates a π/2 or quarter-cycle phase lag. The corresponding lag in time depends 
on the duration of the cycle.

3.  Analysis and Results
The solar cycle trends of TEC is presented in Section 3.1, and the inherent short- and mid-term periodicities in 
the TEC time series are discussed in Section 3.2.

3.1.  Solar Hysteresis Effects in TEC

The solar cycle variation in TEC is presented by employing the 365-day-centered-running mean (McIntosh & 
Leamon, 2015) of daily F10.7 flux indices and noontime maximum TEC values from 2009 to 2018. We have 
fixed the noontime maximum TEC values at 09 UT±2 hr over Varanasi (VRNS) & DGAR and at 07 UT± 2 hr 
over LHAZ & COCO Island based on TEC contour plots of monthly mean TEC values (not shown here). Running 
means have been calculated based on these noontime maximum values. Missing data are handled with NaN 
values. For calculations in MATLAB, the kernel is selected to look at 365 elements, and then running sums are 
calculated. Running counts are also calculated to get the values of the number of days available in the specified 
data window, and running means are calculated. Figure 2 shows two broad peaks in the variation of F10.7 flux 
during solar cycle-24, the first occurring in January 2012 and the second in March 2014. Following the trends 
of F10.7 flux variation during the solar cycle, GPS and TIE-GCM TEC also showed double maxima during the 
solar cycle.

The TIE-GCM model flawlessly replicates the observed solar cycle with twin solar maximum peaks, as shown 
in Figure 2. It is seen from Figure 2 that the variation and peaks in the TIE-GCM follow the trends of solar flux 
variation. The first maximum in TIE-GCM is concurrent with the first maximum of F10.7 flux. However, the 
second maximum in TIE-GCM is found to be slightly shifted over Varanasi and COCO Island stations. It is 
considered that the local time for maximum noontime TEC varies with seasons (Rao, Chakraborty, et al., 2019; 
Sunda & Vyas, 2013) and that the TIE-GCM time slot for maximum noontime TEC may differ by a ±1 hr. For 
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timeslot uniformity, we have ignored this fact in the analysis. Thus, the observed shifting of the second maximum 
in the TIE-GCM for the F10.7 flux is considerable.

Another major observation from the solar cycle variation of solar flux and TEC is the gradient in TEC changes 
between the solar maximum year of 2014 and both start and end minima (years, 2009 and 2017). The F10.7 flux 
was changed from 2009 to 2014 (ascending phase) by 100% and from 2014 to 2017 (descending phase) by 87% 
of the solar cycle. Thus the ascending phase rate of change ( 𝐴𝐴

𝑑𝑑TEC

𝑑𝑑𝑑𝑑
 ) was slower with greater changes in flux values, 

and descending phase time rate was faster with smaller changes in flux magnitude. The different gradient in TEC 
changes during ascending and descending phases exhibit the presence of solar hysteresis in a plot of TEC versus 
F10.7 flux, which is elaborated in Figure 3. Here, we used the data set of an almost complete solar cycle to exam-
ine the spurious trend of the hysteresis effect (e.g., Adler & Elias, 2008; Elias, 2014) based upon the suggestion 
of Danilov and Mikhailov (1999).

It can be seen from Figure 3 that the TEC has many values at the given F10.7 flux during the ascending and 
descending phases. A straight-line fit to the 12-month running mean of monthly mean F10.7 flux and TEC 
values shows a good correlation coefficient (0.85 < R < 0.95) during the ascending and descending phases of 
solar cycle-24. The correlation coefficient is more prominent during the descending phase than in the ascending 
phase. The high correlation coefficient between the two indices confirms the dominant role of solar flux in TEC 
variability at low-latitudes.

The slope of linear fit gives the TEC variation during both phases. The slope of the straight-line fit in GPS TEC 
variation relative to solar flux variation at Varanasi was determined to be ∼0.28 and ∼0.49 during the ascending 

Figure 2.  The solar cycle variation of the 365-day cantered running mean of F10.7 flux indices (blue curve), Global Positioning System (GPS) Total Electron Content 
(TEC; pink curve), and Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM) TEC (green curve) is shown. The left ordinate gives the 
scale of F10.7 flux, and the right ordinate gives the scale of TEC.
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and descending phases of solar cycle-24, respectively. At COCO Island, it is found to be 0.36 and 0.29 during 
the ascending and descending phases of solar cycle-24, respectively. It is estimated to be 0.48 and 0.37 at DGAR 
during the ascending and descending solar cycle-24, respectively. At LHAZ, it is found to be 0.26 and 0.39 during 
the ascending and descending phases of solar cycle-24, respectively. Thus, the TEC versus flux correlation is 
reversed at sea-locked stations compared to land-locked stations. The hysteresis effect in TEC and solar flux 
could be associated with geomagnetic control of the solar cycle (Mikhailov & Mikhailov, 1995). The different 
TEC modulations relative to the solar flux at different stations shows the effect of local electrodynamics on 
geomagnetic activity.

The important outcome of the results is that the slope in TEC changes at both sea-locked stations during the 
ascending phase is more significant than in the descending phase. At land-locked stations, Varanasi and LHAZ, 
the slope in TEC trends is determined to be greater during the descending phase of the solar cycle. However, 
TIE-GCM TEC trends show a greater slope during the descending phase at all stations, and therefore, congru-
ent behaviour in solar cycle variation is reflected. Also, TIE-GCM shows a clockwise hysteresis pattern when 
TIE-GCM TEC is plotted as a function of F10.7 flux. In contrast, GPS TEC hysteresis is clockwise at landlocked 
stations (Varanasi and LHAZ), and positive or negative hysteresis is found to be saturated in GPS TEC at the low 
solar activity side at sea-locked stations (DGAR and COCO). It is also observed from Figure 3 that the hysteresis 
effect is more pronounced at higher values of F10.7 flux, that is, around the solar cycle turning epoch. At this 

