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Ionosphere is an important layer of atmosphere which is under constant forcing from both below due to
gravitational, geomagnetic and seismic activities, and above due to solar wind and galactic radiation.
Spatio-temporal variability of ionosphere is made up of two major components that can be listed as
spatio-temporal trends and secondary variabilities that are due to disturbances in the geomagnetic field,
gravitational waves and coupling of seismic activities into the upper atmosphere and ionosphere. Some
of these second order variabilities generate wave-like oscillations in the ionosphere which propagate at a
certain frequency, duration and velocity. These oscillations cause major problems for navigation and
guidance systems that utilize GNSS (Global Navigation Satellite Systems). In this study, the frequency and
duration of wave-like oscillations are determined using a DFT (Discrete Fourier Transform) based algo-
rithm over the STEC (slant total electron content) values estimated from single GPS (Global Positioning
System) station. The performance of the developed method, namely IONOLAB-FFT, is first determined
using synthetic oscillations with known frequencies and durations. Then, IONOLAB-FFT is applied to STEC
data from various midlatitude GPS stations for detection of frequency and duration of both medium and
large scale TIDs (traveling ionospheric disturbances). It is observed that IONOLAB-FFT can estimate TIDs
with more than 80% accuracy for the following cases: frequencies from 0.6 mHz to 2.4 mHz and durations
longer than 10 min; frequencies from 0.15 mHz to 0.6 mHz and durations longer than 50 min; fre-
quencies higher than 0.29 mHz and durations longer than 50 min.
© 2017 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

The ionosphere is part of Earth's atmosphere that lies from
80 km to 1000 km and this layer is ionized primarily by solar ra-
diation. The energetic charged particles due to solar wind and
cosmic rays also contribute to the ionization of atoms and mole-
cules in ionosphere. The ionization varies with respect to both
space (position and height) and time with different scales. The 11-
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year solar cycle, diurnal cycle, monthly, seasonal and annual peri-
odicities due to motion of Earth and moon around the sun form the
temporal trend-like behavior. The ionosphere also exhibits vari-
abilities that are due to disturbances in the geomagnetic field,
gravitational field and coupling of seismic activities into the upper
atmosphere and ionosphere [1e6]. Typically, the secondary spatio-
temporal disturbances manifest themselves as wave-like oscilla-
tions with certain frequency, duration and amplitude [7e9]. These
wave-like oscillations are generally named as TIDs (traveling
ionospheric disturbances) and they play an important role in the
dynamics of the thermosphere and ionosphere [1].

The TIDs are usually grouped into medium-scale and large-scale
disturbances according to their duration, frequency and amplitude
of the propagating wave-like oscillations in the ionosphere. LSTIDs
(large scale traveling ionospheric disturbances) have durations
from 1 h to 3 h and the horizontal wavelengths of 1000e4000 km
are observed. The velocities can be as large as 300 m/s [3,4,10e13].
LSTIDs are thought to be manifestations of atmospheric gravity
ion and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an
s/by-nc-nd/4.0/).
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waves excited by sources in polar regions of the northern and
southern hemispheres. It is shown that surges of electric charge in
the auroral electrojet can generate LSTIDs in both hemispheres
which can propagate towards the equator, and cause increase in the
height of the ionosphere [1,10,14e16].

MSTIDs (medium scale TIDs) have horizontal wavelengths of
several hundred kilometers, horizontal velocities of 100e250 m/s,
and durations of 15e60 min [7,17e22]. The nighttime MSTIDs are
frequently observed in summer and generally have wavefronts
along northwestesoutheast direction and propagate southwest-
ward [20]. The daytime MSTIDs generally propagate equatorward
and appear frequently in winter [18].

TIDs, whether they are large or medium scale, are among the
major cause of errors for navigation and positioning systems both
for civilian and military applications such as logistics, guidance of
missiles and landing of UAV (unmanned air vehicles). Increasing
demand on the SBAS and GBAS (space based and ground based
augmentation systems) makes it a necessity to monitor the local
and regional ionosphere, detect the possible disturbances and
assess the risk and threat in near-real time [18,22e25].

