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ABSTRACT

The ionosphere is exposed to forcing from below due to gravitational, geomagnetic and seismic activities,
and above due to solar wind. These forces cause some medium and large scale irregularities and dis-
turbances into the upper atmosphere and ionosphere. Some of these disturbances occur in the form of
wave-like oscillations in the ionosphere which propagate at a certain frequency, duration and velocity.
These disturbances can be detected by monitoring the ionosphere using Total Electron Content obtained
from Global Positioning System (GPS-TEC). In this study, the temporal analysis of these disturbances due
to the seasonal variability is carried out for a mid-latitude GPS network using Ionosphere Research
Laboratory TEC (IONOLAB-TEC) over Turkey. The IONOLAB Fast Fourier Transform (FFT) algorithm is
applied to GPS-TEC obtained from nine Turkish National Permanent GPS Network (TNPGN) active sta-
tions in Turkey for December (winter solstice), March (spring equinox), June (summer solstice),
September (autumn equinox) months in 2010 (low solar activity), 2011 and 2012 (moderate solar ac-
tivity). It is observed that the highest frequency accumulates around 0.2 mHz at morning and afternoon
hours while it accumulates around 0.1 mHz at noon and night hours. The frequency increases from solar
quiet year 2010 to solar quiet active year 2012. In all years, it is observed that most frequencies are
grouped at higher frequencies for the equinox months. The lower frequencies are observed for the
solstice months for all time intervals. The largest numbers of the durations accumulate around 100 min
(1.66 h) for morning hours, 200 min (3.33 h) for noon hours, 200 min (3.33 h) for afternoon hours and
150 min (2.5 h) for night hours. After sunrise and sunset, the durations of the disturbances are shorter
than those observed for noon and afternoon times. The duration shortens from solar quiet year 2010 to
solar quiet active year 2012. The durations for equinox months are shorter than those for the solstice

months.
© 2020 Institute of Seismology, China Earthquake Administration, etc. Production and hosting by Elsevier
B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

ionosphere is the region of the atmosphere where significant
numbers of free electrons and ions are present. The ionosphere

The communication systems can be enhanced by investigating
the variability in the ionosphere. The ionosphere has an essential
role in the radio and the satellite communications, High-Frequency
(HF) propagation, plasma physics, and space air studies. The
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refracts, reflects or absorbs electromagnetic waves according to
their frequencies. While the Short-Wave signals up to 50 MHz are
reflected from the ionosphere, the signals above this frequency can
pass through the ionosphere by refraction, which is a function of
the frequency. The refractive index is a function of the electron
density distribution, which is the most important parameter of the
ionosphere and plasma frequency of the ionospheric layers. Delay
errors in the satellite communication systems and the frequencies
that can be used in the Short-Wave communications depend on the
ionospheric electron density and its space-time distribution.
Another important ionospheric parameter is the Total Electron
Content (TEC) that can be used to investigate the ionospheric
variability. TEC is defined as the total number of free electrons along
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a tube of 1 m? cross section. The unit is TECU where 1 TECU = 10'¢
electron/m®. When TEC is estimated between a dual frequency
Global Positioning System (GPS) receiver and satellite, it is called as
Slant TEC (STEC). For the cases where STEC is converted or mapped
to the vertical direction at the Ionospheric Pierce Point (IPP), is
called Vertical TEC (VTEC) [1-3]. TEC is modified by the solar,
geomagnetic and seismic activities and the atmospheric gravity
waves. Similar to the other major parameters of ionosphere, the
TEC depends on local time, latitude, longitude, seasons. TEC effects
the propagation of the radio waves in the ionosphere. The total
delay suffered by a radio wave propagating through the ionosphere
depends both on the frequency of the radio wave and the TEC be-
tween the transmitter and the receiver [4]. A worldwide network of
receivers of Global Positioning System (GPS) satellites can provide
TEC estimates that is globally distributed and continuously avail-
able [5].

