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ARTICLE INFO ABSTRACT

Handling editor: Dora Pancheva The study investigates ionospheric total electron content (TEC) variation over Turkey from the five selected
global navigation satellite system (GNSS) stations situated in diverse parts of Turkey. The geomagnetic indices
are used and observed TEC are modeled with the technique known as Empirical orthogonal function (EOF). It is
valuable to note that the correlation coefficient between observed GNSS TEC values and EOF TEC values varies
from 0.8020 to 0.9394. The root means square error (RMSE) values between observed GNSS TEC values and EOF
TEC lie between 3.1665 TECU to 4.4220 TECU. These results show that the EOF model performs quite well in the
Turkish region and can present the model TEC variations perfectly. Finally, these GNSS observed and EOF-
predicted TEC values along with geomagnetic indices are studied with the tropospheric wind speed. The re-
sults showed that both observed and modeled TEC have very low correlations with tropospheric wind speed and
do not provide any significant value. Hence, we concluded that the ionospheric region is not affected by
tropospheric wind speed. It happens because the tropospheric wind speed is a matter of the lower troposphere
and its atmospheric pressure while the ionosphere is far from the earth and depends upon the number of free
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electrons.

1. Introduction

The ionospheric region that affects the global navigation satellite
system (GNSS) signals is a major error source for single-point posi-
tioning measurements. The ionospheric range error, which is directly
related to the ionospheric total electron content (TEC) keeps on
changing and depends upon the solar and geomagnetic activities,
geographical or geomagnetic coordinate systems, local and universal
time, and seasonal effects (Jinior et al., 2020; Ansari et al., 2018; Seok
et al., 2022; Sharma et al., 2020). The ionospheric delay gradient
magnitude occurs often and directly influences the values of TEC; so that
an error in positioning could be reachable up to several 10 m (Seeber,
2003). Hence modeling and prediction of spatiotemporal ionospheric
TEC error is very necessary for the applications of weather in-
vestigations. Since the ionosphere contains a dispersive medium, hence
first-order approximation delay in the ionosphere can be estimated by
applying simultaneous measurements at two different frequencies.
However, this approach is not successful for the single frequency oper-
ations (Junior et al., 2020. Their many techniques and forecasting
models have been developed such as quasi-experimental model (IRI, IRI
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Plus, NeQuick2) and theoretical hypothetical models such as
Auto-regressive Moving Average, Empirical Orthogonal Function and
others (Bilitza et al., 2017; Jakowski et al., 2011; Nigussie et al., 2012;
Tuna et al., 2014; Zhang and Moore, 2015; Ansari et al., 2019). These
models are used in remote areas where no device is available. In general,
it is expected from empirical models that they will reflect the actual
ionospheric features, however, they come across numerous kinds of
modeling limitations depending upon the data used to reconstruct them
such as considered instantaneous space weather situations, implicated
techniques, etc. In contrast to the direct reconstruction, modes of prin-
cipal component analysis related to the physics of the ionosphere can be
utilized for various conditions. They can duplicate the desired result and
present empirical results at some level. Hence, these kinds of models are
still needed to describe the variability of the ionosphere.