One of the main parameters of ionosphere, namely, TEC (total
electron content) provides a convenient means for monitoring and
detection of disturbances. TEC is defined as the line integral of
electron density along a ray path L or as a measure of the total
number of electrons along a path of the radio wave:

TEC ¼
Z
L

NeðlÞdl (1)

where Ne is the electron density distribution. Unit of TEC is given in
TECU, where 1 TECU is equal to 1016 electron=m2. The TEC along
the local vertical direction is called as VTEC (vertical TEC). If TEC is
provided as a ‘measure’ of total number of electrons estimated from
dual-frequency GPS receivers on a ray path that connects the GPS
receiver to the satellite, then it is called as STEC (slant TEC) [26,27].
Various ionospheric disturbances including TIDs can be observed
using TEC estimates from either a single GPS receiver or from a
network [4,5,13,15,16,19,20,23,24,28e30].

In the literature, there have been various efforts to detect and
classify TIDs using the frequency and duration of variability over
TEC [1,10,18]. One of the main methods is to carry out the investi-
gation in spectral domain to estimate the frequency and the level of
disturbance [12,17,18,29,31e33]. Yet, the algorithm that can be used
in monitoring and detection of TIDs should be robust, reliable and
cost-effective to be automatically and autonomously run over STEC
data in near-real time.

In this study, a fast and effective algorithm, namely, IONOLAB-
FFT, is proposed for automatic detection of frequency and dura-
tion of TIDs over GPS-STEC data that can provide accurate, robust
and reliable estimates of frequency and duration of wave-like os-
cillations in near-real time. IONOLAB-FFT is based on FFT (Fast
Fourier Transform) of detrended ROT (rate Of TEC) signal for a given
GPS satellite and receiver pair. The predominant frequency com-
ponents are removed from the spectrum one by one to account for
significant power in iterative algorithm. The duration of the
disturbance is also estimated using the local bandwidth around the
dominant frequencies. In order to determine the performance of
IONOLAB-FFT, synthetic oscillations with known frequencies and
durations are added to a chosen nondisturbed STEC signal. The
accuracy and reliability of IONOLAB-FFT is determined asmore than
80% for frequencies from 0.6 mHz to 2.4 mHz and durations longer
than 10 min; frequencies from 0.15 mHz to 0.6 mHz and durations
longer than 50 min; and TIDs with frequencies higher than
0.29 mHz and durations longer than 50 min. IONOLAB-FFT is also
applied to GPS-STEC data from various midlatitude GPS stations for
detection of frequency and duration of bothmedium and large scale
TIDs (traveling ionospheric disturbances). It is observed that TIDs
can be estimated with high reliability and robustness and the al-
gorithm can be implemented in near-real time with low compu-
tational complexity.

IONOLAB-FFT algorithm is provided in Section 2 and the sim-
ulations using synthetic signals are given in Section 3. The results
for TIDs observed from GPS-STEC signals from midlatitude stations
are presented in Section 4. The paper ends with Conclusion
section.
2. Estimation of frequency and duration of TIDs using
IONOLAB-FFT

The spectral analysis provides valuable information on the
fundamental frequencies of a time-limited and band-limited signal.
In this study, the spectral analysis is based on FFT of GPS-STEC
signal as given in the following equation:

Xm
u;d ¼

h
Xm
u;dð1Þ / Xm

u;dðnÞ /Xm
u;d

�
Nm
u;d

� iT
(2)

where Xm
u;d denotes the GPS-STEC samples for GPS station u; GPS

satellitem; day d and total number of samples Nm
u;d. The superscript

T is the transpose operator. For a typical GPS receiver, the sampling
interval is 30 s.

In the first step of the algorithm, the STEC data is detrended by a
sliding window average filter in order to obtain the signal vari-
ability. The sliding window average filter operates by averaging a
number of points from the input signal Xm

u;d to produce each point in
the filtered signal Ym

u;d as:

Ym
u;dðnÞ ¼

1
Nw

XNw�1
2

nw¼�ðNw�1Þ
2

Xm
u;dðnþ nwÞ (3)

and

Ym
u;d ¼

h
Ym
u;dð1Þ / Ym

u;dðnÞ /Ym
u;d

�
Nm
u;d

� iT
(4)

where Nw is sliding average window size and it is chosen as
Nw ¼ ð3=4ÞNm

u;d. In the above equation, Ym
u;d denotes the trend of

Xm
u;d.
In the second step, the difference between the STEC data Xm

u;d
and its trend Ym

u;d is calculated as:

Dm
f u;d

¼ Xm
u;d � Ym

u;d (5)

and the derivative of the difference is computed as:

Dtmu;dðnÞ ¼ Dm
fu;d

ðnþ 1Þ � Dm
fu;d

ðnÞ (6)

In order to reduce the noise-like behavior of the derivative of the
difference, another sliding window average filter, with window
length chosen as one-tenth of the data length, is applied to Dtmu;d
and smoothed derivative of difference data, Dm

u;d is obtained.
The duration of themain oscillation of TID is estimated using the

smoothed derivative of the difference. In the initial step, the
maximumvalue of

���Dm
u;dðnÞ

��� is obtained. Then,10% of this maximum
is taken as a threshold. The magnitudes of

���Dm
u;dðnÞ

��� is checked and
the index of the first value over the threshold is determined to be
the starting point of the main threshold. This value forms Dm

pu;d
ð1Þ as

given in the following:
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Dm
pu;d

¼
h
Dm
pu;d

ð1Þ / Dm
pu;d

�
np
�

/Dm
pu;d

�
Np
� iT

(7)

The final value of Dm
pu;d

is obtained for those components where
all values are under the threshold as denoted with Dm

pu;d
ðNpÞ in Eq.

(7). Here, 1 � np � Np and Np is the duration that contain Dm
u;d

values whose magnitude is within 10% of the maximum absolute
amplitude.

The DFT (Discrete Fourier Transform) of Dm
u;d can be written as:

Fmu;d

 
nf
Nm
u;d

!
¼
XNm

u;d

n¼1

Dm
u;dðnÞe

�j
2pnf n

Nm
u;d (8)

and

Fm
u;d ¼

"
Fmu;d

 
1

Nm
u;d

!
/ Fmu;d

 
nf

Nm
u;d

!
/Fmu;d

 
Nf

Nm
u;d

!#T
(9)

denotes the DFT for a data length of Nf samples in frequency
domain and ð1 � nf � Nf Þ. The numerical implementation of DFT
algorithm is called as FFT (Fast Fourier Transform) and it is readily
available in as a software package.

At this stage, the algorithm enters a loop to extract the fre-
quency components that contribute to the spectrum with largest
amplitude. With the loop counter, 1 � nL � NL, the most significant
frequencies are detected. For nL ¼ 1, the largest amplitude
component of the data in the frequency domain is found as:

amu;dð1Þ ¼ max
����Fm

u;d

���� (10)

The main lobe around the most dominant frequency is esti-
mated by finding the inflection points as

smu;dð1Þ ¼
h ���smu;dð1Þ

���e�jf1
…

���smu;dðnsÞ
���e�jfns

…

���smu;dðNsÞ
���e�jfNs

i
(11)

where f is the phase information of the components in the main
lobe;

���smu;d
��� is the magnitude of the components in themain lobe; Ns

is the total sample size in the main lobe and ð1 � ns � NsÞ.
The components in the estimated main lobe can be expressed as

sinusoidal functions as:

Smu;dðn;1Þ ¼
XNs

ns¼1

 ���smu;dðnsÞ���cos
 
f ðnsÞn
Nm
u;d

þ fðnsÞ
!!

(12)

where f is the frequency information of the components in the
main lobe. The sine functions obtained by the above equation are
summed up, and the normalized total difference in percentage is
computed by using the derivative Dm

u;d as:

emu;dð1Þ ¼

���Dm
u;d � Smu;dð1Þ

��
2���Dm

u;d

��
2

� 100 (13)

If emu;d � 30, the estimated main lobe components are extracted
from the spectrum as:

Gm
u;dð1Þ ¼

���Fm
u;d

���� smu;dð1Þ (14)

For nL � 2, the maximum amplitude in the reduced spectrum
Gm
u;dð1Þ as:
amu;dðnLÞ ¼ max
�
Gm
u;dðnL � 1Þ

�
(15)

where amu;dðnLÞ represents the largest amplitude frequency
component of Gm

u;dðnL � 1Þ.
The main lobe estimate is made by finding the inflection points

associated with the largest amplitude found. The estimated main
lobe can be written as:

smu;dðnLÞ¼
h���smu;dð1Þ

���e�jf1
…

���smu;dðnsÞ
���e�jfns

…

���smu;dðNsÞ
���e�jfNs

iT
(16)

The components in the estimated main lobe for loop nL can be
expressed as sinusoidal functions as:

Smu;dðn;nLÞ ¼
XNs

ns¼1

 ���smu;dðnsÞ���cos
 
f ðnsÞn
Nm
u;d

þ fðnsÞ
!!