Many of the signal problems in the satellite communication
systems are due to the ionospheric disturbances and irregularities
[6—8]. During the strong Solar Flares (SFs), the ionosphere is
exposed to long-time solar storm and ionospheric radio waves
scintillations. In these periods, flares can increase the TEC of the
subsolar ionosphere by up to 30% in about 5 min. lonospheric
electron density increases and reaches its peak during the high
level of solar activity and the period of strongest solar fares
occurrence [9,10]. When a strong geomagnetic storm occurs, the
ionosphere strongly disturbs. Storms increase TEC in the iono-
sphere quickly and disrupts structure of the ionosphere. By
comparing the quite periods of the ionosphere with the storm-
time, it can be observed that the VTEC decreases by 50% and the
amount of depletion is larger in the high latitude region than that
in the low latitude region [11]. In Chen et al. [12], it has been
observed that the effect of weaker geomagnetic activity on Global
Electron Content variations on shorter-term time scales was sig-
nificant during 2007—2009 even under relatively quiet geomag-
netic activity condition; daily mean Global Electron Content was
positively correlated with geomagnetic activity. Besides solar and
geomagnetic activities, for a long time it has been known that the
ionosphere is affected from the earthquakes that penetrates into
the ionosphere to modify its dynamics and the distribution of
electron density [13—15]. Some anomalous ionospheric variations,
including those of TEC, may occur a few days or hours before
strong earthquakes. The pre-, co- and post-seismic ionospheric
disturbances could be monitored by ionospheric TEC from dense
Global Positioning System (GPS) network sites near the epicenter
[14,16,17].

As accepted in the literature, the minor spatio-temporal dis-
turbances display themselves as wave-like oscillations with
certain frequency, duration and amplitude [18—20]. These wave-
like oscillations are called as Travelling lonospheric Distur-
bances (TIDs) that they have an important role in the dynamics of
the ionosphere. These disturbances can be observed to travel
several thousand kilometers and their speeds can reach to some
hundreds of kilometers in an hour. According to their velocities
and periods, TIDs are generally categorized into two groups:
Medium Scale TIDs (MSTIDs) have horizontal wavelengths of
several hundred kilometers, horizontal velocities of 100—250 m/s,
and periods of 15—60 min [18,21—23]. Large Scale TIDs (LSTIDs)
have a period of 1-3 h and horizontal wavelengths of 1000 to
4000 km, with velocities faster than 300 m/s [24—26]. They are
thought to be a manifestation of atmospheric gravity waves
excited by sources in polar regions of the northern and southern
hemispheres. Gravity waves, auroral or geomagnetic activity at
high latitudes have considerable responsibility of the existing of
LSTIDs [26]. The source of MSTIDs is thought to be due to acoustic
gravity waves [27].

Typically, wave-like ionospheric disturbances/irregularities can
be defined by wave length, velocity, frequency and duration pa-
rameters. In the literature, many studies have been performed to
detect and classify the frequency and duration of disturbances over
TEC [21,22,28,29]. In some of the studies in the literature, one of the
way for the investigation of the ionospheric disturbances in the
spectral domain is manipulated with estimating the frequency and
the duration of the disturbances [25,29—33]. In this study, a spec-
tral algorithm, namely, IONOLAB-FFT is developed for estimation of
the frequency and the duration of the ionospheric disturbances
over GPS-TEC data. IONOLAB-FFT is based on Fast Fourier Transform
(FFT) of detrended Rate of TEC (ROT). The term Fourier Transform is
a frequency domain representation of any periodic function defined
in a time domain. Discrete Fourier Transform (DFT) is applied to
determine the frequency information of a discrete sequence in
finite time. Fast Fourier Transform (FFT) is a commonly used DFT
calculation algorithm. IONOLAB-FFT is first developed in Arikan and
Yarici [29] for the first time and it is applied to GPS-STEC values. In
this study, IONOLAB-FFT algorithm applied to GPS-TEC data from
various mid-latitude GPS stations over Turkey for detection of
frequency and duration of the ionospheric disturbances.

IONOLAB-FFT method is given in Section 2. The data used in the
study and the results are presented in Section 3. The paper ends
with Conclusion Section.

