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Abstract

One of the more common methods of observation of variability of the Earth’s ionosphere is based on total electron con-
tent (TEC) estimated from ground-based dual-frequency Global Positioning System (GPS) receivers. Variations in solar,
geomagnetic and seismic activity cause depletions or enhancements in the ionospheric electron concentrations that can be
detected as disturbances. Some of these disturbances have wave-like characteristics, where frequency of oscillation can be
used to identify and classify the disturbance. In this study, the frequency of such periodic disturbances is estimated using
a fast Fourier transform (FFT)-based method, namely IONOLAB-FFT, in the spectral domain. IONOLAB-FFT, which was
initially developed to be used on slant TEC (STEC), is modified to be applied to TEC in the local zenith direction of the
receiver. The algorithm is tested using literature data on disturbances generated by a geomagnetic activity, a solar flare, a
medium-scale traveling ionospheric disturbance (MSTID), a large-scale TID (LSTID) and an earthquake. An accordance with
these known disturbances is observed in running IONOLAB-FFT, and the main frequencies and durations of the disturbances
are estimated. [IONOLAB-FFT method is applied to TEC computed from Turkish Permanent GPS Network (TNPGN-Active)
which lies in mid-latitude region to detect the any wave-like oscillations, sudden disturbances and other irregularities during
December, March, June and September months for 2010, 2011 and 2012 years. It is observed that a large number of the
estimated frequencies are accumulated between 0.08 and 0.14 MHz corresponding to periods of 3.5 h to 2 h. The significant
frequencies are grouped less than 0.28 MHz. A large number of the durations of the oscillations are between 425 and 550 min
in 2010, 300 and 550 min in 2011 and 350 and 400 min in 2012. The longest duration (around 800 min: 13.33 h) is observed
in December months, and the shortest duration (around 2 h) is observed in September months.
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1 Introduction ties, disturb the ionosphere and affect the level of ionization
(Davies and Baker 1965; Rishbeth and Garriott 1969; Banks
and Kockarts 1973; Fejer et al. 1979; Pi et al. 2000; Rish-

beth and Mendillo 2001; Kil et al. 2003; Lastovicka 2009;

The ionosphere is defined as the region of Earth’s upper atmo-
sphere between 50 and 1000 km. It has electrically charged

ions and electrons that affect the propagation of radio waves.
The charged particles are produced mainly by solar radi-
ation. Therefore, the properties of the ionosphere depend
significantly on the Sun and its activity. The ionization in the
ionosphere varies with in space and time. A 11-year solar
cycle and seasonal, monthly and diurnal periodicities are
the characteristics of the ionosphere. The other mechanism
and factors, such as solar, geomagnetic and seismic activi-
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Karatay et al. 2010, 2017; Sagir et al. 2015). Temporal and
spatial variations of the ionosphere generally depend on the
daily and annual rotations of the Earth and the distribution of
magnetic field lines. Ionosphere is quiet or disturbed depend-
ing on solar and geomagnetic activities. Various geomagnetic
and solar indices are utilized to discriminate the deviations
from the quiet conditions.

The most important parameter characterizing the iono-
sphere is the electron density. Total electron content (TEC),
which is defined as the line integral of the electron density on
ray path, is one of the commonly used observables of iono-
sphere. The unit of TEC is TECU, where 1 TECU is equal
to 101 electrons/m? (Arikan et al. 2003, 2007). Global Posi-
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tioning System (GPS) provides a cost-effective means for the
estimation of TEC with worldwide dual-frequency receivers
(Nayir et al. 2007; Sezen et al. 2013). The research on iono-
spheric TEC and its disturbances is also advantageous to
further improve and enhance the correction and modeling
performance of the ionospheric TEC closely related to pre-
cise satellite navigation and positioning (Klobuchar 1987,
Prieto-Cerdeira et al. 2014; Roma-Dollase et al. 2018; Yuan
et al. 2019).

For a long time, it has been observed that the variations
in solar, geomagnetic and seismic activity cause deviations
from the quiet conditions of the ionosphere. A large number
of studies in the literature suggest that geomagnetic storms,
solar activity, higher numbers of sunspot numbers (SSN)
and solar flares (SFs) can cause strong disturbances in the
electron density distribution and TEC (Rishbeth and Gar-
riott 1969; Bigiang et al. 2007; Vlasov et al. 2003; Zhang
and Xiao 2003). During a geomagnetic storm, space weather
becomes more vulnerable, and thus, some of the most severe
geomagnetic storms such as St Patrick Day storm (March
17-21, 2015), Halloween Storm (October 29-November 3)
and 24-26 October 2011 storm were observed. During high
SSN years and summer season, the ionization increases, and
as a result, the diurnal dynamic range of TEC can reach
40 TECU for mid-latitude regions. Solar flare events are
accepted to be one of the most intensive disturbers of the
space weather. During SFs, the Sun lets out high-energy
protons and electrons and increases the radiation in all wave-
lengths that affect the propagation of radio waves. A sudden
increase in the EUV emission during SFs causes a sudden
enhancement of the ionization that can last from minutes to
hours (Yasyukevich et al. 2018). Many studies on the iono-
spheric response have been related to the level of impact of
SFs (Afraimovich 2000; Sripathi et al. 2013; Tsurutani et al.
2005; Yasyukevich et al. 2018). In recent years, many stud-
ies such as Karatay et al. (2010), Pulinets et al. (2005, 2007)
and Liu et al. (2004) suggest that pre-, co- and post-seismic
activity may affect the ionospheric structure, such as electron
density, ion density, critical frequencies of the ionospheric
layers, ion temperatures and TEC.

Some of the ionospheric irregularities occur as wave-like
oscillations. In the literature, traveling ionospheric distur-
bances (TIDs) make up of a large group of such oscillatory,
propagating plasma irregularities (Hocke and Schlegel 1996;
Shiokawa et al. 2003; Katamzi et al. 2012). These distur-
bances can travel several thousand kilometers, and their
speeds can reach to some hundreds of kilometers per hour
(Rishbeth and Garriott 1969). TIDs are further grouped
into medium-scale TID (MSTID) (Fedorenko et al. 2011;
Husin et al. 2011; Hernandez-Pajares et al. 2006; Hocke and
Schlegel 1996) and large-scale TID (LSTID) (Francis 1973;
Nicolls et al. 2004; Ding et al. 2007). MSTIDs have hori-
zontal wavelengths of several hundred kilometers, horizontal
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velocities of 100 to 250 m/s and periods of 15 to 60 min
(Hocke and Schlegel 1996; Tsugawa et al. 2007; Hernandez-
Pajares et al. 2006). LSTIDs have periods of 1 to 3 h and
horizontal wavelengths of 1,000 to 4000 km, with velocities
above 300 m/s. They are considered to be a manifestation
of atmospheric gravity waves excited by sources in polar
regions of the northern and southern hemispheres (Tsugawa
et al. 2007; Ding et al. 2007). These kinds of disturbances
are among the major causes of positioning and navigational
errors in GPS-based autonomous systems (Krankowski et al.
2005; Stankov et al. 2009; Jakowski et al. 2012; Bergeot
etal. 2014; Efendi and Arikan 2017; Arikan and Yarici 2017).
Except some limited number studies such as IONOLAB-FFT
(Arikan and Yarici 2017), there is no systematic method that
can detect and classify the frequency and duration of wave-
like disturbances over TEC in the literature.