The Empirical Orthogonal Function (EOF) method, which is based on
principal component analysis, reported improved ionospheric predic-
tion results. Ercha et al. (2012) established a global ionospheric TEC
model based on EOF analysis using global ionospheric maps (GIM) data
from one decade (1999-2009). According to them, overall TEC variation
including the influence of geomagnetic activity and solar radiation
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toward TEC can be presented very well by the characteristics of
EOF-associated coefficients and base functions. Therefore, a global TEC
model was established incorporating the EOF of the TEC time series. The
modeled TEC time-series was validated with the observed TEC to check
the accuracy and quality of the model, which pointed out that the model
can reflect the spatiotemporal feature of the global TEC variation. Later
several studies that followed this EOF model validated the outcome at
the local level (Ansari et al., 2019; Jamjareegulgarn et al., 2020; Dab-
bakuti et al., 2016). Ansari et al. (2019) used ionospheric data from
South Korea and presented an EOF-modeled study of the ionosphere.
They used 14 GNSS stations covering the area of South Korea from 2010
to 2017. They included the PCN index including the other geomagnetic
indices such as Ap, Dst, and F10.7, and evaluated their EOF-based
modeled TEC values with NeQuick-2 and IRI-2016 models. They
noticed that their results showed better performance compared to the
IRI and NeQuick 2 models. Jamjareegulgarn et al. (2020) presented their
EOF method modeled ionospheric study over the region of Nepal using
three years (2017-2019) TEC observations from 5 GNSS stations. Both
modeled and observed TEC values with the global ionospheric maps
(GIM) models are compared. They found that the correlation coefficient
of observed GNSS TEC with EOF-modeled TEC was higher compared to
the correlation coefficient of observed TEC with GIM TEC values. Dab-
bakuti et al. (2016) constructed an EOF model using data from IISC
(India) IGS station during the extended period of 2009-2016 in the 24th
solar cycle. The modeled TEC was validated during day and night-time
as well as under distinct geomagnetic and solar activity situations. The
reliability and validity of the EOF model were verified with the com-
parison of standard global IRI 2016 and SPIM models. They noticed that
the EOF model performance was relatively better during the period of
high solar activity compared to the period of low solar activity.
Although the studies based on the above discussion enhance the
utility of ionospheric variations. However, to understand the relative
contribution of neutral winds, neutral temperature, neural electric field,
and neural density periodicities on the ionosphere, further de-
velopments, more simulated models, and additional data are required.
The ionospheric region which lies between 50 and 1000 km above the
earth’s surface includes the mesosphere (50-85 km), the thermosphere
(100-690 km), and the partial part of the Exosphere (690-10,000 km).
Since during the estimation of TEC, it is assumed that the ionosphere to
be a thin shell and located at 350 km altitude above the Earth, hence in
the current study, we investigated the geomagnetic activity and its
relationship with tropospheric wind speed in the mesospheric and
thermos-spheric regions of Turkey. The new findings of the study
introduce a solar-terrestrial relation that yields in the ionosphere. We
used GNSS data from five GNSS stations across Turkey covering the one
year of January 2015 to December 2015. First, the relation between
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GNSS TEC including geomagnetic indices with tropospheric wind speed
was presented. A small description of data collection and utilized
geomagnetic indices has been given in Section 2. In the next step
observed TEC was modeled by using the EOF method and their com-
parison result is presented. A summary of the proposed EOF method can
be seen in Section 3. Later this EOF modeled TEC again compared with
the tropospheric wind speed and the obtained results are explained. The
result and discussion of the whole study have been presented in Section
3. The conclusion and future of the study have been written in Section 4.

2. Data collection and method of processing

The paper presents ionospheric TEC variation using the GNSS data
from the Turkish Permanent GNSS Network (TPGN) including the
Turkish IGS stations. TPGN is a huge GNSS network of Turkey con-
taining around 150 stations across all over Turkey. This study includes
three TPGN stations namely POZANTI, SAMSUN, and ERZURUM, and
two IGS stations namely Ankara (ANKR) and Istanbul (ISTA) from
January 2015 to December 2015 (Fig. 1, Table 1). The TPGN data has
been accessed from the TUSAGA-AKktif website (https://www.tkgm.gov.
tr/tr/icerik/tusaga-aktif-0) and while IGS data was downloaded from
the CDDIS website (ftp://cddis.gsfc.nasa.gov/).

To retrieve the TEC data from the RINEX files, three major steps are
required. First, is the preprocessing of RINEX observations to compute
the TEC values, the second task is the computation of TEC and the third
is the data presentation to be used for research. IONOLAB-TEC (www.io
nolab.org) software successfully provides all these steps in online mode.
The Reg-Est, which applies IONOLAB-BIAS and is programmed by JAVA
language, began to use an online trial version of TEC estimation in 2007.
The Scientific and Technological Research Council of Turkey (TUBITAK)
granted this program and IONOLAB-BIAS has been developed further for
near real-time space weather applications known as IONOLAB-TEC. The
IONOLAB-TEC method is a regularized TEC (D-TEI) algorithm and was
developed to estimate TEC by utilizing all GNSS signals measured at a

Table 1

TPGN stations namely POZANTI, SAMSUN, and ERZURUM, and two IGS stations
namely Istanbul (ISTA) and Ankara (ANKR) covering the period of January 2015
to December 2015.