Figure 3.  A straight-line fit to the 12-month running mean of monthly mean noon Global Positioning System (GPS)-Total Electron Content (TEC) values (left panel) 
and Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM) TEC values (right panel) versus the F10.7 index are shown. The blue asterisk 
refers to TEC values during the inclining phase (2009–2014), and the magenta circle refers to TEC values during the declining phase (2015–2017) of the solar cycle-
24. The regression fits are shown by solid lines, with red for the inclining phase and green for the declining phase of solar cycle-24. The seasonal dependency of solar 
hysteresis using monthly averaged data over the period 2009–2017 is presented in Figures 3.1–3.4 in the Supporting Information S1.
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period, the effect might be related to varying geomagnetic activity between the ascending and descending phases, 
inter-hemispheric plasma flow, and neutral wind changes (Hajra et  al.,  2016). As discussed earlier, the local 
time dependency of noontime TEC values during different seasons may be the reason for the time lag in shifting 
maxima (time-wise mismatching of peaks in flux and TEC). Another possible explanation for a lag in maximum 
occurrence relative to the solar flux peak might be the distinct hysteresis behaviour in GPS TEC. The local time 
dependency of hysteresis is a well-known characteristic (Chakraborty & Hajra, 2007). Section 4.1 of the discus-
sion provides a detailed explanation of the findings related to the solar cycle patterns of TEC (Figures 2 and 3).

3.2.  Lomb Scargle Periodogram Analysis

The Lomb Scargle periodogram technique (Scargle, 1982) is applied to F10.7 flux, Ap indices and TEC (GPS 
and TIE-GCM) time series of 2009–2017.

First, we have analyzed F10.7 flux and Ap index daily data for 2009–2017 to explore inherent periodicities in 
solar and geomagnetic activity. The LSP applied to the F10.7 flux and Ap index time series is given in Figure 4. 
To detect the inherent periods based on the ionosphere characteristics, we constructed a time series of TEC (GPS 
and TIE-GCM) noontime values for the period 2009–2017. The LSP applied to the TEC time series is shown in 
Figure 5. The observed periodicities are shown in Figures 4–5 are also presented in Table 1. The X marks show 
absent periodicity in the given time series (Table 1). The horizontal dashed lines shown in Lomb Scargle Peri-
odogram figures are lines that show the level of significance of spectral peaks in terms of false alarm probability 
(fap). A fap is a simple estimate of the significance of the height of a peak in the power spectrum. The fap values 
are expressed as a number between 0 and 1. fap levels help to distinguish between significant and spurious peaks. 
The lower the fap for a given period, the more likely period is a significant period. Here, fap = 0.001 shows that 
peaks lie above this level are most significant. We only considered the periods that exist above the fap 0.05. The 

Figure 4.  The periodicities inherent to the daily F10.7 indices (upper panel) and Ap indices (lower panel) on applying the 
Lomb-Scargle periodogram technique are shown.
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periodicities that lie near and above α = 0.001 are shown in red; the periodicities that lie near and above α = 0.05 
are shown in green; and the periodicities that lie near and above α = 0.3 are shown in gray. In the following, we 
look over each periodicity detected in the time series of the TEC, Ap index, and F10.7 flux.

Solar Rotation — An LSP shows a significant presence of a solar rotation period (∼27-day) in the F10.7 flux 
time series. The other less significant periods of 20.29-day, 44.50-day, and 59.50-day in F10.7 index are also 
observed with power amplitude <10 (0.001 > fsp > 0.05). In the Ap index data series, 13.5-day with power >15 
and 14.4-day, 25.5-day, 27-day, 29-day, 44.5-day periods with power <10 were detected. The first harmonic of 
the solar rotation period (13.5-day) is strongly present in AP indices with sidebands of 25–29-day, although the 
solar rotation period itself is less significant. A solar rotation period (∼27-day) and first harmonic period (13.5-
day) did not found in the GPS TEC time series. However, the TIE-GCM time series at all stations showed the 
sidebands of the solar rotation period (about 30–31 days).

The 27-day and 13.5-day periodicities are reported to be observed in the solar wind, geomagnetic activity, interplan-
etary magnetic field, and ionospheric parameters (Donelly & Puga, 1990; Kane, 2003; Nayar et al., 2001, 2002; 
Zięba et al., 2001, and references therein). The intermittent short-term periodicities between 26- and 32-day in 
solar and geomagnetic data are consistent with Bai and Sturrock, 1987. According to Kane (2002), these peaks in 
F10.7 and Ap indices (26–32 days) can often deviate considerably from the solar rotation period of 27-day. Thus, 
the 25–30 days range could be considered a solar rotation period band.

A 13.5-day period observed in the Ap index is the harmonic of a 27-day periodicity, which has a relationship 
either with the fast Sun-oriented wind streams separated 180° in Sun-oriented longitude or with two dynamic 
areas isolated by 180° (Mursula & Zieger, 1996). de Gonzalez et al. (1993) relate a 13.5-day period in the Ap 

Figure 5.  The periodicities inherent to the daily noontime maximum Global Positioning System (GPS)-Total Electron Content (TEC) (left panel) and 
Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM) TEC (right panel) data on applying the Lomb-Scargle periodogram technique are 
shown.
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index with a complex interplanetary magnetic field division structure. The TIE-GCM TEC shows a solar rotation 
period of ∼28–31 days (peak ∼30.17-day) which is not seen in the GPS TEC. Thus, TIE-GCM shows a discrep-
ancy in the appearance of the solar rotation period.