2. The IONOLAB-FFT method

The TEC data calculated for the day d and station u can be
defined as in Equation (1) with total number of samples N, sample
number n and transpose operator T:

X = [Xua(D)oonen. Xug()vven Xua(N)]" 1)

where 1 <n < N.In order to smooth the data of smaller scale high
frequency oscillations or sudden disruptions, a sliding window
median filter of length Ty; is applied to x,,4:

@ = medfilt (X4, Ty ) (2)

Here, T¢; is chosen to be 12.5 min. A second sliding window
median filter of length Ty, is applied to estimate the trend structure
of TEC as follow:

Y oq = medfilt (ayq, Trp) (3)

For this study, Ty, is chosen to be 4.2 h. Using Equations (1) and
(3), the difference, Dy, ,, is obtained as follow:

Dfu.d =4 — Yu;d (4)

The temporal derivative of the difference vector D4 is
computed as follow:

Dfu:d(n +1)— Dy . (n)
( At ) (5)

Here, A t is 150 s. In order to reduce the seemingly insignificant
variability, a third sliding window median filter, with window
length 3 is applied with filter length, Ty, as follows:

Dyq(n)=

D;,, = medfilt(Dyq,T3) (6)

Here, T¢3 is chosen to be 7.5 min. In order to estimate the
duration of the disturbances, the smoothed derivative of the dif-
ference vector is used. In the first step, the maximum value of the
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absolute value, |D,.4(n)]| is obtained. In the second step, 1% of this
maximum value is accepted as the threshold. The magnitudes of
|Dy.q(n)| is checked and the index of the first value over the
threshold is used as the starting point of the main threshold. Then,
this value creates the first value of the vector, Dp,,(1). Finally, the
last value of Dy, , is computed for those components where all
values are under the threshold as defined with Dy, ,(Np).

Dy, = [ua(V)--Pua (). Dua(Np)| (1)

where 1 <np < Np. N, is the duration that has D,.4 values whose
magnitude is within 1% of the maximum absolute amplitude.
Pu.q denotes the durations for station u and day d.

The Discrete Fourier Transform (DFT) applied to D, can be
given as follows:

F,q=fft(Dy,,) (8)

F, 4 is represented as:

1 nf Nf T
Fua g | -Fua (5 ) Fua | s 9)

where Ny and ny represent the data length and sample number in
frequency domain (1 < ny < N¢). Here, the numerical application of
DTF is known as Fast Fourier Transform (FFT). With this step, 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 [29]. The algorithm introduces a
loop to the n; loop counter in order to get the frequency compo-
nents. First, the largest amplitude component of the data in fre-
quency domain is obtained for n; = 1 as follows:

Fu:d:

Ay q(1) =max(|Fyq|) (10)

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

Sua(D) = [[Sua(Dle ™. |Sya(ns) e[S, (Ns) eI ]
(11)

where, ® denotes the phase information in the main lobe, |S,.4(1)]
denotes the magnitude of the components in the main lobe and Ng
denotes the total sample size in the main lobe (1 < ny < Nf).

The components in the estimated main lobe can be defined as
sinusoidal functions as in Equation (12):

NS

su:d(”? 1) = Znszl (lsu;d(n5)|

Here, f denotes the frequency information in the main lobe. By
the sum of these sine functions, the percentage of the normalized
total difference is obtained with derivative data in Equation (7) as
follows:

cos f(ns) n
) (12)

Dyg—S,.q(1)
Eu;d(l):—| ud|D :id }2 X
wal2

At this step, if e,.4(1) > 40, the estimated main lobe is extracted
from spectrum in the frequency domain given in Equation (8).
Then, the process returns to Equation (10) and the loop proceeds.

100 (13)

Gua(1) = |Fuq| — Sya(1) (14)

If e,.q(1) <40, the loop is discontinued. Then:

Jud= [fu;dﬂ)---fu;d(”L)---fu;d(NL)]T (15)

Hereby, the frequencies associated with the largest amplitudes
are computed using Equation (15).

In the next section, application of IONOLAB-FFT algorithm is
provided for station anrk on September 25, 2010 in Fig. 1.