Station name Geographic Latitude Geographic Longitude

ANKARA 39.57 32.53
POZANTI 37.03 35.21
SAMSUN 41.20 36.15
ISTANBUL 40.58 29.05
ERZURUM 40.39 40.42

38°E 42°E 46°E

Fig. 1. TPGN stations namely POZANTI, SAMSUN, and ERZURUM, and two IGS stations namely Istanbul (ISTA) and Ankara (ANKR) covering the period of January

2015 to December 2015.
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period on the selected day. In the current study, we have used IONOLAB-
TEC software to retrieve the TEC and tried to detect abnormal iono-
spheric activities over Turkey using the GNSS data from Turkey stations.

In the current study, we also used the solar and geomagnetic indices
data such as the Dst Index, F10.7, Ap Index, IMF-B, Kp Index, and sun-
spot number (R) including the tropospheric wind speed accessed from
the server of NASA (omniweb.gsfc.nasa.gov). Including. These indices
are used to measure the geomagnetic activity, for the signature of the
ionospheric response and magnetosphere of the Earth to solar forcing.
They played a considerable role in describing the magnetic formation of
the ionized Earth environment. Detailed information about geomagnetic
indices can be studied by Menvielle et al. (2010).

3. Summary of EOF modeling

Let us suppose the matrix of observed TEC measurement is given by
X, arranged in the order such that its diurnal variation presents a row of
the matrix while hourly variation shows a column of the matrix X. In the
current study, only one year (2015) of data has been used, hence there
will be 365 rows and 24 columns in the given observed matrix of X. This
matrix is not square; hence we can obtain a square matrix of Z like this:

Z=X"X (€Y

If we decompose the Z matrix in terms of the base function (Ey) and
the associated coefficient (Ay). The original data set of X can be written
in following form:

X= AkX Ex (23)

Ercha et al. (2012) suggested that the Ak values of decomposed
time-series can be replaced with geomagnetic indices where base func-
tion will present the factor of hourly TEC variation. Hence Eq. (2) can be
written in general form:

X=Ag (g11g27g3#""=gn) x Eyx (h) (2b)

Where g1, g2 and ... g, are the values of daily geomagnetic indices.

Ercha et al. (2012) suggested a feasible model to understand the
behavior of geomagnetic and solar activity on solar cycle, semiannual
and annual TEC variations in terms of associated coefficient (Ak) by
using harmonic function in following form:

Av=Au1(81,82: 83, 8n) TAk2(81, 82,83, - 8n)
+Ak3(g17g27g37“"7gn)7 3

where

A = a; +axg; +asg, + a8y .Uni18n } solar cycle TEC variation

2n
Az = (by + bag; + bsgy + bags...... bn+1gn)costOY+
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Fig. 2. Three basic (F10.7, Dst, and Ap) indices variations during the
year 2015.

4. Result and discussion
4.1. Ionospheric TEC and geomagnetic indices

The geomagnetic field is responsible for the regulation of ionospheric
variation, which is the fundamental parameter of the ionosphere
(Council, 1993). The basic indices used to express the changes in the
geomagnetic field are the indices F10.7, Dst, Ap, Kp, and AE indices
(Atic1 et al., 2020). We plotted three basic (F10.7, Dst, and Ap) indices
variations during the year 2015 as shown in Fig. 2. The appearance of
one peak (lower side for Dst, upside for F10.7 and Ap and) can be seen
during the period of selection. These peaks point out the time of high
solar activity (HSA) on 173 days of the year 2015 when the Dst value
reached —133 nT and F10.7 became 255 s.f.u. GNSS observed iono-
spheric variation is investigated to understand its attributes over
Turkey. Temporal variations in GNSS VTEC over POZANTI, SAMSUN,
and ERZURUM have been shown in Fig. 3. On the day of HSA, the VTEC
showed 40.15 TECU at POZANTI, 36.32 TECU at SAMSUN and 38.53
TECU at ERZURUM. Regarding the X-axis of the plot, the diurnal pattern
of VTEC variation shows some low VTEC values (about 25 TECU) during
the start of the year, which start to increase more during the days of
50-60 and reach up to 40 TECU at almost all stations. This variation
showed a few low values during the day of 200 and later decreased more
and became the lowest (about 18 TECU) at the end of the year.
Regarding the Y-axis which are hourly plots, the VTEC showed the
lowest values around 15 TECU at the statement of the day at 04:00 UT
and started to increase till 08:00 UT, reaching up to 25 TECU. The plots
showed the highest value between 06:00 UT to 14:00 UT which is
highest at noon UT. This is notable because this highest value at noon UT
keeps on varying for up to a whole year. Overall TEC values display the