Semi-annual Oscillation- It is seen from Figure 4 that the spectral peak showing semi-annual oscillation occurred 
strictly at 182-day in the Ap indices, GPS TEC, and TIE-GCM TEC time series but at 193-day in the F10.7 
indices. An extensive analysis of a semi-annual oscillation in different geomagnetic activity parameters could be 
found elsewhere (Lockwood et al., 2020; Russel & McPherron, 1973). The semi-annual component in TEC may 
result from the interaction of solar zenith distance, atmospheric circulation over the high-latitude zone, and the 
changing proportion of O/N2 (Fuller-Rowell, 1998). According to Russell (1971), the semi-annual (182-day) and 
seasonal components in geomagnetic activity are also linked with the Earth's translational movement (solstices), 
the inter-hemispheric symmetry (equinoxes), and the observational frame of reference. Concerning semi-annual 
periodicity in F10.7 flux, we bring the results of Chakrabarty et al. (2012), wherein they used the same LSP tech-
nique and found no stable and consistent phase relationship between semi-annual oscillations in EUV/SFU and 
TEC. However, they computed a 182-day period in the EUV/SFU time series of 2005–2009, but with significantly 
less spectral power and below a significant level. It can be seen from Figure 5 that the height of the spectral power 
of semi-annual peaks in the GPS TEC time series is almost the same at land-locked and sea-locked stations. Thus, it 
can be said that the semi-annual oscillations in GPS TEC have equal strength at northern and southern hemispheric 
stations and are not affected by the lower atmospheric conditions (land vs. sea). However, the height of spectral 
power in the TIE-GCM time series is unequal at all stations and shows latitudinal as well as longitudinal biases. 
The height of 182-day in TIE-GCM is significantly higher at DGAR and LHAZ compared to VRNS and COCO.

Annual Oscillation- It is noted from Table-1 that the period of ∼365-day is determined to be present in the F10.7 
flux, Ap index, and TEC (GPS and TIE-GCM) time series. The peak of annual periodicity is shown in the F10.7 
flux data at 386-day and the Ap index at 328- and 386-day. The periodogram also noted that the amplitude of the 
semi-annual oscillation is fixed at 182-day, whereas the amplitude of the annual oscillation evolved from 355-day 
to 390-day. A variation of ±25 days in the annual component of the TEC time series has also been reported by 
Lean et al. (2011). In the case of the F10.7 and Ap Index, the annual LSP spectral peak is determined to be 386-day. 
The presence of an annual component is also evident in TEC, wherein larger TEC values during the December 
solstice are, on average, more extensive (by about 50%) than during the June solstice (Codrescu et al., 1999; Jee 
et al., 2004). As we discussed above, the power of the 182-day peak is almost equal in the GPS TEC time series of 
the northern and southern stations. In the case of the annual component, a hemispheric asymmetry is noted. The 

Table 1 
The Periodicities Exists in F10.7 Flux, Ap Indices and TEC (GPS and TIE-GCM) Using LSP Technique Are Given

Periodicities in daily noontime data

Stations BHU LHAZ DGAR COCO

Parameters F10.7 Ap GPS TIE-GCM GPS TIE-GCM GPS TIE-GCM GPS TIE-GCM

Periodicities

27 Days 27 13, 25-29 X 28, 30 X 28, 30 X 28,30 X 26,30

120 Days 120 120 X 121 125 X 120 X

182 Days 193 182 182 182 182 182 182 182, 195-198 182 182, 195-198

215 215 X 215, 226 215 215 215 215 215 X 215

285 Days 260,285 X 285 285 280 285 X 285 X 291

365 Days 386 328,387 365 365–375 355–365 365–375 375 385 375 375

Periodicities in 365 days smoothed running mean data

505 Days 505 X 505 505 (fap < 0.001) 505 < fap 0.3 504 505 505 505 505

597 Days 597 657 597 597 597 597 597 597 597 597

730 730 730 730 730 730 730 730 730 730

775 773 821 773 773 773 773 773 773 X 773

930 939 939 (≤0.001) X 939 (fap = 0.001) X 939 (≤0.001) X 939 X
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power near 365-day is more than twice as high in the GPS TEC time series of the southern hemispheric stations 
compared to the northern hemispheric stations. This result is also true for the global TEC, as Lean et al. (2016) 
reported that the amplitude of the hemispheric averaged annual oscillation in the southern hemisphere dominates 
over the northern hemisphere. The TIE-GCM TEC time series shows 365-day peak strength that is exactly the 
opposite. The height of the 365-day spectral peaks of TIE-GCM appeared larger at northern stations than at south-
ern stations. Thus, TIE-GCM can replicate semi-annual and annual components, but differences in the strength of 
peaks are still noted. Titheridge and Buonsanto (1983) suggested that, for TEC, the annual anomaly predominates 
over the seasonal anomaly in both the northern and southern hemispheres. Observations from the Hinotori satel-
lite and the Sheffield University Plasmasphere Ionosphere Model (SUPIM) over low-latitudes showed that the 
global average of topside ionosphere electron density at the December solstice remains about 100% higher than 
that at the June solstice, compared to the 6% solar flux difference due to changes in Sun-Earth distance.

Inter-annual Components- In the periodogram, we identified the 280-day periodicity as an inter-annual component. 
It is seen from Figure 4 that the inter-annual period appears in the F10.7 index data at 285-day but not in the Ap 
index data. The spectral analysis showed the presence of a 280-day period in the GPS TEC time series at northern 
low-latitude stations but not at southern low-latitude stations. Contrary to this, TIE-GCM showed the presence of 
280-day in TEC at both northern and southern low-latitude stations. In the TIE-GCM time series, the least spectral 
power of 280-day is obtained at COCO Island. It is also noted from Figure 5 that the spectral height of the 280-day 
periodicity in GPS TEC is greater than the 365-day periodicity at northern stations. Contrary to the GPS TEC time 
series, the height of the spectral peak in the TIE-GCM time series is greater for 365-day compared to 280-day at 
all stations except DGAR. At DGAR, both peaks have nearly equal spectral power. TIE-GCM shows a significant 
inter-annual component of 280-day at northern and southern low-latitude stations. The presence of an inter-annual 
component in TIE-GCM TEC at northern low-latitudes is consistent with the presence of a seasonal component. 
TIE-GCM, contrary to observations, exhibits seasonal components at southern low-latitudes. Thus, the TIE-GCM 
simulates the seasonal component of the 280-day in the model TEC at southern low-latitudes. TIE-GCM may not 
account for solar flux, hemispheric and regional dependence of the seasonal anomaly of TEC. As a result, the 
model presumes a seasonal component in TEC at northern as well as southern low-latitudes. The explanation for 
TIE-GCM dissimulation of the seasonal component in TEC is discussed separately later in Section 4.2.