In the literature, ionospheric disturbances are typically
investigated with temporal derivative-based methods on total
electron content data estimated from Global Positioning Sys-
tem receivers (GPS-TEC) (Ho et al. 1998; Yuan and Ou
2001a, b; Zhang and Xiao 2003; Krankowski et al. 2006;
Cherniak et al. 2014; Efendi and Arikan 2017). In Hargreaves
(1992), the effects of TIDs are observed from electron con-
tent measurements from two geostationary satellites received
at a single ground station. A downward movement of gravity
waves and an average TID producing 1% variation in TEC
have been observed in this study. The magnetospheric electric
fields accompanied by TEC fluctuations can be as large as + 5
TECU and saturated 250 MHz scintillations in near-solar
maximum condition that may affect the GPS systems in the
mid-latitude region (Basu et al. 2001). The combination of
the equatorward movement of the ionospheric trough, along
with a storm time-enhanced density disturbance, can degrade
or even distort the navigation systems and ionospheric radio
wave propagation (Ledvina et al. 2002). The geomagnetic
storms are also a driver of TIDs as given in various studies in
the literature such as Davis (1971), Basu et al. (2001), Zhang
and Xiao (2003), Krankowski et al. (2005), Tsugawa et al.
(2007) and Ding et al. (2007, 2008).

The Fourier transform is a frequency domain represen-
tation of any periodic function defined in the time domain.
The discrete Fourier transform (DFT) is applied to divide a
signal into its frequency components over a period of time or
space. The fast Fourier transform (FFT) is an algorithm that
is widely used for calculating DFT.

In this study, an FFT algorithm, namely IONOLAB-FFT,
is used to estimate possible frequency components on TEC
and identify major components that consists of a significant
portion of the spectrum. IONOLAB-FFT is developed in
Arikan and Yarici (2017) for the first time, and it is applied
to slant TEC (STEC) values. STEC corresponds to the total
number of electrons on the ray path between a GPS satellite
and a ground-based receiver. The accuracy and reliability
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of IONOLAB-FFT are tested over a set of simulations that
model possible TID wave-like oscillations, characterized by
their amplitude, duration and frequency. In Arikan and Yarici
(2017), it is concluded that the frequency estimates of the
algorithm can be determined with an accuracy better than
80% for frequencies from 0.6 to 2.4 MHz and durations
longer than 10 min; for frequencies from 0.15 to 0.6 MHz
and durations longer than 50 min; and for frequencies higher
than 0.29 MHz and durations longer than 50 min.

In this study, IONOLAB-FFT is applied to GPS-TEC
instead of STEC for the first time in the literature. In the
first step, the data are smoothed and its trend is estimated
using a set of moving median filters. Then, the algorithm
of IONOLAB-FFT is applied similar to that in Arikan
and Yarici (2017). The application of the algorithm on
GPS-TEC is demonstrated on a quiet day as well as for dis-
turbances that result from an SF, a geomagnetic storm and
an earthquake, which are well documented in the literature.
Finally, IONOLAB-FFT is applied to selected stations from
a mid-latitude GPS network and most common frequency
components are tabulated. This study is one of the first appli-
cations of a systematic study in analysis of wave-like plasma
irregularities using spectral methods.

The modified [ONOLAB-FFT algorithm and the data used
in the study are presented in Sects. 2 and 3. The results are
given in Sect. 4.

2 IONOLAB-FFT algorithm for IONOLAB-TEC

In this study, IONOLAB-FFT algorithm, which is developed
for the wave-like disturbances on STEC in Arikan and Yarici
(2017), is modified to be applied to GPS-TEC data. In Arikan
and Yarici (2017), the trend structure was removed using a
least-squares fit to a linear function due to the fact that STEC
values are increasing and/or decreasing as the GPS satellites
move in orbit. The expected structural trend of TEC in local
time is very different from that of STEC values. Therefore,
the removal of trend structure for TEC is modified in this
study using two sliding window median filters.

The TEC data estimated for the day d can be expressed as
in Eq. 1 with receiver number u, total number of measure-
ments N and sample number 7 as:

Xud = [Xua() oo Xud (M) oo xea]" (D)

where | < n < N and T denote the transpose opera-
tor. Example of IONOLAB-TEC for anrk station located in
Ankara, Turkey, at 39.86 N and 32.85° E is given in Fig. la
as a solid black line for the geomagnetically quiet day on
March 09, 2010.

In the digital signal/image processing, a median filter
defined as a nonlinear digital filtering technique is often used

to remove or smooth the noise from an image or a signal. A
median filter is used to reduce the random noise when the
noise amplitude probability has large tails and periodic pat-
terns. The median filtering process is performed by a sliding
window over the signal or image (Ohki et al. 1995). TEC may
have irregularities or sudden data disruptions that may not be
directly related to disturbances in the ionosphere. Therefore,
the TEC data are filtered with a moving median filter of length
Ty as:

a,;q = medfilt(x .4, Tr1) @

In this study, T’ is chosen to be 12.5 min. This time dura-
tion is slightly smaller than the period of a MSTID (which
is reported to be 15 min to 1 h in the literature as given in
the previous section). At the same time, this value of Ty
corresponds to the wide-sense stationarity period of mid-
latitude ionosphere as discussed in Sayin et al. (2010) and
Erol and Arikan (2005). After 10 min, the ionosphere over
mid-latitudes starts to be de-correlated temporally depending
on the local zenith. Example of de-noised IONOLAB-TEC,
a,.q, for anrk station is given in Fig. 1a as a dashed red line.
For a quiet day, a,,.4 is very similar to x4 as given in Fig. 1a.

In order to estimate the trend of structure of de-noised
TEC, a second sliding window median filter of length Ty is
applied as follows:

Yyua= medﬁlt(au;d, sz) 3)

In this study, T f> is chosen to be 4.2 h (or 252 min) since it
is observed that this duration is appropriate in representation
of TEC trend for mid-latitude ionosphere. Also, as summa-
rized in the previous section, the period of LSTIDs is usually
less than 4 h. The estimated de-noised TEC trend, Y .4, is
givenindotted green linein Fig. 1a. AsshowninFig. 1a,Y .4
and x,.q differ from each other only for the periods where
TEC deviates from expected diurnal trend. These sections are
indicated between blued dashed vertical lines in Fig. la in
roman numerals of I (02.00-04.00 UT), II (10.00-15.00 UT)
and III (16.00-22.00 UT). The structure of GPS-TEC and
the method of trend estimation using a moving median filter
in this study are different from those in Arikan and Yarici
(2017) for application of IONOLAB-FFT on STEC data.

Using Egs. (2) and (3), the difference, Dy, ., is obtained
as:

Dy, =aua—Yuad 4)

Example of the difference, D, ,, is given in Fig. 1b. Pos-
sible disturbance periods are indicated with vertical dashed
blue lines in Fig. 1b.
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Fig. 1 For the geomagnetically quiet day on March 09, 2010, for GPS
station anrk: a IONOLAB-TEC (solid black line), denoised IONOLAB-
TEC, a4 (dashed red line) and estimated denoised TEC trend, Y .4
(dotted green line); b the difference Dy, ,; ¢ the temporal derivative,

The temporal derivative of the difference in Eq. 4 is com-
puted as:

(Dfu;d (l’l + 1) - Dfud (l’l))
At

Dua(n) = 5)
where At is 2.5 x 60 = 150 s in this study. Example of the
temporal derivative of the difference, D, 4, is given with
black solid line in Fig. 1c.