3. Data and results

In this study, IONOLAB-FFT algorithm is applied to Total Electron
Content (TEC) to investigate the ionospheric disturbances due to
the seasonal variability over Turkey. The TEC is estimated form GPS
receivers using IONOLAB-TEC method.

IONOLAB-TEC, which is detailed in Arikan et al. [1,2], Nayir et al.
[3], is a state-of-the-art method for estimating TEC from dual fre-
quency GPS receivers. In computation of IONOLAB-STEC, the first
stage of IONOLAB-TEC, the satellite Differential Code Biases (DCBs)
are obtained from International GNSS Service (IGS) Ionospheric
Analysis Centers. The receiver DCBs are estimated using [ONOLAB-
BIAS as given in Arikan et al. [34]. The temporal resolution of
IONOLAB-STEC is 30 s. In conversion from STEC to Vertical TEC
(VTEC), the standard mapping function in Nayir et al. [3] is utilized
for an ionospheric height of 428.8 km under the Single Layer
lonospheric Model (SLIM) [1,2]. IONOLAB-TEC combines IONOLAB-
VTEC from all available satellites over the local horizon of the GPS
receiver using Regularized Estimation (Reg-Est) algorithm. The
Reg-Est is based on the minimization of a cost function which also
includes a high pass penalty filter. Optional weighting function and
sliding window median filter are added to enrich the processing
and smoothing of the data. When applied to GPS receivers from
low-, mid- and high-latitude GPS receivers, IONOLAB-TEC algo-
rithm has proven itself for estimating reliable, accurate and robust
TEC for all ionospheric states. In Sezen et al. [35], an online version
of IONOLAB-TEC is provided that is available at www.ionolab.org
with a user-friendly interface [1,34—37]. The temporal resolution
of IONOLAB-TEC data that is used in this study is chosen to be
2.5 min.

In Fig. 1, IONOLAB- FFT method is applied to IONOLAB-TEC data
from station anrk given in Table 1 on September 25, 2010 to show
the steps of the algorithm. In this day, there are no significant
geomagnetic or seismic activities in the region of interest [38,39].
On September 25, 2009, maximum value of Kp index was 3 and
maximum value of Ap index was 7. The maximum value of Dst
index was about 18 nT and the maximum value of AE index was
260 nT [40].

First, IONOLAB-TEC (Equation (1)) is smoothed and its trend is
estimated using moving median filters (Equations (2) and (3);
Fig. 1a). In the second step, the difference between its denoised and
smoothed trend is calculated (Equation (4); Fig. 1b). In the third
step, the derivative of the difference is computed and a third sliding
window median filter is applied (Equations (5) and (6); Fig. 1c). In
the fourth step, the most significant variabilities on the derivative
of the difference in Dy,,, is collected (Equation (7); Fig. 1d). At this
step, the duration (p) is estimated. Finally, FFT of Dy, , begins to be
computed (Equation (8)). By computing the largest amplitude value
of the spectrum, the main lobe associated with the largest ampli-
tude is estimated. The sine functions are summed by the sine
functions associated with the largest amplitude frequency com-
ponents in the main lobe. The normalized total difference between
the derivative and the summed sine functions are obtained by


http://www.ionolab.org

S. Karatay / Geodesy and Geodynamics 11 (2020) 182—191

comparing with the threshold. If the difference is greater than 40%,
the main lobe is removed from the frequency domain. Then, the
loop is repeated from the step after the computation of FFT. If the
difference is less than 40%, the loop is terminated and the fre-
quencies associated with the largest amplitudes are computed.

In Fig. le—h, the spectrum F,; for the most dominant fre-
quency components are provided for sections I, II, IIl and IV of
Fig. 1a. The most significant frequency in Section I is 0.27 mHz
and the duration, p, is 87.5 min (1.45 h). For Section II, the most
significant frequency is 0.41 mHz and the duration is 130 min
(2.16 h). For Section III, the most significant frequency is 0.13 mHz
and the duration is 152.5 min (2.54 h). For Section IV, the most
significant frequency is 0.46 mHz and the duration is 110 min
(1.83 h). On a quiet day like September 25, 2010, some distur-
bances or irregularities on TEC can be observed with lower fre-
quencies and periods longer than 1 h. The corresponding periods
of the disturbances are 1 h, 40 min, 2 h 8 min and 36 min for
sections I, II, IIl and IV, respectively. The most significant fre-
quency and duration for full day (24 h) on September 25, 2010 are
0.45 mHz and 460 min (7.66 h). The period of the disturbance
observed in this day is 36 min.