Quasi-Biannual Oscillation (QBO) - To find QBO oscillations accurately without spurious periods in the data 
time series, we have used 365-days-smoothed-running mean data to obtain periodicities in TEC (Figures 6-7, 
Table 1). Some QBO periodicities that are not seen as distinct in daily data can be distinctly identified from the 
time series of 365-days-smoothed-running mean data.

In the F10.7 data series, we find 597- and 730-day periods with power amplitudes greater than 15. The 626-day 
and 820-day periods with powers less than 10 appeared in the AP index data series. The 505-day periodicity is 
observed in the GPS and TIE-GCM TEC time series at all stations. However, it appeared below fap = 0.3 in GPS 
TEC at LHAZ, which is well below the significant level. It is essential to mention that this period is also observed 
in F10.7 flux index but not in the Ap Index.

It is seen from the periodogram shown in Figure 7 that the period of 597-day (20-month, 1.63-year) is present in 
GPS as well as TIE-GCM TEC at all four stations. The 597-day oscillation is also visible in the F10.7 flux. The 
730-day (2-year) period observed in the F10.7 flux is also evident in the GPS and TIE-GCM TEC at all stations. 
Surprisingly, the spectral peak of 773-day periods was observed at all of the selected stations except GPS TEC 
at COCO Island. A careful examination of spectral peaks for 730- and 773-day reveals that both periods exist 
within a single spectral peak distinguished by a small excursion at 773-day. However, at COCO Island, the period 
of 773-day is merged with a significant spectral peak of 730-day. Also, the 939-day (31-month) period is present 
in GPS TEC at all stations but is observed to be highly significant at COCO Island. The 939-day period is not 
obtained in the TIE-GCM TEC time series at any stations. A detailed account of the possible physical cause of 
QBO oscillation in TEC is given in Section 4.3.

4.  Discussion
4.1.  Modulations and Solar Hysteresis in TEC Solar Cycle Variation

The time interval between two successive maxima in F10.7 flux (or TEC) is known as the Gnevyshev gap, and 
it is roughly two years long (Krainev et al., 1997; Storini, 1997). The observation of double maxima in TEC 
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(Figure 2) during the solar cycle is consistent with Ozguc et  al.  (2008) and Kane  (2010), who found double 
maxima in foF2. The appearance of double maxima during the solar cycle is a physical phenomenon that has also 
been observed in accompanying proxies (Gnevyshev, 1963; Kane, 2009, 2010). The double peaks in the TEC 
profile over a solar cycle are obvious because trends and variabilities in the ionosphere are highly correlated with 
variations in solar flux/sunspot number (Rao, Sharma, & Pandey, 2019). According to Gnevyshev (1967), the 
appearance of double maxima during the solar cycle is due to the superposition of northern and southern sunspot 
maxima. The well-known butterfly feature of sunspots is a superposition of the changing relative importance 
of the two consecutive maxima in both solar hemispheres. Thus, we see double peaks in latitudinal averaged 
sunspots over a solar cycle. Gnevyshev's theory could not be generalized because double peaks are not a common 
feature during all solar cycles and are sometimes observed in sunspot data from a single hemisphere (Norton & 
Gallagher, 2010).

Recent advancement has been made to develop a standard theory which explains the peculiar appearance of the 
Gnevyshev gap in the solar parameters and their proxies. In this regard, the latest model of Karak et al. (2018), 
based upon the kinematic axisymmetric Babcock–Leighton dynamo model, shows that the fluctuations in 
the solar polar field are responsible for producing these spikes and double peaks. When the polar field sets, 
large negative fluctuations in the Babcock–Leighton process can immediately diminish the net polar field. As 
these fluctuations in the polar field are propagated to the new toroidal field, they can enable double maxima in 
the  subsequent solar cycle (Karak et al., 2018). Their explanation based on the theoretical model is also supported 
by polar field observations and results presented by Cameron et al. (2013) and Kitchatinov et al. (2018). Karak's 
theory also justifies the presence of multiple peaks and dips in the solar cycle variation of the solar parameters. 
For example, Figure 2 shows a spike during November 2011, the first peak during January 2012, and the biggest 
one during March 2014 in F10.7 flux, with a dip during January 2013. A similar variation in TEC is seen during 
the solar cycle. TEC modulations in the solar cycle trend of TEC are depicted over Varanasi compared to the other 

Figure 6.  The Lomb-Scargle periodogram for the 365-day center-running mean F10.7 (upper panel) and Ap (lower panel) 
indices of the period 2009–2017 is shown.
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three stations. Out of four stations, Varanasi, DGAR and COCO Island are located near the EIA crest, and also 
DGAR and COCO Island are sea-locked stations. Thus, compared to EIA crest stations DGAR and COCO Island, 
the modulated TEC trends over Varanasi may be related to the local electrodynamics of the northern EIA crest 
over the land-locked stations. The observed inter-hemispheric asymmetry is supported by the simulation results 
of Lin et al. (2005), which showed that the strong EIA inter-hemispheric asymmetry was related to the strong 
strengthening in the northern EIA crest due to the strengthened northward trans-equatorial wind perturbation. 
Also, the magnitude of peaks is greater at EIA stations (Varanasi, DGAR, and COCO) which show an additional 
effect of equatorial electrojet, EEJ (Rao et al., 2013).