In order to reduce the seemingly insignificant variability,
the smoothed derivative of the difference, D;, ,, is computed
in Eq. 6 as given with dashed red line in Fig. lc. The smooth-
ing is achieved by a third moving median filter with filter
length, T'r3, as follows
Dtu;d = medﬁlt(Du;d, Tf3) (6)

T3 is chosen to be 7.5 min.

In this study, in order to determine the durations of the
disturbances, the maximum value of the absolute value,
|D u:d(n)|, is computed over all data in a day. Then, 1% of the
maximum value is accepted as the threshold. The index of
the first value over the threshold is used as the starting point
of the threshold. The value p,.4(1) is taken as the first value
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Dy.q, (solid black line) and the smoothed derivative of the difference,
D,,., (dashed red line). The spectrum,F 4, for the most dominant fre-
quency components for: d Section I; e Section II and f Section III, all
denoted in part a

of the new difference derivative, D, ., as given in Eq. (7).
The final value p,.q(N) of D, , is obtained for those com-
ponents where all absolute values are under the threshold,
where 1 < n, < N,. Atthis step, N, is the duration that has
D, values whose magnitude is within 1% of the maximum
absolute amplitude as follows:

@)

Dpu;d = [pu;d(l) o pM;d(nP) -+ Pud (NP)]T

where p,.4 denotes the durations for station # and day d. The
DFT algorithm is applied to D,,., as explained in the next
subsection.

2.1 Extraction of frequency components using
IONOLAB-FFT

The discrete Fourier transform of Dy, , is numerically com-
puted using the fast Fourier transform algorithm as:

F.q =FFT(D,,,) ®)
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and F 4 is represented as:

Fua = | Fua — Fua -2 ra( M
ud — ud Nu;d ce - Lud Nu;d e Lyd Nu;d

®

where Nt and n¢ denote the data length and sample number in
frequency domain (1 < ny < Ny), respectively. An example
of FFT of Dy, ,, Fy;q, is provided in Fig. 1d corresponding
to the FFT of Section I in Fig. la.

The steps of the algorithm to extract significant frequency
components of the possible disturbances are the same as those
of IONOLAB-FFT as detailed in Arikan and Yarici (2017).
In order to determine the most significant frequency compo-
nents of the smoothed derivative spectrum, [IONOLAB-FFT
algorithm in Arikan and Yarici (2017) introduces a loop to the
n1, loop counter in order to obtain the frequency components
that correspond to highest power. First, the largest magnitude
component of the data in frequency domain is obtained for
nr, = 1 as follows:

aya (1) = max (| Fuza) (10)

Finding the inflection point associated with the largest
magnitude, the main lobe is estimated. The estimated main
lobe can be defined as:

. . . T
Sua(l) = |:|Su;d(l)|e_1d>l cee |Su;d(ns)|e_j¢”‘ |Su;d(Ng)|e_]®Ns]

(11

where ® denotes the phase in the mainlobe, |S,.4(1) | denotes
the magnitude of the components in the main lobe and Ny
denotes the total sample size in the main lobe (1 < ny < Ny).
The components in the estimated main lobe can be defined
as sinusoidal functions as:

N
S C .
Sua(n: 1) = Z (’Su;d(ns)yw

ng=1

+ d>(ns)> (12)

Here, f denotes the main frequency in the main lobe.
By the sum of these sine functions, the percentage of the
normalized total difference is obtained with derivative data
in Eq. 5 as follows:

|Dua — Sua(D)],
|Du;d’2

eua(l) = x 100 (13)

Here, |.|5 denotes Ly norm or metric norm. At this step,
if e4.4(1) > 40%, the estimated main lobe is extracted from
spectrum in the frequency domain given in:

Gua(1) = |Fya| — Sua(1) (14)

Then, the algorithm returns to Eq. 10 using G4 and the
loop continues until e,y < 40%. The most significant fre-
quencies are organized as:

Fud = [FuaD .. fua®r) ... fua(ND)]" (15)

As given in Fig. 1d, the most significant frequency in Sec-
tion I of Fig. 1ais 0.83 MHz and the duration, p, is 67.5 min.
In Fig. le, the frequency spectrum for Section Il in Fig. 1ais
shown and the most significant frequency is 0.72 MHz, and
the duration is 225 min (3.75 h). In Fig. 1f, the frequency
spectrum for Section III in Fig. 1a is given with the most
significant frequency components of 0.092 MHz and dura-
tion 302.5 min (5.04 h). On a quiet day, some disturbances or
irregularities on TEC can be observed with lower frequencies
and periods longer than 1 h as shown in Fig. 1f.

The IONOLAB-FFT algorithm can be applied to full day
(24 h) TEC data or a section of TEC data where possible
disturbances are observed. When IONOLAB-FFT is applied
to the whole day TEC in Fig. 1a, the dominant frequency and
the duration are 0.54 MHz and 530 min (8.83 h), respectively.

As a summary, the general flow of the IONOLAB-FFT
algorithm can be summarized as follows:

1. De-noising and smoothing TEC and estimation of its
trend using moving median filters (Egs. 2 and 3);

2. Calculation of difference of TEC between its de-noised
and smoothed trend (Eq. 4);

3. Computation of the derivative of difference (Eq. 5);

4. Reducing the noise-like components with a third sliding
window median filter and computation of D,,, (Eq. 6);

5. Collection of the most significant variabilities on the
derivative of the difference in D, , and estimation of
the duration (p) of the disturbance (Eq. 7);

6. Computation of FFT of Dy, (Eq. 8);

7. Extraction of the largest amplitude components of the
spectrum and the main lobes associated with these largest
amplitudes one by one;

8. Summation of the sine functions that correspond to the
largest amplitude frequency components;

9. Termination of the loop when the difference between the
sum of sine functions and the original spectrum is within
a predetermined power limit.

In the next section, the data used in the study are given.
In Sect. 4, IONOLAB-FFT is first applied to the five spe-
cial ionospheric events and then it is applied to TEC data
obtained from stations located in Turkey for equinox and
solstice months of 2010-2012.
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Table 1 Dates of events, state of

the ionosphere and GPS stations Date

Event

Ionospheric state

GPS stations

that are used in application of

IONOLAB-FFT September 08, 2017

2 September 06, 2017
3 October 29, 2003

4 July 20, 2006

5 May 12, 2008

Geomagnetically disturbed

Sudden ionospheric disturbance due
to SF (Yasyukevich et al. 2018)

Large-scale traveling ionospheric
disturbance (Ding et al. 2007,
2008; Wang et al. 2007; Efendi
and Arikan 2017)

Medium-scale traveling ionospheric
disturbance (Tsugawa et al. 2007;
Efendi and Arikan 2017)