Semiannual TEC variation

2z

365.25 boy

(€1 + €28y + €385 + C485.....Cri18n)SIN

4 . 4 L
Az = (dy + dogy + d3g; + dags......dns180) COS 7 _poy + (e1+ €28y + €385 + €485-.....€n118n) SN LDOY}Annual TEC variation

365.25

where a;, b;, c;and d; (i = 1, 2 ....n) are the arbitrary constants, those are
estimated by method of least square using MATLAB code.

365.25

trend of normal diurnal and annual TEC variations. This happens due to
the revolution and rotational motion of the Earth around the Sun (Rat-
nam et al., 2017).

4.2. EOF modeled TEC variation

This is clear from Eq. (3), if we take one geomagnetic index in the
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Fig. 3. GNSS TEC temporal variations in Turkey over POZANTI, SAMSUN, and
ERZURUM stations.

analysis, we need to handle 10 constant coefficients, and if we take two
geomagnetic indices, there will be 15 constants, that need to be handled.
To avoid a more complex analysis, we selected three basic indices
(F10.7, Dst, and Ap) and estimated 20 constant coefficients by using the
least square method. There are several studies already done, that used
these three indices only in their EOF analysis (Dabbakuti et al., 2016;
Jamjareegulgarn et al., 2020). In the current analysis, we used these
three basic indices (F10.7, Dst, and Ap) as described in Fig. 2 and pre-
dicted EOF TEC values at stations i.e., Ankara, Erzurum, Istanbul, and
Pozanti (Fig. 4). Here it is difficult to compare Fig. 4 with the corre-
sponding GPS TEC of Fig. 3 in the first view, as they do not exhibit the
same kind of variation. Hence, the EOF TEC values are used to do a
comparative analysis with the observed GNSS TEC values by using the
correlation coefficient and RMSE as shown in Table 2. It is valuable to
note that the correlation coefficient of observed GNSS TEC values with
EOF TEC values are 0.8020 at Ankara, 0.8287 at Erzurum, 0.9199 at
Istanbul, 0.9380 at Pozanti, and similarly 0.9394 at Samsun sites
(Table 2). The result shows that the correlation coefficients have
different values at each station. This type of variation is nothing but
because of some data issues. Some station data variations were affected
badly due to any physical cause, hence the performance of the EOF
method could not become proper. In the next step, we estimated RMSE
between observed TEC and EOF TEC values as shown in Table 2. This is
clear from the Table that the RMSE varies from 3.1665 TECU (Samsun)
to 4.4220 TECU. These values are very low with a small variation at each
station. The station which has a high correlation shows low RMSE and
the station which has a low correlation shows high RMSE. In conclusion,
it can be said that the EOF model performs quite well and can present the
model TEC variations perfectly.

The accuracy of the EOF model has been already tested in various
regions. For example, Jamjareegulgarn et al. (2020) noticed that the
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Fig. 4. EOF modeled GNSS TEC temporal variations in Turkey over POZANTI,
SAMSUN, and ERZURUM stations.

Table 2
Correlation coefficient and RMSE between the TEC extracted from Turkey GNSS
stations and EOF modeled TEC during the year 2015.