The modulations in TEC variation (Figure 2), particularly at EIA stations, may arise due to the EEJ. It is because 
the day-to-day neutral wind effect is sorted out in the smoothed data. At low-latitudes, the TEC variability is 
highly influenced by ExB dynamics, where B is highly sensitive to hysteresis. The hysteresis effect in geomag-
netic activity causes asymmetry in ionospheric electron density (here, TEC) between the ascending and descend-
ing phases of the solar cycle at an equal level of the solar index (Appleton & Piggott, 1955; Ikubanni et al., 2019). 
It is essential to mention that the different solar indices (F10.7, EUV, and sunspot number) also have a mutual 
inherent hysteresis effect (Kane, 2005). It is suggested by Rao and Rao (1969) that the more significant occur-
rence of geomagnetic activity during the descending phase of solar activity may be the key factor in the hysteresis 
effect. Huang and Jeng (1976) also reported that solar magnetic activity lags sunspot activity by about two years, 
leading to an asymmetry in the frequency or intensity of magnetic activity between two phases. Also, the nature of 
the hysteresis effect is variable and is a consequence of both meteorological influence and solar wind conditions 

Figure 7.  The Lomb-Scargle periodogram for the 365-day center-running mean Global Positioning System (GPS)-Total Electron Content (TEC) data (left panel) and 
Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM) data (right panel) of the period 2009–2017 is shown.

 21699402, 2023, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JA

031428 by Physical R
esearch L

aboratory, W
iley O

nline L
ibrary on [30/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Space Physics

RAO ET AL.

10.1029/2023JA031428

13 of 22

(Ozguc et al., 2008). TEC variability's local time and seasonal dependency during different phases of the solar 
cycle and their connection with hysteresis effects have been well reported (Ouattara & Amory-Mazaudier, 2012). 
We have also presented month-wise hysteresis plots (see Figures 3.1–3.4 in the Supporting Information S1) for 
TEC versus F10.7 flux for 2009–2017. It can be seen from these figures that the profile of hysteresis curves is 
different for different months. Chakraborty and Hajra (2008) interpreted the hysteresis in TEC as related to the 
cumulative effects of geomagnetic disturbances during the descending phase that may produce changes in neutral 
composition, temperature, and thermospheric wind pattern.

Thus, the results of solar cycle trends in GPS and TIE-GCM TEC over chosen land-locked and sea-locked stations 
could be summarized as follows: During solar cycle-24, the double hump structure with Gnevyshev gap is visible 
in F10.7 flux and TEC variation. A gradient in the TEC trend during the solar cycle shows a slower rate during the 
ascending phase and a faster rate during the descending phase. A solar hysteresis is observed in the solar cycle trends 
of GPS and TIE-GCM TEC. The hysteresis effect is visible at a higher flux value, that is, at the turning point between 
ascending and descending phases. Also, the profile of solar hysteresis is observed to be affected by seasons, local 
time, and latitudes. The slope of the GPS TEC versus F10.7 flux hysteresis curve is observed to be greater during the 
descending phase compared to the ascending phase at northern low-latitudes. At southern low-latitude stations, the 
slope of the hysteresis curve is observed to be greater during the ascending phase than during the descending phase. 
The slope of the TIE-GCM TEC versus F10.7 flux hysteresis curve is greater during the descending phase compared 
to the ascending phase at northern and southern low-latitude stations. At the northern low-latitude, hysteresis is 
clockwise, while at the southern low-latitude, it is either clockwise or counter clockwise.

4.2.  Dissimulation of Inter-Annual Components by TIE-GCM

TEC variability is greatly influenced by short-, mid-, and day-to-day oscillations in addition to solar cycle vari-
ance. Rishbeth and Mendillo  (2001) investigated solar radiation, geomagnetic disturbances, meteorological 
sources from lower atmospheric layers, and electrodynamics to account for such fluctuation. These parameters 
might be identified in the TEC data set using periodogram analysis. In several research, the periodicities of the 
1-day, 27-day, semi-annual, and annual cycle in TEC data have been examined (Lean et al., 2011; Li et al., 2013; 
Guo et al., 2015; Forbes et al., 2018). The observed periodicities in TEC and TIE-GCM efficacy to replicate the 
observed periodicities are discussed below.

The most visible component in the GPS TEC time series is a periodic pattern with periods of 365.25/n days (n = 1, 2, 
3, n). Different harmonics of annual components could be identified by a periodicity of 365, 182, 90, etc. days in the 
spectral analysis. During solar cycle-24, LSP analysis revealed the presence of a spectral peak at 182- and 365-day in 
GPS and TIE-GCM TEC time series at northern and southern low-latitude stations. These results are consistent with 
observations of semi-annual oscillation (Mansilla et al., 2005) and annual oscillation in NmF2/TEC (Shim, 2009).

The inter-annual component ∼280-day corresponds to ∼(𝐴𝐴
2𝑛𝑛+1

4
 ) 365.25 days, n = 1 could be considered seasonal 

component. The presence of 280-day in the GPS TEC time series at northern low-latitude stations and its absence 
at southern low-latitude stations confirms that the ionospheric winter anomaly does not exist across the south-
ern hemisphere (Huo et al., 2009; Tsai et al., 2001). The winter anomaly has been found to be present in foF2 
throughout the solar cycle and to vary in TEC depending on other factors such as solar flux and EEJ in the north-
ern hemisphere (Lee et al., 2011; Rao et al., 2013; Yasyukevich et al., 2018). However, the TIE-GCM appears 
to have an inter-annual component (280  days) at southern low-latitude stations in the current LSP analysis, 
which implies that, contrary to previous findings, the TIE-GCM assumes the seasonal anomaly characteristic at 
southern low-latitudes. This could be the case because the TIE-GCM ignores the fact that the seasonal anomalous 
feature in TEC depends on several other factors and assumes a single mechanism is responsible for semi-annual, 
seasonal, and annual TEC oscillations. Because of this, the chemistry in TIE-GCM could not capture the crucial 
aspect of seasonal anomaly, as we will detail below.