Seismic activity (Wenchuan
earthquake) (Jin et al. 2010; Hsiao
et al. 2010; Karatay et al. 2010;
Lin 2014; Jianyong et al. 2015;
Song et al. 2015)

anrk (39.86 N, 32.85 E)
djig (11.45 N, 42.84 E)

colb (39.77 N, 83.04 W)
pktn (38.85 N, 83.02 W)
coso (35.98 N, 117.81 W)

cev3 (28.29 N, 80.54 W)
pitl (40.36 N, 79.69 W)
kywl (24.43 N, 81.65 W)

kunm (24.88 N, 102.79 E)
lhaz (29.49 N, 91.104 E)
xian (34.88 N, 109.22 E)

3 Data

In this study, TEC estimated from dual-frequency GPS
receivers is used as the data source. TEC values are obtained
as IONOLAB-TEC. IONOLAB-TEC that is based on regu-
larized estimation (Reg-Est) algorithm is one of the most
robust, reliable and accurate algorithms in the literature
for estimation of GPS-TEC over a single station in the
local zenith direction from dual-frequency GPS receivers
as detailed in Arikan et al. (2003,2004). The state-of-the-
art Reg-Est algorithm fuses the vertical TEC values at
the same epoch but at different ionospheric pierce points
(IPPs) and estimates TEC at the local zenith direction of
the GPS receiver. The algorithm makes use of the satel-
lite ephemeris data obtained from ftp://cddis.gsfc.nasa.gov/
gps/products/ionex/. The necessary satellite differential code
biases (DCBs) are downloaded from the same site listed in
IONospheric EXchange (IONEX) files. The receiver DCBs
are calculated using IONOLAB-BIAS algorithm as given in
Arikan et al. (2008). As detailed in Arikan et al. (2008), the
ground truth in bias computation is obtained from Interna-
tional GNSS Service (IGS) products, namely Center for Orbit
Determination (CODE) Global Ionospheric Map (GIM) TEC
(for Europe) or Jet Propulsion Laboratory (JPL) GIM-TEC
(for the rest of the world). Although we realize there are
recent papers that investigate the intraday variability of iono-
sphere reflected into receiver DCB (including but not limited
to Sardon et al. 1994; Brunini et al. 2011; Coster et al. 2013;
Zhang et al. 2017; Zhang et al. 2018), our algorithm still
keeps the receiver DCB constant during a day similar to the
assumptions of IGS Ionospheric Analysis Centers. In Nayir
et al. (2007), it has been shown that IONOLAB-TEC esti-
mates using Reg-Est algorithm are robust to the choice of
IPP heights and the methods for ambiguity resolution in lev-
eled phase-delay computation.
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IONOLAB-TEC is also available as an online space
weather service at www.ionolab.org (Sezen et al. 2013). The
current version of IONOLAB-TEC can be used online or can
be downloaded from www.ionolab.org site as *.exe format
(Arikan et al. 2016). In this study, IONOLAB-STEC values
are estimated with 30-s time resolution and IONOLAB-TEC
values are obtained with 2.5-min time resolution (Arikan
et al. 2016).

In this study, initially, IONOLAB-FFT method is applied
to [IONOLAB-STEC and IONOLAB-TEC data from chosen
GPS stations given in Table 1 on known days of disturbance.
The events represent various days of solar, geomagnetic
and seismic activity. Geomagnetic storm days are obtained
from Pushkov Institute of Terrestrial Magnetism, lonosphere
and Radio Wave Propagation Russian Academy Sciences at
https://www.izmiran.ru/ionosphere/weather/storm/. The dis-
turbed and quiet day lists are obtained from Regional
Warning Center Warsaw (RWC). The Ionospheric Dispatch
Center in Europe (IDCE) disturbance lists are obtained from
Space Research Center of Poland (PAS) at ftp://ftp.cbk.
waw.pl/idce/quiet_days/q_d_days.ctl. Earthquake days are
obtained from https://earthquake.usgs.gov/earthquakes. The
geomagnetic indices Kp and Ap and sunspot number (SSN)
are obtained from Space Weather Prediction Center (ftp:/
ftp.swpc.noaa.gov/pub/indices/old_indices/). Hourly values
of Dst and AE indices are obtained from World Data Center
for Geomagnetism (https://wdc.kugi.kyoto-u.ac.jp/dstdir/).

September 08, 2017, indicated as Event 1 in Table 1, is a
geomagnetic storm day. On this disturbed day, Kp increased
to 8 and this state lasted for 3 h. Dst index had a minimum
value of — 124 nT. The maximum value of AE and Ap indices
was 1442 nT and 96, respectively. The quarterly daily values
of SSN on March 09, 2010, and September 09, 2017, are 0
and 89, respectively. Event 1 is also investigated over anrk
station.
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https://www.izmiran.ru/ionosphere/weather/storm/
ftp://ftp.cbk.waw.pl/idce/quiet_days/q_d_days.ctl
https://earthquake.usgs.gov/earthquakes
ftp://ftp.swpc.noaa.gov/pub/indices/old_indices/
https://wdc.kugi.kyoto-u.ac.jp/dstdir/
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Fig.2 X-ray irradiance in the range 0.1-0.8 nm as measured by GOES-
13 satellite at 1 AU on September 06, 2017 (https://satdat.ngdc.noaa.
gov/; Yasyukevich et al. 2018)

For the Event 2 in Table 1, a reported sudden ionospheric
disturbance (SID), which was observed as a result of sig-
nificant SFs on September 06, 2017 (Yasyukevich et al.
2018), is investigated to determine the frequency and the
duration of the disturbance. On September 06, 2017, the
Sun emitted two significant SFs. The first SF, classified
X2.2, peaked at 09.10 UT. The second one, X9.3, which
is the most intensive SF in the current solar cycle, peaked at
12.02 UT (https://www.spaceweatherlive.com/en/archive/20
17/09/06/xray; Yasyukevich et al. 2018). X-ray irradiance as
measured by GOES-13 satellite on September 06, 2017, is
given in Fig. 2 Event 2 is investigated over djig GPS station
located at (11.45° N, 42.84° E), Djibouti, Somalia.

The IONOLAB-FFT method is also applied to two types
of TID events, which are specifically mentioned in Ding
etal. (2007, 2008), Tsugawa et al. (2007), Wang et al. (2007)
and Efendi and Arikan (2017). Event 3 in Table 1 occurred
during the period of October 29 to November 01, 2003, Hal-
loween Storm. The geomagnetic storms were accompanied
by LSTIDs observed in North America on October 29, 2003,
between 06.20 and 08.00 UT (Ding et al. 2007, 2008; Wang
et al. 2007; Efendi and Arikan 2017). Maximum value of
Kp index was 9, and this value lasted for 3 h. During this
period, the Dst index had a minimum value of — 350 nT. The
maximum value of the AE index was 2241 nT and Ap index
was 189. This event was investigated over colb (39.77° N,
83.04° W), Columbus, USA; pktn (38.85° N, 83.02° W),
Piketon, USA; and coso at (35.98° N, 117.81° W), Coso
Junction, USA. These stations are chosen since they are also
used in a network, especially in Ding et al. (2007, 2008),
Wang et al. (2007) for the observation of LSTID.