þ Smu;dðn;nL � 1Þ (17)

where f is the frequency information of the components in the
main lobe. The sine functions obtained by the above equation are
summed up, and the normalized total difference in percentage is
computed by using the derivative data as:

emu;dðnLÞ ¼

���Dm
u;d � Smu;dðnLÞ

��
2���Dm

u;d

��
2

� 100 (18)

If emu;d � 30; then

Gm
u;dðnLÞ ¼ Gm

u;dðnL � 1Þ � smu;dðnLÞ: (19)

If the normalized total difference specified in the above equation
is less than 30, the loop is discontinued. Thus, the significant fre-
quencies amu;dðnLÞ associated with the spectrum are estimated as

f
∧m

u;d ¼
�
f
∧m

u;dð1Þ / f
∧m

u;dðnLÞ /f
∧m

u;dðNLÞ
�T

(20)

In order to determine the performance bounds of the developed
method, IONOLAB-FFT is applied to synthetically generated MSTIDs
and LSTIDs as detailed in the next section.
3. Simulations over synthetic disturbances

The performance of IONOLAB-FFT method is first tested on
synthetic disturbances whose frequencies, periods and amplitudes
are chosen according to the TIDs observed in the literature as given
in Section 1. The example STEC is chosen from a midlatitude GPS
station mizu (Japan) located at ½39:14+N; 141:13+E� for GPS sat-
ellite number (PRN) 3 on a nondisturbed day of April 28, 2011 (day
of year, d ¼ 118). The GPS-STEC is computed as IONOLAB-STEC
according to the Reg-Est method developed by IONOLAB group
[26,27]. IONOLAB-STEC is the most reliable and robust estimation
algorithm for TEC computed from phase leveled and ambiguity
resolved observable parameters of GPS recordings. IONOLAB-TEC
includes satellite DCB (differential code bias) from IONEX (IONo-
spheric EXchange) files and receiver DCB as IONOLAB-BIAS [27,34].
IONOLAB-TEC is provided as an online Space Weather Service at
www.ionolab.org [35]. In order to observe ionospheric variability
close to the GPS station and reduce the multipath errors that
mainly occur for low elevation angles, only the IONOLAB-STEC data
for elevation angles greater than 40+ is included in the study. The

http://www.ionolab.org
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example IONOLAB-STEC data for station mizu, satellite number
(PRN) 3, and day d ¼ 118 of 2011, X3

mizu;118, is provided in Fig. 1a.
Ionospheric disturbances are categorized according to their

amplitude, frequency and duration as given in Section 1. Thus,
synthetic disturbance signals are generated as:

gQ ¼ ½ gQð1Þ / gQðnÞ / gQðNÞ �T (21)

where

gQðnÞ ¼ A0DAsinð2pf0DfnÞrectðn0;n0 þ p0DpÞ (22)

and they are added on X3
mizu;118 with different amplitude, fre-

quency and durations as:

ZQ ¼ X3
mizu;118 þ gQ (23)

In the above equations, A0 is the 5% of the difference between
the maximum and minimum values of the X3

mizu;118; DA is the step
size of the amplitude variation which is set to A0. The amplitude is
allowed to vary from A0 to 10A0 in 10 steps. f0 is the fundamental
frequency of X3

mizu;118. Df denotes the step size that varies from 21

to 25 in five steps. p0 corresponds to the 2% of duration of X3
mizu;118

and Dp is the step size which is chosen as 5 min. Thus, the duration
for the synthetic disturbances varies from 5 min to 180 min in 36
steps. The rectðn0;n0 þ p0DpÞ and Q can be expressed as:

rectðn0;n0 þ DpÞ ¼
	
1; n0 <n<n0 þ p0Dp
0; otherwise

The Q represents the parameter vector of the synthetic distur-
bance as:

Q ¼ ½DA Df Dp�T

The parameter bounds for synthetic disturbances are provided
in Table 1. The amplitude, frequency and duration of the synthetic
disturbances are based on the X3

mizu. The amplitude of the gQ is
increased with the multiples of the A0 which is 5% of the difference
between the maximum and minimum values of the X3

mizu. The
amplitude is varied within A0 and 10A0; and A0 is approximately
equal to the 1.01 TECU. The frequency of the gQ is varied with
multiples of power of 2 times f0 fundamental frequency. The
Fig. 1. a) IONOLAB-STEC for mizu for PRN 3 and for the nondisturbed day of April 28, 2011 (d
d) Q ¼ ½10 32 18�.
fundamental frequency f0 of X3
mizu is equal to 0.075 mHz. The

duration synthetic disturbance is decided to be less than the
duration of X3

mizu. The duration of X3
mizu is approximately equal to

230 min. The duration of the synthetic disturbance is increased by
steps of 5 min from 5min to 180 min as shown in Table 1. Examples
of STECwith added synthetic disturbances are given in Fig.1bed for
Q ¼ ½1 8 18�, Q ¼ ½5 8 18� and Q ¼ ½10 32 18�, respectively. In
Fig. 1b, the amplitude is A0; the frequency is 8f0 Hz; and the
duration is 18p0 min. In Fig. 1c, the amplitude is 5A0; the frequency
is 8f0 Hz; and the duration is 18p0 min. In Fig. 1d, the amplitude is
10A0; the frequency is 32f0 Hz; and duration is 18p0 min.

The filtered data in Eq. (3), YQ, can be obtained by applying the
sliding window average filter over ZQ in Eq. (23). The smoothed
derivative of the difference between ZQ and YQ can be expressed
DQ as given in Eq. (6). FQ, the DFT is computed using FFT as

explained in Section 2 and the duration ðNpQ
Þ and frequency ðf

∧

QÞ of
the synthetic disturbance can be estimated for each iteration of
loop, NL.

Wave-like TIDs can be composed of oscillations with multiple
frequency components. Therefore, in this study, we have generated
multiple frequency disturbances as well and they are added on ZQ.
For multiple frequency disturbances, the parameter vectorQ can be
rearranged as:

Qz ¼ ½DA1 Df1 Dp1;…;DAz Dfz Dpz�T

where DAz;Dfz and Dpz are chosen from the frequency range given
in Table 1.

In order to determine the performance bounds of the IONOLAB-
FFTmethod, the computation algorithmgiven below is applied to all
synthetically disturbed STEC values both for single frequency and
multiple frequency cases. Examples of multiple frequency synthetic
disturbances are provided in Fig. 2 for synthetic STEC value Z and its
trend Y in Fig. 2a, d and g. The smoothed derivative D and summed
sinusoidal functions for estimated frequencies S are given in Fig. 2b,
e andh. The spectrumF is shownin Fig. 2c, f and i. Theparameters for
Fig. 2aec are Qz ¼ ½5 4 17;5 8 17;5 16 17;5 32 17�T. The
parameters for Fig. 2def are Qz ¼ ½6 4 20;6 8 20;6 32 20�T.
Finally, the parameters for Fig. 2gei are Qz ¼ ½2 8 5;2 16 5�T.

The algorithm of the IONOLAB-FFT method given in Section 2 is
given below as:
¼ 118), X3
mizu;118; and synthetic STEC data ZQ with b)Q ¼ ½1 8 18�, c)Q ¼ ½5 8 18�, and



Table 1
Parameter bounds for synthetic disturbances.

Parameter Minimum value Maximum value Step size Number of steps

Amplitude ðA0DAÞ (TECU) A0 10A0 DA ¼ A0 10
Frequency ðf0Df Þ (Hz) f0 32f0 Df ¼ 2n; n ¼ 1;/;5 5
Duration ðp0DpÞ (minutes) 5 180 Dp ¼ 5 36

Fig. 2. Examples of multiple frequency synthetic disturbances for STEC: Z (solid) and its trend Y (dashed green) in a), d) and g); the smoothed derivative D (solid) and summed
sinusoidal functions for estimated frequencies S (dashed red) in b), e) and h); the spectrum F in c), f) and i) for the parameters Qz ¼ ½5 4 17; 5 8 17; 5 16 17;5 32 17�T,
Qz ¼ ½6 4 20;6 8 20;6 32 20�T, and Qz ¼ ½2 8 5; 2 16 5�T, respectively.
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Algorithm of IONOLAB-FFT:

(a) Input STEC data for values above the elevation angle of 40+

for the specified day d, satellite m and station u as in Figs. 1
and 2a, d, g.