In this study, the IONOLAB-TEC estimates are computed from
nine GPS stations in Turkish National Permanent GPS Network
(TNPGN-Active) which lies in mid-latitude region of Northern
Hemisphere between 36° N—42° N and 26° E—45° E. The TNPGN-
Active contains 146 stations and they provide continuous daily
GPS measurements in Receiver INdependent EXchange (RINEX)
format with 30 s time resolution available at [41]. The geographic
locations of representative TNPGN stations are given in Fig. 2 and
Table 1.

In Fig. 3, IONOLAB-TEC estimates are provided for anrk given in
Table 2 for March 09 in 2009 (low solar activity), 2010 (low solar
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activity), 2011 (moderate solar activity) and 2012 (moderate solar
activity) years. In Table 2, Ap and Kp indices, frequencies and
periods and durations of the disturbances are given for March 09
in four years. It is observed that IONOLAB-TEC reaches up to 50
TECU in the moderate solar active year 2012 while it reaches up to
13 TECU in low solar active year 2009. The same days are chosen
according to the level of the geomagnetic activity. On March 09,
2009, ionosphere is very quiet. Maximum value of Kp index is 1.
On March 09, 2012, the ionosphere is significantly disturbed. Kp
index reached up 7 in this day. The minimum values of the fre-
quencies are 0.0764 mHz, 0.0696 mHz, 0.0580 mHz and
0.0432 mHz in 2009, 2010, 2011 and 2012, respectively. The
maximum disturbance periods are less than 4 h for 2009 and 2010
while the maximum periods are greater than 4 h for 2011 and
2012. The maximum value for the disturbance period is observed
for moderate solar active year 2012 as 6 h 25 min. The duration of
the whole day disturbance decreases from low solar active year to
more solar active year.

In this study, IONOLAB-TEC values are computed over nine
stations and four special months in three years 2010, 2011 and
2012. The wave-like disturbances or irregularities due to the sea-
sonal variability observed over IONOLAB-TEC are investigated for
December (winter solstice), March (spring equinox), June (summer
solstice), September (autumn equinox) months in 2010 (low solar
activity), 2011 and 2012 (moderate solar activity). In order to
observe the disturbances depending on the solar radiation, a day
(24 h) is divided in to 4 time intervals as given in Table 3. The upper
bound of observation number used in the analysis is 9
stations x 122 days x 4 observation time intervals x 3 years (in
total 13,176). All significant durations and frequencies are
computed for each time intervals of each day of the month using
IONOLAB-FFT. In order to obtain a statistical trend pattern, the
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Fig. 1. On September 25, 2010, for GPS station anrk, a) IONOLAB-TEC (solid black line), denoised IONOLAB-TEC, a,,4, (dashed red line) and estimated denoised TEC trend, Y4,
(dotted green line); b) the difference Dy, ,; c) the temporal derivative, D, 4, (solid black line) and the smoothed derivative of the difference, Dy, ,, (dashed red line) and d) the duration
vector Dy, where all values are under the threshold. The spectrum F, 4 for the most dominant frequency components for: e) Section I, f) Section II, f) Section IIl and h) Section IV,

denoted in part a).
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Table 1
Representative TNPGN-Active receivers.

GPS Station Station Code Latitude (°N) Longitude (°E)
Ankara anrk 39.86 32.85
Anamur anmu 35.88 32.86
Antalya antl 36.89 30.67
Ardahan ardh 41.11 42.70
Ayvalik ayvl 39.12 26.68
Bandirma band 40.33 28.00
Batman btmn 37.86 41.15
Kurucasile kuru 41.65 32.71
Muradiye mura 38.80 43,76

frequencies and durations observed in four observation time in-
tervals in one month for all stations are presented in Figs. 4—9.