Event 4 in Table 1 corresponds to an MSTID that was
observed on July 20, 2006, between 03.30 UT and 06.10
UT over North America (Tsugawa et al. 2007; Efendi and
Arikan 2017). On this day, Kp index was less than 1 for the
whole day. The lowest value of Dst index was about 1 nT. The
maximum value of AE index was 134 nT and Ap index was
3. The GPS stations that are used in investigation of Event 5
are ccv3 (28.29° N, 80.54° W), Cape Caneveral, USA; pitl
(40.36° N, 79.69° W), New Kensington, USA; and kywl
(24.43 N, 81.65 W), Key West, USA. These stations are also

mentioned in Tsugawa et al. (2007) for the observation of
reported MSTID.

For Event 5, Wenchuan (Sichuan) earthquake is chosen
to detect the frequency and the duration of the ionospheric
disturbance during a severe seismic activity. The Sichuan
earthquake occurred in China at 06.28 UT on May 12,
2008. The magnitude of the earthquake on Richter scale is
recorded as 7.9 Mw. The epicenter of earthquake is located at
geographical coordinates 31.02° N and 103.37° E. The avail-
able GPS stations surrounding the earthquake epicenter are
kunm (24.88 N, 102.79 E), Kunming, China, lhaz (29.49° N,
91.104° E), Lhasa, China, and xian (34.88° N, 109.22° E),
Lintong, China, as given in Table 1. On this day, the iono-
sphere can be considered as quiet. Maximum value of Kp
index is 2. The value of Ap index is 4. The effect of co-
and post-seismic activity of this earthquake is reported in Jin
et al. (2010), Jianyong et al. (2015), Song et al. (2015). The
effects of pre-, co- and post-seismic activity of Wenchuan
earthquake are presented in Karatay et al. (2010), Hsiao et al.
(2010) and Lin (2014).

Secondly, IONOLAB-FFT is applied to five selected sta-
tions of Turkish National Permanent GPS Network (TNPGN-
Active) (as given in Fig. 3) for December, March, June and
September months in low solar active year 2010 and moder-
ate solar active years 2011 and 2012 in order to observe the
variability of fundamental frequencies of GPS-TEC.

The position of anrk station located in Ankara, Turkey,
is given in Table 1 and Fig. 3. antl GPS station is located
in Antalya, Turkey, at (36.89° N, 30.67° E). ardh is Arda-
han, Turkey, at (41.11° N, 42.70° E). The GPS station band
is at Bandirma, Turkey (40.33° N, 28.00° E). The btmn sta-
tion, whose coordinates are (37.86° N, 41.15° E), is Batman,
Turkey. These stations are chosen as representatives to inves-
tigate the anisotropicity of ionosphere in terms of frequencies
and durations of wave-like disturbances. In the next section,
the IONOLAB-FFT is first applied to the events given in
Table 1 and then it is applied to TEC data obtained from sta-
tions in Fig. 3 for equinox and solstice months of 2010-2012.

4 Results and discussion

In the first part of this section, the IONOLAB-FFT algorithm
is applied to five ionospheric states given in Table 1. Septem-
ber 08, 2017, chosen for Event 1 is a geomagnetic storm day.
Three significant irregularities as oscillations are observed
between 01.00 UT and 06.00 UT; 07.00 UT and 18.00 UT;
and 19.00 UT and 23.00 UT over anrk on this day as given in
Fig. 4a, d, g, respectively, indicated by vertical blue dashed
lines, and the designated durations are depicted by blue hor-
izontal arrows. The smoothed derivatives of the difference,
D, (solid black line), and summed sine functions, S.q
(red solid line), are given in Fig. 4b, e, h for the related dis-
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Fig.3 Chosen TNPGN-Active stations are marked with blue dot

turbance intervals, respectively. The respective spectrums,
F .4, are provided in Fig. 4c, f, i. As can be observed from
Fig. 4c, f, i, the maximum value of the spectrum is estimated
as 0.11 MHz (period is 2.52 h), 0.075 MHz (period is 3.42 h)
and 0.48 MHz (period is 34.72 min or 0.578 h) between 01.00
and 06.00 UT, 07.00 and 18.00 UT and 19.00 and 23.00 UT,
respectively. The estimated durations of the irregularities are
185.5 min (or 3.09 h), 510 min (or 8.5 h) and 22.5 min,
respectively.

The frequency and the duration over 24 h for Event 2 are
0.081 MHz and 665 min (11.08 h), respectively. The scale of
the irregularities is significantly larger, and the durations are
longer as compared with those given for the geomagnetically
quiet day given in Fig. 1.

For Event 2, IONOLAB-FFT is applied to IONOLAB-
STEC during SFs. The variability on September 06, 2017,
is also investigated on IONOLAB-TEC. The station djig,
which is significantly affected by the SFs (Yasyukevich et al.
2018), is used to compute the frequency and the duration of
the disturbances. It is observed on the IONOLAB-STEC that
the frequency has the lower values when the most intensive
SE, peaked at 09.00 UT and 12.00 UT, occurred (Fig. 2).
The higher frequencies are observed in the less intensive
SF peaked at 16.00 UT. The durations of the disturbances
are longer than those of the less intensive SFs. In Fig. 5,
IONOLAB-STEC values are provided for all GPS satellites
(PRN) that were in view of djig during three SFs time inter-
vals. In Fig. 6a, IONOLAB-TEC is given for all day. The
time intervals between 09.00 UT and 12.00 UT, 12.00 UT
and 16.00 UT, and 16.00 UT and 20.00 UT are indicated with
vertical dashed blue lines. In Fig. 6b, the smoothed deriva-
tives of the difference, Dtu; .» and summed sine functions,
Su.4, are given between 09.00 UT and 20.00 UT. In Fig. 6c,
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the spectrums, F .4, are given for the same time intervals as
in Fig. 6b. The significant frequencies and the durations are
estimated as:

e Between 09.00and 12.00 UT; f = 0.092mHz, p = 117.5
min (1.95 h)

e Between 12.00and 16.00 UT; f = 0.069 mHz, p = 167.5
min (2.79 h)

e Between 16.00 and 20.00 UT; f = 0.48 mHz, p = 22.5
min (0.37 h)

e Between 09.00 and 20.00 UT; f = 0.15 mHz, p = 302.5
min (5.03 h)

It is observed that the frequencies computed over
IONOLAB-STEC vary between 0.1 and 0.5 MHz while the
frequencies computed over IONOLAB-TEC mostly have
values smaller than 0.15 MHz. The durations computed
over IONOLAB-STEC are longer than those computed for
IONOLAB-TEC.