Ionospheric plasma density losses are significantly due to the recombination of NO + and O +2, which are created 
by the charge exchange of O+ with N2 and O2 (Volland, 1995). Further, the lower atmospheric pumping (e.g., 
Forbes,  1996; Goncharenko et  al.,  2010) via eddy diffusion can cause vertical mixing of neutrals that affect 
the local O/N2 ratio. The TIE-GCM has a vertical grid with pressure surfaces extending from about 97  km 
to 500–800  km, depending on solar activity. The major neutral species in the TIE-GCM are N2, O2, and O. 
TIE-GCM version 2.0 includes O+ ions and assumes steady-state electron density chemistry. TIE-GCM used the 
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Weimer electric potential and precipitation models (Emery et al., 2008). Daily and 81-day averaged F10.7 were 
used to specify the solar EUV flux following the EUV flux model for aeronomic calculations, EUVAC (Richards 
et al., 1994). The neutral temperature at the lower boundary of TIE-GCM is fixed at 181 K with a constant density. 
Both migrating and non-migrating tides were included in the TIE-GCM through the specification of the altitude 
of the bottom pressure level as specified by the Global Scale Wave Model, GSWM (Hagan & Forbes, 2002). 
Since the tides are partly a result of solar EUV forcing, seasonal and local time variations exist within the GSWM. 
The uncertainty in internal model parameters causes differences between models, such as eddy diffusion. Eddy 
diffusion coefficients also have seasonal dependencies (Garcia & Solomon, 1985; Khattatov et al., 1997) that 
affect thermospheric neutral density and composition (Pilinski & Crowley, 2015; Qian et al., 2009). In a stand-
ard TIE-GCM, a constant eddy diffusion coefficient ∼125 m 2/s with respect to the day of the year is applied at 
the model lower boundary, fixed at 97 km. At this altitude, the notable species O2 and N2 mass mixing ratios 
are prescribed as 0.22 and 0.78, respectively. At the lower boundary, the vertical gradient of atomic oxygen (O) 
number density is specified as zero.

Therefore, O is effectively lost from the lower boundary of the model. Increasing eddy diffusion accelerates 
downward transport and removal of O, thereby decreasing O in the model. The TIE-GCM has simulated neutral 
density using the default constant eddy diffusion but failed to replicate the annual and semi-annual variation 
(Qian & Solomon, 2012). In the upgraded TIE-GCM version 2.0, the variable eddy diffusion was imposed at the 
model's lower boundary. As a result, annual or semi-annual variations in neural density were captured, which 
agree with the current observations and also with the findings of Qian et  al.  (2013). Eddy diffusion affects 
neutral density primarily by changing the thermospheric composition. Eddy diffusion transports atomic oxygen 
downward, against the mixing ratio gradient, from the lower thermosphere into the mesopause region, where it is 
annihilated by three-body recombination and hence decreases the O/N2 in the thermosphere.

Qian et  al.  (2013) demonstrated that eddy diffusion changes the composition of the thermosphere and thus 
influences neutral density. The imposition of variable eddy diffusion causes the TIE-GCM O/N2 to exhibit 
a semi-annual/annual variation. Using the variable eddy diffusion at the TIE-GCM lower boundary, Qian 
et al.  (2013) also found features of a semi-annual and annual anomaly in NmF2 (or TEC) of the EIA region, 
which were consistent with the ionosonde observations. Thus, the TIE-GCM improvements in version 2.0 with 
variable eddy diffusion make composition changes in the daytime ionosphere more balanced, which increases the 
predictability of semi-annual/annual variation in O/N2 and hence in electron density (here TEC). In other words, 
production rates are set approximately proportional to the atomic oxygen density, and chemical recombination 
loss rates are set approximately proportional to the molecular density, primarily N2 and O2 in the F region.

Even though the model includes the seasonally varying eddy diffusion, TIE-GCM version 2.0 still dissimulates 
a seasonal component (∼280-day), which is not compatible with the observations from southern low-latitudes. 
It is because seasonal variation (changes in electron density from summer to winter) is complicated owing to 
solar flux (Mikhailov & Perrone, 2014; Rao, Chakraborty, et al., 2019), regional (Huo et al., 2009; Yasyukevich 
et  al.,  2018; Zhao et  al.,  2007), and altitude dependency (Liu et  al.,  2007; Mikhailov & Perrone  2014; Su 
et al., 1998; Torr & Torr, 1973; Zhao et al., 2005). These factors were not taken care of in TIE-GCM version 2.0. 
The TIE-GCM version 2.0 improvements to account for seasonal variation of O/N2 by imposing variable eddy 
diffusion do not account for the winter-to-summer variation of TEC (Maute, 2017). In this context, Yasyukevich 
et al. (2018) revealed the disagreement between the winter anomaly intensity in O/N2 and TEC for their longitu-
dinal oscillations in the northern hemisphere with the level of solar activity. The TIE-GCM version 2.0 includes 
O+ ion. Depending on the temperature, two essential reactions, O + + N2 → NO + + N and O + + O2 → O2 + + O, 
may play different roles in the formation of the seasonal anomaly (Mikhailov & Perrone, 2014). This may be a 
possible reason whereby TIE-GCM predicts a seasonal component in the TEC time series at DGAR and COCO. 
In light of above, it may be said that the TIE-GCM assumes the seasonal component as a result of the application 
of seasonally varying eddy diffusion in TIE-GCM version 2.0 to account for seasonal fluctuation of O/N2. It is 
because the Rishbeth theory (Rishbeth et al., 1978) could not be fully applied to explain the latest results of the 
TEC winter anomaly (Mikhailov & Perrone, 2014; Rao, Chakraborty, et al., 2019; Yasyukevich et al., 2018).