In Figs. 4—6, the estimated most significant frequencies are
presented as a normalized histogram for all four months, four
designated time intervals and nine stations, in 2010, 2011 and
2012, respectively. In the first column of the Figures, the desig-
nated time interval T1 is provided for March, June, September
and December, respectively. The second, the third and the fourth
columns of the Figures are provided for the designated time in-
tervals T2, T3 and T4 for March, June, September and December,
respectively. It is observed that the highest frequency bin range
in Figures for T1 and T3 accumulates around 0.2 mHz while it
accumulates around 0.1 mHz for T2 and T4. The corresponding
periods are 1 h 22 min for T1 and T3 and 2 h 46 min for T2 and
T4. The lower frequencies are observed at noon times and after
the sunset. The highest frequency bin range increases from solar
quiet year 2010 to solar quiet active year 2012. It is 1.2 mHz
corresponding to period of 13.8 min. The monthly mean values of
the frequency are about 0.15 mHz and 0.17 mHz for four months

Table 2

in 2010 and 2012, respectively. The corresponding periods are 1 h
51 min and 1 h 38 min for 2010 and 2012, respectively. The
highest frequency in the monthly mean values is observed for
2010 as 0.188 mHz (period is 1 h 28 min). The maximum fre-
quency is 0.74 mHz in 2010 whereas the maximum values are
0.87 mHz in 2011 and 0.79 mHz in 2012. The periods are 22 min,
18 min and 21 min, respectively. In all years, it is observed that
most frequencies are grouped at higher frequencies for the
equinox months. The lower frequencies are observed for the
solstice months for all time intervals. The highest accumulations
are up to 0.5 mHz corresponding to period of 33 min for the
equinox months while they are up to 0.3 mHz corresponding to
period of 55 min for solstice months for all time intervals.

In Figs. 7—9, the distribution of all estimated durations are given
for all four months, four designated time intervals and five stations,
in 2010, 2011 and 2012, respectively. The first column of the
Figures is provided for the designated time interval T1 for March,
June, September and December, respectively. The second, the third
and the fourth columns of the Figures are provided for the desig-
nated time intervals T2, T3 and T4 for March, June, September and
December, respectively. It is observed that the large number of the
histograms have the binomial distributions. The Figures indicate
the bell-shaped curves. The Figures also spread out more on the left
and right. It is observed that the largest numbers of the durations
accumulate around 100 min (1.66 h) for T1, 200 min (3.33 h) for T2,
200 min (3.33 h) for T3 and 150 min (2.5 h) for T4. After sunrise and
sunset, the durations of the disturbances are shorter than those
observed for noon and afternoon times. The duration bin ranges
shorten from solar quiet year 2010 to solar quiet active year 2012.
The maximum bin range is 550 min (9.16 h) for 2010 while it is
500 min (8.33 h) for 2012. The monthly mean values of the dura-
tions decrease from 2010 to 2012. The durations are about 700 min

Ap and Kp indices [38], frequencies-periods and durations of the disturbances during March 09 in 2009, 2010, 2011 and 2012.

March 09, 2009

March 09, 2010

March 09, 2011

March 09, 2012

Ap Index
Kp Index

Frequency (mHz)-Period

2

00000001
0.0929-2 h 59 min
0.116—2 h 23 min
0.0696—3 h 59 min
0.0764—3 h 37 min

2

00001101
0.0929-2 h 59 min
0.127—2 h 10 min
0.185—1 h 30 min
0.0696—3 h 59 min

0.150—1 h 51 min 0.545—30 min

0.371—44 min 0.290—57 min

0.232—1 h 11 min 0.336—49 min
Duration (Minute) 495 547.5

4

21111122
0.0929-2 h 59 min
0.127—2 h 10 min
0.0580—4 h 46 min
0.162—1 h 42 min
0.255—1 h 04 min
0.290—57 min
0.197—1 h 24 min
3325