For Event 3, the IONOLAB-FFT method is applied to a
well-recognized traveling ionospheric disturbance reported
in the literature. October 29, 2003, was the start day of
a major geomagnetic disturbance, namely the Halloween
Storm. The disturbance was observed as large-scale travel-
ing ionospheric disturbance over North America (Ding et al.
2007, 2008; Wang et al. 2007; Efendi and Arikan 2017).
Three GPS stations located in North America are used to
estimate the frequency and the duration during LSTID as
given in Table 1. The LSTID was observed at GPS stations
colb, pktn and coso between 06:20 and 08:00 UT in Ding
etal. (2007, 2008), Wang et al. (2007). The IONOLAB-TEC
values and the disturbance times for reported LSTIDs are
provided in Fig. 7a—c for colb, pktn and coso, respectively.
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Fig.4 Event 1, disturbed day, September 08, 2017, for station anrk:
a, d and g IONOLAB-TEC, the approximate disturbances are indi-
cated by vertical dashed blue lines and the horizontal blue arrow is
the approximate duration of irregularities; the smoothed derivatives of

For Event 4, an MSTID is detected over North Amer-
ica on July 20, 2006, between 03.30 UT and 06.10 UT as
reported in Tsugawa et al. 2007, Efendi and Arikan 2017).
There is no existing disturbance due to geomagnetic storm at
this day. The MSTID was observed at GPS stations ccv3, pitl
and kyw1 in Tsugawa et al. (2007). IONOLAB-TEC values
are provided for ccv3, pitl and kywl1 in Fig. 7d—f, respec-
tively. Besides the time intervals of the observed LSTID and
MSTID, the frequencies and durations are estimated for some
other time intervals when some irregularities are observed in
IONOLAB-TEC. The time intervals that are used to estimate
the frequency and the duration of the disturbances are indi-
cated with dashed blue lines and arrows.

In Tables 2 and 3, the frequencies and the durations corre-
sponding to the time intervals in Fig. 7 are provided for Events

the difference, D;,,, (black) and summed sine functions, S,.4, (red)
between b 01.00 UT and 06.00 UT, e 07.00 UT and 18.00 UT, and
h 19.00 UT and 23.00 UT; the spectrums, F .4, between ¢ 01.00 UT
and 06.00 UT, f 07.00 UT and 18.00 UT, and i 19.00 UT and 23.00 UT

3 and 4, respectively. The frequencies and durations of the
most significant disturbance are given as bold for the distur-
bances time intervals in Tables 2 and 3. As can be observed
from Table 2, the frequencies during the LSTID (between
06.20 and 08.00 UT) are estimated as 0.16 MHz, 0.16 MHz
and 0.83 MHz for colb, pktn and coso, respectively. The
shortest period for LSTID is 20 min. The minimum dura-
tion is 90 min during LSTID. The most significant frequency
component is lower than 1.0 MHz. In Table 2, between 01.00
and 08.00 UT, both colb and pktn stations observed the same
frequency and duration of the disturbance. Between 14.00
and 20.00 UT, this time, pktn and coso had similar main
frequency and duration values.

All of the frequency values during the reported MSTID
time (between 03.30 and 06.10 UT) are higher than 1.0 MHz
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Fig.5 Event 2, for station djig, IONOLAB-STEC during the time intervals of the peaks of SFs for: a PRN 26, b PRN 14, ¢ PRN 22, d PRN 10,
e PRN 27, f PRN 7, g PRN 18, h PRN 32 and i PRN 3. The most significant frequencies, f, and the durations, p, are given on the subplots

Table 2 Time intervals, frequencies and durations of the disturbances on October 29, 2003, Event 3, LSTID (‘- indicates no recorded GPS data at

the station)

Station  Time intervals (UT)
01.00-06.20 06.20-08.00 08.00-14.00 14.00-20.00 20.00-23.59 00.00-23.59
f(mHz)  p(min) f(mHz) p(min) f(mHz) p@min) f(@mHz) p(@min) f(@mHz) p(min) f(@mHz) p (min)
colb 0.60 170 0.16 92.5 0.85 120 - - - - 0.59 330
pktn 0.60 168 0.16 90 0.69 165 0.43 187.5 0.12 47.5 0.31 467.5
C0s0 1.07 65 0.83 92.5 0.092 230 0.46 127.5 0.40 17.5 0.83 92.5

as given in Table 3. According to Table 3, the longest period
between 03.30 and 06.10 UT is 35 min. The durations dur-
ing the reported MSTID in Table 3 are computed as 35 min,
27.5 min and 30 min for ccv3, pitl and kywl, respec-
tively. When Tables 2 and 3 are considered, the scale of
LSTID is observed to be significantly larger and the dura-
tions are longer as compared with those given for MSTID.
The basis for the larger scale for LSTID than MSTID is
the large-amplitude variations in TEC. During the LSTID,
IONOLAB-TEC has reached up 150 TECU (Fig. 7c). The
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difference between the minimum and the maximum values
of IONOLAB-TEC can reach up 142.2 TECU. IONOLAB-
TEC has reached up 20 TECU during MSTID (Fig. 7f). The
difference between the minimum and the maximum values of
IONOLAB-TEC is 10.6 TECU. The dynamic level of TEC is
very small during MSTID. Therefore, any wave-like or sud-
den disturbance, or an irregularity on TEC can be observed
with higher frequencies and periods longer than 15 min. Dur-
ing LSTID, the dynamic level of TEC starts to increase with
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Fig.6 Event 2, for station djig: a IONOLAB-TEC on September 06,
2017, b the smoothed derivatives of the difference, Dy, (black) and
summed sine functions, S,.4, (red) between 09.00 UT and 20.00 UT,

c the spectrums, F,.4, between 09.00 UT and 20.00 UT. The dashed
blue lines indicate the occurrence durations of the Solar Flares

Table 3 Time intervals,

frequencies and durations of the Station  Time intervals (UT)

disturbances on July 20, 2006,

01.00-03.30 03.30-06.10 06.10-13.00 13.00-23.59 00.00-23.59
Event 45, MSTID
f p (min) f p (min) f p (min) f p (min) f p (min)
(mHz) (mHz) (mHz) (mHz) (mHz)
cev3 1.86 10 1.35 35 0.89 217.5 0.78 150 0.89 362.5
pitl 1.46 35 1.04 27.5 0.48 87.5 0.30 300 0.40 412.5
kywl 1.86 12 1.56 30 0.89 2217.5 0.91 207.5 0.78 450

lower frequencies and longer periods for any wave-like or
sudden disturbances.

To investigate a possible wave-like disturbance during a
seismic activity, Wenchuan (Sichuan) China earthquake is
used as Event 5 given in Table 1. The earthquake occurred
on May 12,2008, at 06.28 UT. The location of the earthquake
and the surrounding available GPS stations to the epicenter
that are used for the Event 5 are given in Table 1. The effect
of the earthquake has been easily observed on IONOLAB-
STEC for the same PRNs for stations lhaz, xain and kunm
after the earthquake. In Fig. 8a, c, e, IONOLAB-STEC values
are given for PRN 14 for lhaz, xain and kunm, respectively.
The earthquake time is demonstrated with a red arrow in the

figures. On May 12, 2008, the frequencies and the durations
for lhaz, xian and kunm and PRN 14 are estimated as follows:

e f=0.94 mHz, p = 197.5 min (3.29 h)
e f=0.27mHz, p = 177.5 min (2.95 h)
e f=0.19 mHz, p = 170.5 min (2.84 h)

May 12, 2008, is a geomagnetically quiet day. Maximum
value of Kp index is 2 and Ap is 4. For Event 5, IONOLAB-
TEC for May 12, 2008, is investigated into three time
intervals. IONOLAB-TEC values are provided in Fig. 8b, d, f
for lhaz, xian and kunm, respectively. The frequencies and the
durations are computed for the pre-seismic, co-seismic and
the post-seismic activity. These time intervals are indicated
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July 20, 2006

Table 4 Time intervals,

frequencies and durations of the Station Time intervals (UT)

disturbances during the 00.00-06.28 06.28-14.00 14.00-23.59 00.00-23.59

earthquake on May 12, 2008,

Event 5 f (mHz) p (min) f (mHz) p (min) f (mHz) p (min) f (mHz) p (min)
lhaz 1.26 25 0.075 315 0.64 195 0.22 490
Xian 0.12 122.5 0.25 327.5 0.30 397.5 0.25 840
kunm 0.95 47.5 0.22 272.5 0.16 280 0.29 595

with dashed blue lines and double arrows in Fig. 8b, d, f. No
frequency higher than 0.22 MHz is observed after the earth-
quake occurrence time between 06.28 and 14.00 UT. The
minimum period in this time interval is 1 h 6 min. In Table 4,
the estimated frequencies and durations of the disturbances
are given for the periods 00.00-06.28 UT, 06.28-14.00 UT,
14.00-23.59 UT and for 24-h period.

