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ABSTRACT

The geomagnetic field acts as both the shield and the electron density regulator for the ionosphere. The effect of the
geomagnetic field on the ionosphere can be examined separately for the geomagnetically quiet and disturbed days. In
the current study, the performance of the ionospheric models was evaluated for three different severe geomagnetic
storms periods during the year of 2015, which was in the beginning of the descending phase of the 24" solar cycle.
These three storms occurred during 17-18 March, 22-23 June and 20-21 December of year 2015 in which first one
expressed as St. Patrick's Day geomagnetic storm. The relationship between Total Electron Content (TEC) was
measured by Global Positioning System (GPS) and evaluated with NeQuick 2, IRI 2016, IRI Plas (without any input-
“IRI Plas”) and IRI Plas TEC (with TEC input- “IRI Plas TEC”) global models at three Turkey IGS station namely
Ankara (39.57 N, 32.53 E), Istanbul (40.58 N, 29.05 E) and Erzurum (40.39 N, 40.42 E) investigated. The comparison
was made separately for pre-storm, during storm and post-storm by using the Mean Absolute Error (MAE), Root
Mean Square Error (RMSE) and Mean Absolute Percentage Error (MAPE) metrics and symmetric Kullback-Leibler
Distance (KLD) methods. Among the empirical models, IRI Plas TEC is generally present to be better results than
other models for all storm processes. It can be stated that IRl 2016 is better in the storm return phase compared to
other phases of the storm.
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2015 Yilinda Meydana Gelen Ug Siddetli Jeomanyetik Firtina Siiresince Deneysel
Iyonosferik Modellerin Karsilastirilmasi

(074

Jeomanyetik alan, iyonosfer i¢in hem kalkan hem de elektron yogunluk diizenleyicisi gérevi goriir. Jeomanyetik alanin
iyonosfer tizerindeki etkisi, sakin ve firtinali giinler i¢in ayr ayri incelenebilir. Bu calismada, 24. giines devrinin
azalan fazinin baglangici olan 2015 yili boyunca iyonosferik modellerin performansi ii¢ farkli siddetli jeomanyetik
firtina dénemi i¢in degerlendirilmistir. Bu ii¢ firtina, 2015 yilimin 17-18 Mart, 22-23 Haziran ve 20-21 Aralik
tarihlerinde meydana gelmis ve bunlardan ilki St. Patrick Giinii jeomanyetik firtinasi olarak ifade edilir. Toplam
Elektron igerigi (TEC) arasindaki iliski Kiiresel Konumlandirma Sistemi (GPS) ile 6l¢iilmiis ve NeQuick 2, IRT 2016,
IRI Plas (herhangi bir giris olmadan- “IRI Plas”) ve IRI Plas TEC (TEC girisi ile- “IRI Plas TEC”) ile
degerlendirilmistir. Ankara (39.57 K, 32.53 D), istanbul (40.58 K, 29.05 D) ve Erzurum (40.39 K, 40.42 D) olmak
iizere li¢ Tirkiye IGS istasyonunda kiiresel modeller incelenmistir. Karsilastirma, Ortalama Mutlak Hata (MAE),
Ortalama Kare Hata (RMSE) ve Ortalama Mutlak Yiizde Hata (MAPE) metrikleri ve simetrik Kullback-Leibler
Mesafesi (KLD) kullanilarak firtina dncesi, firtina sirasinda ve firtina sonrasi i¢in ayr1 ayri yapilmistir. Ampirik

modeller arasinda IRI Plas TEC, tiim firtina siiregleri igin genel olarak diger modellerden daha iyi bulunmustur. IRI
2016'nin firtina doniis asamasinda firtinanin diger asamalarina gore daha iyi oldugu ifade edilebilir.

Anahtar Kelimeler: IRI 2016, IRI Plas, NeQuick 2 Model, Toplam Elektron igerigi

communication. These devices, especially the ionosonde

INTRODUCTION and scattering radar, are not available to a very common

The ionosphere is the region that starts at an altitude of
about 50 km from the earth and extends to an altitude of
1000 km. This region is measured with tools such as
scattering radar, ionosonde and satellite-GPS

installation network due to the high cost of installation
and maintenance. lonospheric medium outside the
installation areas are modeled with empirical models
such as IRl and NeQuick 2 and many models such as
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ARIMA, machine learning, deep learning, experimental
orthogonal analysis [1-6].