(b) Apply the sliding window average filter to obtain the trend as
in Eq. (3). Examples are given in Fig. 2a, d and g.

(c) Compute the difference vector as in Eq. (5).
(d) Compute the derivative vector as in Eq. (6).
(e) In order to smooth the differentiated data, another the

sliding window average filter is applied. Examples are pro-
vided in Fig. 2b, e and h.

(f) The duration of the main oscillation is determined using the
length of the data vector given in Eq. (7).

(g) Take the FFT of the smoothed derivative of the difference as
in Eq. (8). Examples are provided in Fig. 2c, f and i.

(h) The largest amplitude value of the spectrum is determined as
in Eq. (10). The main lobe around the peak is estimated by
finding inflection points.

(i) All components in the main lobe, as given in Eq. (11) are
computed and the sumof sine functions in Eq. (12) is obtained.
Examples are provided in Fig. 2b, e and h in dashed red line.

(j) The normalized total difference between the derivative and
the summed sine functions is calculated by Eq. (13).

(k) If the difference is greater than 30%, the main lobe is
removed from the frequency domain as given in Eq. (14). The
loop is repeated from step (h).

(l) If the difference is less than 30%, the loop is terminated and
the frequencies associated with the largest amplitudes are
estimated.
The algorithm is applied to synthetic disturbances whose pa-
rameters are given in Table 1. The synthetic disturbances are
generated for any combination of frequencies with different am-
plitudes and durations. The accuracy in estimation of duration and
frequency (or durations and frequencies) is computed as percent
error as:

ed ¼

���p� p
∧���

jpj � 100 (24)

where p denotes the actual duration and p
∧
denotes the estimated

duration and

ef ¼

����f � f
∧����

jf j � 100 (25)

where f denotes the actual frequency and f
∧
denotes the estimated

frequency.
An example for error surfaces is provided in Fig. 3 for largest

amplitude of ð5A0Þ. In Fig. 3a, the error for duration estimates and
in Fig. 3b, the error for frequency estimates are provided. When the
percentage errors for all parameters in Table 1 and for multiple
frequencies are considered, it is observed that IONOLAB-FFT can
estimate the frequencies and durations of MSTID and LSTIDs with
more than 80% accuracy for the cases of.

(a) 0:6 � f � 2:4 mHz and p � 10 min;
(b) 0:15 � f � 0:6 mHz and p � 50 min;



Fig. 3. Percentage error for a) duration estimates and b) frequency estimates for amplitude ð5A0Þ.
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(c) f � 0:29 mHz and p � 50 min.

In the next section, IONOLAB-FFT is applied to ionospheric dis-
turbances that are specifically identified as MSTID and LSTID in the
literature.

4. Application of IONOLAB-FFT to MSTID and LSTID

In this section, the developedmethod of IONOLAB-FFT is applied
to two well recognized ionospheric disturbances due to geomag-
netic storms as discussed in detail in Refs. [13,19].
Fig. 4. MSTID observance over IONOLAB-STEC for PRN 9, on July 20, 2006 for GPS station
functions S (red) for b) lbch, e) amc2, h) brew; spectrum Fmu;d for c) lbch, f) amc2, i) brew.
An MSTID is detected over North America on July 20, 2006
which corresponds to day of year (d ¼ 201) at night time
from 03:30 to 06:10 UT (Universal Time) [19]. The geomagnetic
indices for the July 20, 2006 indicate that there is no existing
disturbance due to geomagnetic storm. MSTIDs can be observed
for PRN 9 at GPS stations lbch ½39:97+N; 118:21+W�; amc2
½38:80+N; 104:52+W�; and brew ½48:13+N; 119:69+W� in North
America. IONOLAB-FFT introduced in Section 2 is applied to
IONOLAB-STEC values for lbch, amc2 and brew stations as given in
Fig. 4. In Fig. 4a, d and g, IONOLAB-STEC values and estimated du-
rations of MSTID as observed from GPS stations are provided for
s a) lbch, d) amc2, g) brew; derivative of the difference D (black) and summed sine
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lbch, amc2 and brew, respectively. The black solid line in Fig. 4b, e
and h are the difference D values as given in Eq. (5) for lbch, amc2
and brew, respectively. The spectrum Fm