Station Name Correlation Coefficient RMSE

ANKARA 0.8020 4.4220
ERZURUM 0.8287 3.3497
ISTANBUL 0.9199 3.6810
POZANTI 0.9380 3.4434
SAMSUN 0.9394 3.1665

correlation coefficients between observed TEC and EOF TEC over the
Nepal region (2017-2019) was up to 0.978, indicating the perfectness of
the model. Ansari et al. (2019) used data from January 2010 to
December 2017 and computed the correlation and best-fit line of
GNSS-VTEC with EOF TEC. The EOF-VTEC was highly correlated
(~0.97) at all stations, reflecting the realistic modeling and dependency
of geographical as well as geomagnetic variation characteristics of TEC.
Dabbakuti and Ratnam (2016) investigated ionospheric variability in a
low-latitude region of India based on the EOF. The accuracy of the EOF
model was validated by the evaluation of observational TEC data with
International Reference Ionosphere (IRI) 2012 models. The EOF model
coefficients for each GNSS station showed a strong correlation with the
IRI models and also described the correlation between the impacts of the
level of geomagnetic activity on the ionosphere. The correlation co-
efficients for the first three EOFs were more than 0.95. Li et al. (2019)
used the EOF decomposition technique and studied the spatiotemporal
characteristics of TEC from 2007 to 2016 in China. The results showed
that the first-order EOF component dominated the overall TEC variation
because it accounted for 97.35% of the total variance. However, in the
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current study, the correlation coefficient of observed GNSS TEC values
with EOF TEC values is low (0.80-0.9199) compared to the above
studies. These low correlation coefficients are happening because of
badly affected data due to any physical causes. This type of decreasing
performance of the EOF method points out some limitations of the EOF
model. Finally based on the above discussion we can conclude that the
EOF-based TEC model can demonstrate the temporal and spatial varia-
tion characteristics of TEC, and the EOF-based model can obtain
significantly smaller modeling errors and achieve better performance in
terms of TEC modeling.

4.3. Tropospheric wind speed and geomagnetic indices

The solar radiation warms the air in the surrounding region, and then
this warm air rises and creates a low pressure in the region. In the case of
large-scale circulation, the tropospheric wind speed simply depends
upon the difference in temperature and pressure (Ansari, 2016; Ansari
et al., 2021). To understand the effect of tropospheric wind speed on the
available electron densities of the ionospheric region, we studied the
tropospheric wind speed relationship with the TEC extracted from
Turkey GNSS (ERZURUM) stations during the year 2015 (Fig. 5). The
impact of geomagnetic indices such as the Dst Index, F10.7, Ap Index,
IMF-B, Kp Index, and sunspot number (R), on tropospheric wind speed
also has been shown in Fig. 5. Here we are showing only one plot
(ERZURUM only) to save the space because all other plots will be almost
the same. Since the tropospheric wind speed is a vector quantity, hence
the tropospheric wind speed average and its direction always depict a
wider difference compared to the instantaneous value of speed and di-
rection (Lolis et al., 2018; Ansari et al., 2021). To avoid such a type of
wider difference analysis we choose the timing of TEC and tropospheric
wind speed at noon only. The timing of noon is chosen because gener-
ally, TEC provides the highest variation at this due to the solar radiation.
It is clear from Fig. 5, that the tropospheric wind speed varies from 0 to
70 m/s which has no common trend with TEC (first panel). Similarly,

Table 3

other geomagnetic panels such as the Dst Index, F10.7, Ap Index, IMF-B,
Kp Index, and R also do not provide any kind of trend with tropospheric
wind speed. The relation between tropospheric wind speed and TEC
including the geomagnetic indices has been studied using a Tailor cor-
relation plot as shown in Fig. 6 (for ERZURUM only) and Fig. 7 (for other
stations). These relationships in terms of correlation coefficient have
been tabulated in Table 3. All the correlation coefficient values from the
table clearly showed less than or equivalent to 0.10 which means they
have no relationship or very negligible effect of tropospheric wind speed
on TEC or geomagnetic values. The tropospheric wind speed is a matter
of lower troposphere and its atmospheric pressure while the ionosphere
is very far from the earth and depends upon the number of free electrons,
hence without a doubt they are not affecting the ionospheric region. For
more confirmation, we studied root mean square error (RMSE) with
tropospheric wind speed and geomagnetic parameters as shown in
Table 4. This is notable that RMSE for each parameter is very high which
again indicates a negligible relation of tropospheric wind speed with the
ionosphere.