The ionospheric medium is studied by the total electron
content (TEC), which refers to the electron content in the
beam path between the satellite and the receiver. These
TEC values can be obtained by GPS-based measurement
methods as well as empirical models. IRI, which is the
most comprehensive and widely used model among these
empirical models, provides the parameter many
ionospheric ion concentrations (O+, H+, He+, N+, NO+,
O+2, Cluster ions), equatorial vertical ion drift, vertical
ionospheric electron content (VTEC)[6-9].

The IRl model calculates TEC up to a maximum of
10000 km, ion temperature, electron temperature, etc up
to 2000 km. To calculate TEC and electron density (Ne),
these heights were extended by the IRI-PLAS model up
to the upper limit of 20200 km[10-12]

Another empirical ionospheric model, the NeQuick
model, is based on the DGR model developed by Di
Giovanni and Radicella (1990) [2]. The NeQuick is an
experimental model chosen as the ionospheric delay
correction model of GALILEO single frequency
receivers [13, 14]. The model has a simpler and simpler
use than models such as Global Assimilation of
lonospheric  Measurements (GAIM) and Electron
Density Assimilative Model (EDAM) [15]. The
NeQuick model provides the electron density values for
the altitude value determined by entering the desired
latitude and longitude value. It also provides the TEC
values in a beam path between the satellite and the GPS
for the given latitude and longitude value. For all these
values, it also includes the number of sunspots and the
F10.7 solar flux values [16-18].

There are many models that evaluate the performance of
any given model. In this study, the relation between the
TEC values measured by GPS and TEC obtained from
the NeQuick 2, IRI-2016 and IRI-PLAS model at Ankara
(39.57 N, 32.53 E), Istanbul (40.58 N, 29.05 E) and
Erzurum (40.39 N, 40.42 E) stations for three different
magnetic storm processes that occurred during the year
of 2015 investigated. The reason for choosing these
stations is that they are located on almost the same
latitude and allow to evaluate the results of a longitudinal
change. TEC values obtained were compared using the
Mean Absolute Error (MAE), Root Mean Square Error
(RMSE), Mean Absolute Percentage Error (MAPE)
methods and Symmetric Kullback-Leibler Distance
(KLD) methods, which are widely used in ionospheric
model comparisons [19-21].

MATERIALS AND METHODS

The performance of the empirical models during the
storm process, 72 hours before and 72 hours after the
main phase of three different severe geomagnetic storms
that occurred in March, June and December in 2015, the
beginning of the descending phase of the 24" solar cycle
were evaluated. 1% storm 17-18 March 2015 Patrick's
Day geomagnetic storm[31], 2™ storm 22-23 June 2015
geomagnetic storm[32] and 3" storm 20-21 December
geomagnetic storm [33] occurred.

Measured TEC data is taken as Rinex file from TNPGN-
Active, Turkish National Permanent GPS Network.
Then, these data were turned into regular data through the
system established within the Department of Electrical
and Electronics of Hacettepe University and called
“http://www.ionolab.org/” on the internet[22-24]. IRI
2016 TEC date is taken by choosing Ne F-peak(CCIR),
F-peak storm model (on) to optional input values. No
other changes were made in the opened interface
window[6, 25]. IRI Plas TEC values were obtained in
two different ways, without making any changes to the
opened interface and by simply selecting TEC in the
Solar Proxy Index in the opened interface[12, 26, 27].
Geomagnetic indices are taken from
https://omniweb.gsfc.nasa.gov, which is operating within
NASA. NeQuick 2 model data is taken from the web
interface of the model, https://t-
ict4d.ictp.it/NeQuick2[18]. All TEC data were obtained
in universal time (UT) for altitudes between 110 km and
10000 km and comparisons were made as hourly values.
The statistical metrics and Symmetric Kullback-Leibler
Distance (KLD) given below were used to compare the
GPS TEC values with the empirical models TEC
(NeQuick 2 TEC, IRI 2016 TEC, IRI-Plas without any
input (IRl Plas), IRI-Plas with TEC input (IRl Plas
(TEC))) values.

Mean Absolute Error
1
MAE = -37ej] 1)

Root Mean Square Error

n o2
RMSE = |29 @)
n

Mean Absolute Percent Error
_ 100w lejl
MAPE = —=3' =2 ®)
In this equations, n represents the number of samples, ej
is the difference of the measurement value from the
model value, and Aj is the measurement value [19, 28].