4.3.  Physical Process Causing TEC QBO (Spectral Coherence Analysis)

The tropospheric and mesospheric QBO's upward propagation, solar activity, and geomagnetic activity are 
thought to be the three primary causes of the ionospheric QBO, respectively. Additionally, the relevance of 
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the fountain effect in the EIA region as a potential candidate for the seeding of ionospheric QBO should not be 
disregarded (Chen, 1992; Lu et al., 2009). Sun et al. (2022) proposed that the QBO signals in the zonal wind 
in the mesosphere propagate upward into the E-region ionosphere and that QBO signals in the tidal winds in 
the E-region ionosphere modulate QBO signals in the EEJ through a global tidal wind-driven dynamo. Tang 
et  al.  (2014) calculated the QBO for the EIA region (150⁰ geomagnetic latitude) using the TEC time series, 
which yields spectral peaks around 24 and 30 months corresponding to the stratospheric QBO. The strong or 
weak presence of particular components of QBO in TEC time series at land-locked/sea-locked stations may 
be closely related to atmospheric pressure loading (Pan et al., 2015). The quasi-biennial signal's mechanism, 
particularly with regard to lower atmospheric conditions, is yet unknown. Also, the latitudinal phase reversal of 
∼6–15 months lags at both sides of the equator in QBO of stratospheric zonal winds (Echer, 2007) may also be a 
possible factor for the appearance of a particular QBO period on any side of the equator. The stratospheric QBO 
are affected by the Ocean-Atmospheric coupling process (Jaiser et al., 2013). But there isn't enough evidence to 
explain the existence or absence of certain QBO in TEC and how they relate to lower atmospheric conditions, 
notably the oceanic environment.

To identify the relationships among TEC, solar, and geomagnetic indices in a time-frequency framework, we 
applied the wavelet coherence analysis to 365-day--smoothed-running-mean data. Here it is important to specify 
that the wavelet coherence analysis does not handle missing data points, and therefore we did not perform coher-
ence analysis on the daily data of TEC. The wavelet coherence spectrum between the F10.7 flux & TEC and 
Ap & TEC time series are presented in Figures 8 and 9, respectively. The squared coherency is used to identify 
frequency bands within which two-time series are co-varying and is a measure of the intensity of the covariance 
of the two series in time-frequency space. The spurious wavelet periodicities are excluded by drawing the cone of 
influence (Torrence & Compo, 1998). Thus, we considered only those significant periodicities inside the cone  of 
influence shown by white-shaded zones over the contour and a squared coherence magnitude greater than 0.5 
(Figures 8 and 9). The phase display threshold is fixed at 0.5, which shows phase arrows only where the coher-
ence is greater than or equal to 0.5. The arrows shown over the contour give the phase coherency between two 
time series. The phase relationship is determined in an anticlockwise direction, starting from 0° at the horizontal 

Figure 8.  The wavelet coherence spectrum between F10.7 flux and Global Positioning System (GPS)-Total Electron Content (TEC) (left panel) time series and 
between F10.7 flux and Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM) TEC (right panel) time series is presented.
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right. The arrows represent the high coherency and linear relationship between two signals arrows at 0° (in phase) 
and 180° (anti of phase). The arrows at 90° (vertically up) and 270° (vertically down) indicate an out-of-phase 
and non-linear relationship between the two signals (e.g., Soon et al., 2014; Velasco Herrera et al., 2018).

It can be seen from Figure 8 that all existing QBO periodicities in TEC (GPS and TIE-GCM) greater than 550-day 
are highly coherent and in phase with F10.7 flux. The arrows corresponding to these periods align horizontally to 
the right; thus, both the time series are in phase. Consistent with the strong coherency noted from the coherence 
spectrum for QBO oscillations of the 730–775 -days (∼2-year) period in TEC, the same period has been reported 
in almost all indices of solar activity (Apostolov, 1985; Soukharev & Hood, 2001; Zaqarashvili et al., 2010). 
However, a periodicity of 500-day in GPS TEC is not consistent with the F10.7 flux, particularly for 2012–2017. 
Contrary to this, a significant coherency and phase relationship is seen between the F10.7 flux and the TIE-GCM 
TEC time series for periodicities greater than the annual component. It can be seen from Figure 9 that no coher-
ency exists for most QBO oscillations between Ap indices and TEC time series (GPS and TIE-GCM). A limited 
out-of-phase coherency is seen between QBO in TEC and Ap indices during the declining phase of solar activity. 
This reveals a non-linear relationship among implicit phenomena causing variability in Ap indices and TEC. 
Thus, the QBO oscillations of periods >550 days are highly correlated with solar activity. Also, the squared 
coherence magnitude is observed at ∼0.1, which indicates that the 505  days periodicity that is significantly 
observed in GPS TEC at VRNS, DGAR, and COCO and dimly appears at LHAZ may not have its source in the 
QBO mechanism of solar activity. As a result, the less significant appearance of 505-day periodicity in GPS TEC 
at LHAZ and the strong presence of stations located within the EIA region in GPS TEC could be attributed to 
equatorial electrodynamics. The Himalayan station LHAZ is an off-crest location; therefore, 505 days has little 
spectral power. According to Tang et al. (2014), the relatively higher values of QBO-like signals are confined 
within ±20⁰ at both sides of the equator based on the local time dependence characteristics of EIA strength. 
The latest results of Sun et al.  (2022) also showed that the EIA characterizes the QBO in TEC; however, we 
do not have any supporting evidence, and therefore it is an open question that needs a separate study. A careful 
look at the coherence spectrum shown in Figures 8 and 9 also reveals inherent periods smaller than the annual 
oscillations. Also, the coherence spectrum shown in Figures 8 and 9 shows the episodic presence of periodicity 
associated with solar rotation and its harmonics in F10.7 flux and Ap indices and TEC (GPS and TIE-GCM). A 

Figure 9.  The wavelet coherence spectrum between Ap indices and Global Positioning System (GPS)-Total Electron Content (TEC) (left panel) time series and 
between Ap indices and Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM) TEC (right panel) time series is presented.
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certain coherency and phase relationship also exist between the two-time series. Because the data employed were 
365-day-running-averages and an accurate picture of annual and shorter periods could not be obtained, we do not 
analyze these periodicities and their coherency with the F10.7 flux/Ap time series.