In the second part of this section, IONOLAB-FFT is
applied to five selected stations of TNPGN-Active, which
lies in mid-latitude region between 36° and 42° N and 26°
E and 45° E. The wave-like disturbances that are observed
over IONOLAB-TEC are investigated for December (winter
solstice), March (spring equinox), June (summer solstice)
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and September (autumn equinox) months in 2010 (low solar
activity), 2011 and 2012 (moderate solar activity) in order
to investigate the variability of fundamental frequencies of
detrended IONOLAB-TEC. IONOLAB-TEC is computed
with 2.5 min time resolution as discussed in Sect. 3.

In the low solar activity year, the dynamic level of TEC
is very small. Although there is no geomagnetic storm in
the region, any wave-like or sudden disturbance, or an irreg-
ularity on TEC can be observed with lower frequencies
and periods longer than 1 h. Especially on near-solar min-
imum years, it is sensitive to oscillations or variabilities
even up to 3 TECU. For the relatively geomagnetically quiet
years, the TEC values are comparatively low, and thus, even
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small-scale and lower-frequency disturbances with ampli-
tudes up to 3 TECU can be detected as disturbances. As solar
activity increases, TEC values also increase which enlarge
the dynamic range during the diurnal cycle. In near-solar
maximum years, lower frequencies and longer periods are
indicators of severe disturbances, sudden enhancements or
depletions due to possible geomagnetic storms or substorms
in mid-latitude ionosphere. In Fig. 9a—c, IONOLAB-TEC
values are provided for station band on September 25, 2010,
2011 and 2012, respectively. All 3 days are geomagnetically
quiet days. Maximum values of Kp and Ap indices are 3 and
4, respectively. The frequency and the duration for 2010, low
solar activity year, are 0.25 MHz and 445 min between 00.00
and 23.59 UT. The period of the disturbance is more than 1 h.
With increasing solar activity after autumn equinox of 2011,
the main frequency is greater than 0.50 MHz. The periods of
the disturbances in moderate solar active years are less than
1 h. The durations of the disturbances between 00.00 and
23.59 UT are shorter than 200 min.

In order to observe the spatiotemporal distribution of
wave-like disturbances or irregularities on TEC, IONOLAB-

FFT method is applied to four special months and five
selected stations in TNPGN-Active. For all stations and for
all days during the chosen months of March, June, Septem-
ber and December, IONOLAB-FFT is applied to GPS-TEC
for a whole day duration. All significant durations and fre-
quencies are estimated according to the algorithm provided in
Sect. 2. The estimated significant frequencies and durations
are grouped into area-normalized bins, and experimental
probability density functions (EPDFs) are obtained.

In Figs. 10a, 11a, 12a, the estimated most significant fre-
quencies are presented as an EPDF for all 4 months and
five stations and for 2010, 2011 and 2012, respectively. It is
observed that the highest accumulation in Fig. 10a is around
0.08 MHz to 0.14 MHz corresponding to periods of 3.5 h
to 2 h. In Fig. 11a, in 2011, the highest frequency proba-
bility occurs for 0.08 MHz to 0.1 MHz (3.5 h to 2.8 h). In
2012, in Fig. 12a, although the same range has the high-
est probability, the frequencies up to 0.14 MHz are also
observed. In 2010 and 2012, the highest observed probable
frequencies are 0.76 MHz corresponding to periods of 22 min
(0.36 h). In 2011, the highest probability frequency bin range
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is 0.88 MHz (19 min or 0.32 h). 0.27 to 0.3 MHz corresponds
to a period of 1 h. 0.28 MHz has a period of 59.5 min. In all
years, it is observed that most frequencies are grouped less
than 0.28 MHz (or periods larger than 1 h). The smallest
frequencies are grouped around 0.02 MHz (period of about
14 h). The shortest periods are about 20 min. In March, June
and September of 2010 (Fig. 10b—d, respectively), the most
dominant frequency is 0.1 MHz, whereas in December 2010
(Fig. le), this range extends from 0.06 to 0.12 MHz. In 2011,
in Fig. 11b—d, we observe similar peaks around 0.1 MHz, yet
again, in December 2011, in Fig. 11e, the most common fre-
quency is shifted to 0.075 MHz. In 2012, in all months given
in Fig. 12b—e, the highest count is between 0.09 to 0.12 MHz
(corresponding to periods of 3 h to 2.3 h). The highest fre-
quencies are observed in December months of 2010, 2011
and 2012 along with September 2011.

In Figs. 13, 14 and 15, the EPDFs of all estimated dura-
tions are given for 2010, 2011 and 2012, respectively. As can
be observed from the figures, a large number of the dura-
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tions are between 425 and 550 min in 2010 (Fig. 13a), 300
and 550 min in 2011 (Fig. 14a), and 350 and 400 min in
2012 (Fig. 15a). The most significant durations are distinctly
between 400 min (6.66 h) and 600 min (10 h) in March 2010
in Fig. 13b. In March 2011 (Fig. 14b), there is a more spread
significant duration range from 300 min (5 h) to 450 min
(7.5 h), whereas in March 2012 (Fig. 15b), the most signif-
icant duration range is very narrow, namely, from 350 min
(5.83 h) to 400 min (6.66 h). In June 2010 (Fig. 13c), the
significant frequency range is from 6.25 to 10 h. In June
2011 (Fig. 14c) and June 2012 (Fig. 15c), the same range is
from 5 to 8.33 h. In September 2010 (Fig. 13d), the signif-
icant durations range from 7 to 9.1 h. For September 2011
(Fig. 14d), the same range is from 5 h to 6.66 h. A very wide
range of significant durations (1.66 h to 6.66 h) is observed in
Fig. 15d for September 2012. In December 2010 (Fig. 13e),
the most significant durations are spread from 6.66 to 10.41 h.
In December 2011 (Fig. 14e), the significant duration range
is from 5 to 8.33 h, whereas in December 2012 in Fig. 15e,
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Fig. 10 The EPDFs of the estimated frequencies for: a March, June, September, December; b March; ¢ June; d September; e December in 2010

this range is shortened to 7.5 h to 8.33 h. The longest duration
is observed in March and December 2010, June and Septem-
ber 2011, and December 2012 around 800 min (13.33 h). The
shortest duration (around 2 h) is observed in June, Septem-
ber, December of 2011 and June and September of 2012. In
2010, we have not observed any duration shorter than 200 min
(3.33 h).