67

56776542
0.104—2 h 40 min
0.0580—4 h 46 min
0.139—1 h 59 min
0.220—1 h 15 min
0.383—43 min
0.0432—6 h 25 min
0.243—1 h 08 min
320

420°N

2

*
ardh

#*btmn

29.0°E

320°E

35.0°E

#M.0°E

Fig. 2. The locations of representative TNPGN stations located in Turkey.
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180 min, 210 min and 200 min for equinox months while they are
up to 400 min, 450 min and 350 min for solstice months in 2010,
2011 and 2012, respectively. For the T2, the durations of the dis-
turbances are up to 350 min, 400 min and 300 min for equinox

months while they are up to 400 min, 350 min and 400 min for
solstice months in 2010, 2011 and 2012, respectively. The durations
of the disturbances are up to 400 min, 450 min and 400 min for T3;
450 min, 550 min and 400 min for T4 for equinox months while
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they are up to 400 min, 450 min and 500 min for T3; 550 min,
400 min and 450 min for T4 for solstice months in 2010, 2011 and
2012, respectively.

In this study, a fast and accurate algorithm, namely IONOLAB-
FFT, is applied to GPS-TEC to estimate the most significant fre-
quency components of ionospheric disturbances for four special
months in 2010, 2011 and 2012. The further long-term analysis is
necessary for this algorithm to estimate the frequency, the duration
and the period of the disturbances over a denser GPS network in
Turkey for high solar activity.

4. Conclusion

In this study, temporal characteristics of the plasma irregu-
larities including wave-like ionospheric disturbances over Turkey
are investigated by IONOLAB-FFT algorithm. The IONOLAB-FFT
algorithm is applied to GPS-TEC obtained from nine TNPGN-
Active stations in Turkey for December (winter solstice), March
(spring equinox), June (summer solstice), September (autumn
equinox) months in 2010 (low solar activity), 2011 and 2012
(moderate solar activity). In order to observe the disturbances
depending on the solar radiation, 24 h is divided in to 4 intervals
as 00:00—06:00 UT (T1: Night), 06:00—12:00 UT (T2: Morning),
12:00—-18:00 UT (T3: Noon) and 18:00—24:00 UT (T4: Evening). It
is observed that the highest frequencies for T1 and T3 accumulate
around 0.2 mHz corresponding to period of 1 h 22 min while it
accumulates around 0.1 mHz corresponding to period of 2 h
46 min for T2 and T4. The frequency range increases from solar
quiet year 2010 to solar quiet active year 2012. The maximum
value of the frequency is 0.74 mHz in 2010 whereas the
maximum values are 0.87 mHz in 2011 and 0.79 mHz in 2012.

The corresponding periods are 22 min, 18 min and 21 min. The
highest accumulations are up to 0.5 mHz corresponding to period
of 33 min for the equinox months while they are up to 0.3 mHz
corresponding to period of 55 min for solstice months for all time
intervals.

According to the duration estimation analysis, the largest
numbers of the durations accumulate around 100 min (1.66 h) for
T1, 200 min (3.33 h) for T2, 200 min (3.33 h) for T3 and 150 min
(2.5 h) for T4. After sunrise and sunset, the durations of the dis-
turbances are shorter than those observed for noon and afternoon
times. Also, the durations shorten from 2010 to 2012. The durations
are about 700 min (11 h 39 min) in 2010 while the durations are
about 600 min (10 h) in 2012. The maximum duration is 812 min in
2010 while it is 707 min in 2011 and 665 min in 2012. The durations
after sunrise and sunset are shorter than those for noon and af-
ternoon times. For the same time intervals, it is observed that
duration bin ranges for equinox months are shorter than those for
the solstice months.

This study is the first step in analysis of temporal distribution of
the ionospheric disturbances or irregularities for low and moderate
solar active years over Turkey. The results and the database will be
used to detect and classify the ionospheric disturbances due to
solar, geomagnetic and seismic activities, geographical location and
seasonal variability. Future studies will include estimation of the
frequency, the duration and the period of possible threats in the
form of ionospheric disturbances over a large data set which in-
cludes solar active years of cycle 24.
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