Thus, it is likely from the coherence spectrum analysis that the 597-day, 730-day, 773-day and 930-day have a 
connection with the QBO of solar activity. Such mid-term periodicities in F10.7 flux are thought to be affine to the 
underlying intrinsic solar magnetism or solar dynamo operation (Egeland et al., 2015). The 597-day (∼1.7-year) 
have been reported in different quasi-continuous solar indices (e.g., Bazilevskaya et al., 2016; Li et al., 2010; 
Mendoza et al., 2006; Valdés-Galicia & Velasco, 2008).

5.  Conclusions
The present study uses GPS and TIE-GCM time series of the period 2009–2017 from land- and sea-locked 
low-latitude stations to investigate solar cycle trends, short- and mid-term oscillations in TEC. The main findings 
are summarized below.

1.	 �The F10.7 flux and TEC measurements of solar cycle-24 have revealed the presence of the well-known 
Gnevyshev gap and solar hysteresis. The seasons, local time, longitude and latitude all have an effect on the 
pattern of solar hysteresis. At sea-locked southern low-latitude stations, the second solar maximum is slightly 
delayed. Multiple modulations in the TEC solar cycle trend are visible at the northern EIA crest location. 
The values of the solar maxima are found to be greater at southern low-latitude stations than at northern 
low-latitude geomagnetic conjugate locations (Latitudinally). The values of solar maxima are higher along 
geomagnetic conjugate locations VRNS and DGAR than COCO and LHAZ (Longitudinally). In the case 
of GPS TEC, land-locked northern low-latitude stations exhibit clockwise hysteresis, whereas sea-locked 
stations exhibit mix-up hysteresis. TIE-GCM shows clockwise hysteresis at all stations.

2.	 �The GPS TEC time series did not yield the periodicities of the solar rotation and its first harmonic (27-day and 
13.5-day), but the TIE-GCM time series with sidebands of 28–30 -day did.

3.	 �The TIE-GCM model has been shown to be capable of simulating semi-annual oscillations (182-day) as 
well as annual oscillations (365  ±  25  days). Inconsistency in the hemispheric asymmetry of semi-annual 
and annual components in the TIE-GCM time series, on the other hand, indicates that the model still needs 
appropriate modifications.

4.	 �The 280-day inter-annual component has been observed in the F10.7 flux, and GPS TEC time series at north-
ern landlocked low-latitude stations. At southern sea-locked low-latitude stations, it did not appear in the GPS 
TEC time series. This is an intriguing finding that suggests the presence of a seasonal component in TEC 
at northern low-latitudes but not at southern low-latitudes. In contrast, a 280-day periodicity appears in the 
TIE-GCM time series at both northern and southern low-latitude stations. Thus, the appearance of 280-day 
period in TIE-GCM TEC at southern low-latitude stations contradicts the GPS TEC observations and facts. 
That may be because the TIE-GCM does not account for solar flux, hemispheric and regionally dependent 
behaviour of the seasonal anomaly, and thus, the TIE-GCM presumes the seasonal component in TEC at 
southern low-latitude. The modifications made in the updated TIE-GCM version 2.0 by imposing seasonally 
variable eddy diffusion still need to solve the chemistry involved in seasonal variations.

5.	 �The 120-day and 505-day periodicities have been observed significantly in GPS TEC at the northern EIA crest 
location of Varanasi and the southern EIA crest locations of DGAR and COCO Island, but did not appear 
at the northern off-crest location of LHAZ. It is intriguing to note that the 120- and 505-day periods do not 
appear in either the F10.7 flux or the Ap index, which the spectral coherence analysis has also verified. It 
follows that the 120- and 505-day intervals must be related to EIA electrodynamics. However, we do not have 
any supporting evidence; thus, this is an open research query to identify the cause of the absence of 505-day 
periods outside of the EIA region.

6.	 �The F10.7 flux and TEC (GPS and TIE-GCM) time series at all stations had QBO periodicities of 587-, 730-, 
and 773-day. However, the spectral peak at 930-day is obtained in the F10.7 flux and GPS TEC time series 
only, and it did not appear in the TIE-GCM time series at any of the stations. The wavelet coherence analysis 
has also been used to identify the cause of the QBO oscillation in TEC, which reveals that the TEC QBO oscil-
lations are highly coherent and in-phase with the QBO oscillation of the F10.7 flux. The wavelet coherence 
analysis revealed no clear correlation between TEC and QBO oscillations in geomagnetic activity. Neverthe-
less, in a few cases, some episodic and out-of-phase relationships exist. So, variations in solar activity are the 
primary source of ionospheric QBO oscillations.
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Data Availability Statement
TEC data of chosen IGS stations in this analysis were obtained using file transfer protocol (ftp) access through 
the link: http://garner.ucsd.edu. Access to TEC data products requires user registration at Crustal Dynamics 
Data Information System (CDDIS) website https://cddis.nasa.gov/archive/gnss/data. A registered user can 
download IGS TEC data through html or ftp access. Alternatively, the IGS TEC used in the present analysis is 
available at the link; http://www.igs.gnsswhu.cn/index.php/home/data_product/igs.html, which does not require 
user registration. The monthly TEC data files of TIE-GCM runs were published in the “Runs on Request: IT 
Simulations Results” interface on the CCMC website link: https://ccmc.gsfc.nasa.gov. To access TIE-GCM data 
used in the present work, follow the following instructions at link- https://ccmc.gsfc.nasa.gov; click “Simulation 
Services” > click “View ROR Simulation Results” > select “Ionosphere/Thermosphere Model Results”> select 
“TIE-GCM”> click “View Runs.” In the View Runs window user can find published TIE-GCM runs with run 
registration number sardar_rao_xxxxxx_IT_y. Here, x stands for the date of the model run, and y is the run 
number. The F10.7 flux data are accessible through the link: https://www.spaceweather.gc.ca/forecast-prevision/
solar-solaire/solarflux/sx-5-en.php and the Ap index data is available at the World Wide Data center (https://wdc.
kugi.kyoto-u.ac.jp/kp/index.html#LIST).
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