In Fig. 16, EPDFs of estimated frequencies with respect
to five stations are given for the 4 months in 2010, 2011 and
2012. In the literature (Rishbeth et al. 2000; Azpilicueta et al.
2011; Gowtam and Ram 2017), if the global mean TEC val-
ues are larger for equinoxes than for solstices, it is called as
semi-annual anomaly. During the semi-annual anomaly, an
annual asymmetry that causes larger mean global TEC during

the December than the June solstice is observed (far larger
than the 7% that would be expected from the change on the
Sun—Earth relative distance). It is observed that maximum
counts of frequencies accumulate around 0.1 MHz in spring
equinox (Fig. 16a) while it accumulates around 0.25 MHz in
winter solstice (Fig. 16d) for low solar active year 2010. It
corresponds to the periods 2 h 46 min in spring equinox and
1 h 7 min in winter solstice. With increasing solar activity,
in Fig. 161, the maximum counts of frequencies accumulate
around 0.1 MHz in the winter solstice and the periods of
the disturbances increase. When Fig. 16a, e, i is compared
with Fig. 16d, h, 1, it is observed that maximum frequency
range is up to 0.55 MHz in spring equinoxes while it is up
to 0.9 MHz in winter solstices. When the solstices are com-
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pared with each other, it is observed that the frequencies in
December months vary in a narrower range than those in
June solstices. This range is between 0.1 and 0.25 MHz for
December and 0.05 MHz and 0.3 MHz for June. December
estimated frequency values are significantly lower than June.
Thus, the periods of the disturbances are greater in December
solstices.

Another interesting feature that can be observed from
Fig. 16 is that there is an anisotropy in the North—South and
East—West directions for the March equinox and the Decem-
ber solstice and in the North—South and West—East directions
for the September equinox and the June solstice. The highest
accumulation in Fig. 16 is around 0.1 MHz corresponding
period of 2 h 46 min independent of latitude and longitude

@ Springer

for all 3 years. As can be observed from Fig. 16, there is a
prominent TEC gradient in the North—South direction. The
counts of the frequency lower than 0.15 MHz for the GPS
stations band and ardh in the northern part of Turkey are more
than that for the GPS stations antl and btmn in the southern. It
shows the fact that there exists a strong relation between the
ionospheric disturbances and the latitude. Also, a prominent
TEC gradient can be observed in the longitudinal direction.
The stations band and antl in the west of Turkey have too
much counts of the frequencies lower than 0.15 MHz.

In Fig. 17, EPDFs of the estimated durations with respect
to the five stations are given for the 4 months in 2010, 2011
and 2012. As can be observed from Fig. 17, the estimated
durations are predominantly accumulated around 300 min
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and 400 min. In solar quiet year 2010, the durations of the dis-
turbances last up to 900 min for all 4 months. In more active
years 2010 and 2011, the durations are up to 800 min. For
equinoxes (Fig. 17a, c, e, g, 1, k), a large number of the dura-
tions are between 300 and 400 min while they are between
400 and 500 min for the solstices (Fig. 17b, d, f, h, j, I). With
the increasing solar activity, disturbance durations decrease.
During solar active year, the patterns are very different and
they have an anisotropy. The spatial variability of the dura-
tions is larger for the north than for those in the south. This
variability can be clearly observed from Fig. 17a, b. In both
sub-figures, the large counts of the durations are observed for
the stations band and anrk. In the west, the variability during
the winter solstice is larger than those of the summer solstice.

The results show that the disturbance duration increases with
increasing latitude.

The results in this study indicate that mid-latitude iono-
sphere can exhibit a wide range of variability as a complicated
function of SSN, geomagnetic and seismic activity, seasonal
and meteorological changes. The geographical location of
observation also seems to be factor. Both short-duration
and small-amplitude disturbances, and long-duration and
large-amplitude disturbances can be observed and classi-
fied using IONOLAB-FFT method. In the future studies,
IONOLAB-FFT algorithm will be used as part of ionospheric
monitoring systems in Turkey for detection of anomalies
and disturbances that may cause problems in positioning and
communication systems.
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5 Conclusion

In this study, in the first part, IONOLAB-FFT is modified
to be applied to GPS-TEC data which is mentioned in the
literature for various kinds of disturbances generated by a
geomagnetic activity, a sudden ionospheric disturbance asso-
ciated with a solar flare, a large-scale traveling ionospheric
disturbance, a medium-scale traveling ionospheric distur-
bance and an earthquake. The frequencies and the durations
of these different types of ionospheric disturbances are esti-
mated using IONOLAB-FFT on the disturbance periods.
During geomagnetically active period, the maximum value
of the frequency is 0.48 MHz and it is lower than that for
a quiet day. The maximum period of the disturbance in the
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geomagnetically disturbed day is approximately 3 h, and it
corresponds to the duration described for LSTIDs in the lit-
erature. During a strong solar flare, the maximum frequency
is observed in the less intensive flare and the value is lower
than 0.5 MHz. The maximum period of the disturbance is
4 h, and it is observed during the most intensive flare on that
day. When two events LSTID and MSTID are investigated,
it is observed that maximum values of the frequencies are
0.83 MHz for LSTID and 1.56 MHz for MSTID. The peri-
ods of the disturbances are in accordance with those given
for LSTID and MSTID in the literature. For the chosen earth-
quake, although the stations available for the study are distant
to the epicenter, the effect of co- and post-seismic variability
can still be observed. The maximum value of the frequency
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for the stations with different distances to the epicenter is
lower than 1.0 MHz during pre-, co- and post seismic activ-
ity on the earthquake day. The periods of the disturbances
for three stations closely away from the earthquake center
are 3h 42 min, 1 h 7 min and 1 h 16 min after the earthquake
time.

In the second part of the study, IONOLAB-FFT is applied
to IONOLAB-TEC computed from TNPGN-Active located
in mid-latitude region between 36° and 42° N and 26° E
and 45° E in order to detect the any wave-like or sudden
disturbance or irregularities during winter solstice, spring
equinox, summer solstice and autumn equinox months in low

solar active year 2010 and moderate solar active years 2011
and 2012. It is observed that a large number of the estimated
frequencies are accumulated 0.08 MHz to 0.14 MHz in solar
quiet year 2010 corresponding to periods of 3.5 h to 2 h. In
2011, the highest frequency count value is between 0.08 and
0.1 MHz corresponding to periods of 3.5 h to 2.8 h. In 2012,
frequencies up to 0.14 MHz are also observed as dominant. In
all years, it is observed that the most frequencies are grouped
less than 0.28 MHz (or periods larger than 1 h). The smallest
frequencies are grouped around 0.02 MHz (period of about
14 h). The shortest periods are about 20 min.
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A large number of the durations are between 425 and
550 min in 2010; between 300 and 550 min in 2011; and
between 350 and 400 min in 2012. The longest duration is
observed in March and December 2010, June and Septem-
ber 2011 and December 2012 around 800 min (13.33 h). The
shortest duration (around 2 h) is observed in June, September,
December of 2011 and June and September of 2012.
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Based on these results, the IONOLAB-FFT algorithm can
be used to estimate and characterize the frequency and the
duration of wave-like oscillations. The results of this study
will be used in modeling the statistical nature of mid-latitude
ionosphere and possible classification of disturbances effec-
tive on positioning errors for ground-based augmentation
systems.
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