u;d, as given in Eq. (8), is
provided in Fig. 4c, f and i, for lbch, amc2 and brew, respectively. As
can be observed from Fig. 4c, f and i, the maximum value of the
spectrum is estimated as 0.24 mHz, 0.98 mHz and 0.12 mHz for
lbch, amc2 and brew, respectively. Yet, the second most dominant
frequency component is observed at 0.49 mHz for all the stations.
The estimated durations of the disturbance are 90 min for lbch and
brew and 45 min for amc2. The red solid line in Fig. 4b, e and h
indicate the sum of significant sine functions corresponding to the
main lobes of most dominant peaks, S, as given in Eq. (12). It can be
observed from Fig. 4b, e and h that the significant energy of the
difference function is restored with the sum of sine functions. The
stopping criterion 30% can be modified as more frequency com-
ponents to be included in the sum. In its present value, relying on
the results from analysis of synthetic disturbances given in the
previous section, it is reasonable to assume that the dominant
values can be recovered with more than 80% accuracy with ION-
OLAB-FFT.

In Ref. [13], one of the major geomagnetic storms of solar cycle
23, the Halloween Storm is investigated in detail. On the October
29, 2003, which corresponds to day of year d ¼ 302, LSTIDs are
observed over North America during Halloween Storm. The LSTID
occurred from 06:20 to 08:00 UT. The geomagnetic activity and the
TID event on October 29, 2003 are explained in detail in Ref. [13].
An example of the observed LSTIDs due to geomagnetic stormwith
PRN 21 is provided in Fig. 5a, d and g for lbch, amc2 and pie1
Fig. 5. LSTID observance over IONOLAB-STEC for PRN 21, on October 29, 2003 for GPS stat
functions S (red) for b) lbch, e) amc2, h) pie1; spectrum Fmu;d for c) lbch, f) amc2, i) pie1.
½34:30+N; 108:12+W� stations, respectively. Here, the scale of
disturbance is significantly larger and the durations are longer as
compared with those given in Fig. 4 for MSTID. The durations are
estimated as 170, 155 and 160 min for lbch, amc2 and pie1,
respectively. The most significant frequency component is
0.19 mHz and it has the same value for all three stations as given in
Fig. 5c, f and i. In Fig. 5f, two other significant frequencies, namely,
0.32 mHz and 0.45 mHz have been observed for amc2. The sum of
significant sine functions in Fig. 5b, e and h indicate that most of the
energy in the difference function is restored. The accuracy of the
estimation can easily be observed when the disturbed IONOLAB-
STEC values are investigated for duration and level of the
disturbance.

5. Conclusion

In this study, a fast and accurate algorithm to estimate the most
significant frequency components of medium scale and large scale
traveling ionospheric disturbances, namely IONOLAB-FFT, is pre-
sented. IONOLAB-FFT is applied to slant total electron content
values for each GPS station and satellite pair. The trend of STEC is
extracted by a sliding window average filter and the difference
between the STEC and its trend is computed. The derivative of the
difference is obtained and smoothed to reduce the noise in the
computation. Discrete Fourier Transform which is implemented as
Fast Fourier Transform algorithm is implemented and the most
significant peaks of the spectrum are marked as indicators of fre-
quency of TIDs.
ions a) lbch, d) amc2, g) pie1; derivative of the difference D (black) and summed sine
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The performance bounds of IONOLAB-FFT are obtained by
applying the method to a set of synthetic disturbances. It is
observed that IONOLAB-FFT can estimate the frequency and the
duration of TIDs with more than 80% accuracy for the following
cases:

(a) 0:6 � f � 2:4 mHz and p � 10 min;
(b) 0:15 � f � 0:6 mHz and p � 50 min;
(c) f � 0:29 mHz and p � 50 min.

IONOLAB-FFT is also applied to major MSTID and LSTID events
that are recognized in the literature with very good agreement in
duration and frequency of the TIDs. The method will be further
implemented for GPS networks for estimation of the direction and
coverage of the TID in future.
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