4.4. EOF modeled TEC and tropospheric wind speed

We used the EOF method and predicted TEC at all selected Turkey
stations by using observed TEC and three basic geomagnetic indices
(F10.7, Dst, and Ap). It means EOF TEC is a function of TEC, F10.7, Dst,
and Ap. To analyze the relation between modeled TEC and tropospheric
wind speed, the correlation coefficient, and RMSE at noon of each sta-
tion have been estimated as shown in Table 5. It is clear from the
Table that the correlation after applying EOF is less than or equivalent to
0.10 which means they have no relationship or very negligible effect of
tropospheric wind speed on EOF TEC. The RMSE for EOF is also very
high which again indicates negligible relation of EOF TEC with tropo-
spheric wind speed. There is a little bit of change before EOF (observed
TEC) and after the implication of EOF, but not obtained results do
provide any significant information. Since tropospheric wind speed does

Correlation coefficient between tropospheric wind speed with the TEC extracted from Turkey GNSS (ERZURUM) stations during the year 2015, including to the Dst

Index, F10.7, Ap Index, IMF-B, Kp Index, and sunspot number (R).

Correlation Coefficient with Tropospheric wind speed (m/s)

Station Name TEC Dst F10.7
ERZURUM —0.104 0.011 0.051
ANKARA 0.050 0.041 0.027
ISTANBUL —0.001 0.052 0.067
POZANTI —0.071 0.012 —0.029
SAMSUN —0.071 0.061 0.026

Ap IMF-B Kp R
—0.089 —0.049 —0.074 —0.062
—0.072 —0.064 ~0.138 —0.009
~0.056 —0.102 -0.153 ~0.002
—0.056 —0.058 —0.096 —0.052
—0.078 —0.061 —0.121 ~0.017
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Root mean square (RMSE) between tropospheric wind speed with the TEC extracted from Turkey GNSS (ERZURUM) stations during the year 2015, including to the Dst

Index, F10.7, Ap Index, IMF-B, Kp Index, and sunspot number (R).

RMSE with Tropospheric wind speed (m/s)

Station Name TEC Dst F10.7 Ap IMF-B Kp R

ERZURUM 21.733 30.417 109.84 22.712 3.643 18.322 67.829

ANKARA 38.634 61.481 92.134 21.961 37.249 25.670 42.213

ISTANBUL 13.642 56.234 96.148 20.227 31.564 20.896 45.428

POZANTI 22.870 31.203 121.741 20.991 4.341 17.616 67.189

SAMSUN 11.421 51.389 100.354 22.214 27.147 17.965 47.623
Table 5 Writing — original draft.

Correlation coefficient and RMSE between tropospheric wind speed and TEC
values before EOF and after EOF from Turkey GNSS stations during the year
2015.

Correlation Coefficient between
TEC and Tropospheric wind

Station Name RMSE (TECU) between TEC

and Tropospheric wind speed

speed

Before EOF  After EOF Before EOF  After EOF
ERZURUM —-0.104 —0.189 21.733 19.478
ANKARA 0.050 0.118 38.634 19.000
ISTANBUL —0.001 —0.018 13.642 17.203
POZANTI —-0.071 —0.146 22.870 19.617
SAMSUN —0.071 —0.104 11.421 18.517

not have any kind of relationship with observed TEC and other
geomagnetic indices, hence the same kind of negligible relationship was
expected with EOF TEC, because EOF TEC is a function of TEC and
geomagnetic indices.

5. Conclusions

The study investigates ionospheric TEC variation over the Turkish
region using 5 GNSS stations. The results showed that the overall TEC
values display the trend of normal diurnal and annual TEC variations.
This happens due to the revolution and rotational motion of the Earth
around the Sun. The EOF TEC values are used to do a comparative
analysis with the observed GNSS TEC values and found that the corre-
lation coefficient of observed GNSS TEC values with EOF TEC values are
0.8020 at Ankara, 0.8287 at Erzurum, 0.9199 at Istanbul, 0.9380 at
Pozanti, and similarly 0.9394 at Samsun sites. These variations of cor-
relation coefficients are nothing but because of some data issues. The
tropospheric wind speed at the selected location of GNSS sites is corre-
lated before EOF and after EOF model TEC. All the correlation coeffi-
cient values from the table clearly showed less than or equivalent to 0.10
which means they have no relationship or very negligible effect of
tropospheric wind speed on TEC or geomagnetic values. Similarly, other
geomagnetic panels such as the Dst Index, F10.7, Ap Index, IMF-B, Kp
Index, and R also do not provide any kind of trend with tropospheric
wind speed. This indicates that the tropospheric wind speed is not
related to the ionospheric conditions because the tropospheric wind
speed is a matter of the lower troposphere and its atmospheric pressure
while the ionosphere is far from the earth and depends upon the number
of free electrons.
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