Symmetric Kullback-L eibler Distance (KLD)

In statistical comparisons, the symmetric Kullback-
Leibler Distance (KLD) is widely used to identify
similarities and differences between two possible density
distributions [21, 29, 30]. In order to compare the
measured TEC values obtained hourly from different
empirical models is normalized to its value at time t for u
the empirical model or the measured TEC value by
equation 4.

=~

Pyt = Xyq [Z:S:Ni Xud (Tl)]_l (4)

where d represents the hourly TEC values. Nove N;
indicate the start and end values of the investigated storm
phase (pre, during and post), respectively.

P = Ng a ﬁu; (Tl)
KL(Pu;d\PU;d) = Zn:Ni Pu;d(n) In (ﬁV;Z(n)) (5)
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KL(P,,q\Py.q) = Zf’lim P,y(m)In (Pv;d(n)) (6)

ﬁu;d(n)
where N; <n < N,. "u" stands for NeQuick model
TEC values, and “v” stands for TEC values for the other
empirical model used in the comparison. The symmetric
Kullback-Leibler distance is defined as the sum of the

Kullback-Leibler divergences [21, 29].
KLD(ﬁv;d; ﬁu;d) = KL(ﬁu;d\ﬁv;d) + KL(ﬁv;d\ﬁu;d) (7)

RESULTS AND DISCUSSION

The performance of the models was evaluated for three
different severe geomagnetic storm periods in 2015.

Determination of Geomagnetic Storm Processes

The variation of geomagnetic indices over time of the
investigated geomagnetic storm processes is shown in
Figures 1, 2, and 3.

Figure 1 shows the temporal variation of geomagnetic
indices for the 17-18 Mach 2015 storm process known in
the literature as St. Patrick’s Day geomagnetic storm[34].
A geomagnetic storm began at approximately 04:45 UT
on March 17, when a coronal mass discharge (CME) hit
Earth's magnetic field. Initially, the Interplanetary
Magnetic Field (IMF) Bz component went north for a
time, reaching ~27 nT, and the storm made a sudden
storm commencement before turning south by about
06:00 UT. The storm reached peak (severe) intensity at
~00:00 UT on March 18 with a minimum Dst of ~-223
nT and recovered on March 25. Initial phase starting at
07:00 UT on 16 March (IMF-Bz =10 nT, kp*10=37, Dst
=2 nT) continued until 17 March 06:00 UT (IMF-Bz =19
nT, kp*10=47, Dst = 56 nT). The storm main phase that
started from this moment continued until 17 March 22:00
UT (IMF-Bz =-15.5 nT, kp*10=77, Dst =-223 nT). Then
the storm return phase started. This phase lasted until 20
March 12:00 UT (IMF-Bz =0.1 nT, kp*10=27, Dst =-48
nT) [34, 35].
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Figure 1. Temporal variation of geomagnetic indices for 1%
storm days.

The storm began in June 2015 with two CMEs hitting the
Earth at ~5:45 UT and ~18:38 UT on 22 June 2015. The
solar speed increased from ~450 to ~700 km/s and
pressure from 7 to 55 nPa. The IMF Bz fluctuated from

southward/northward from ~19:20 UT on 22 June to ~08
UT on 23 June. It remained southward for longest
duration from 08 UT to 12 UT on 23 June 2015, which
caused minimum Dst of ~ —204 nT at ~4:30 UT on 23
June 2015[36].

Figure 2 shows the time change of geomagnetic indices
for the 2" storm period. Initial phase starting 21 June at
15:00 UT (IMF-Bz =-0.1 nT, kp*10=10, Dst =2 nT),
continued until 22 June 06:00 UT (IMF-Bz =-3.1 nT, kp*
10=43, Dst =13 nT). The storm main phase that started
from this moment continued until 23 June 04:00 UT
(IMF-Bz =-20.8 nT, kp*10=77, Dst =-204 nT). Then the
storm return phase started. This phase lasted until 24 June
19:00 UT (IMF-Bz =1.7 nT, kp*10=27, Dst = -47 nT)
[37].
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Figure 2. Temporal variation of geomagnetic indices for 2"

storm days.
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A strong geomagnetic storm (level G3) occurred on 19—
21 December 2015. This storm was initiated as a result
of a class C6 solar flare and two coronal mass ejections
that occurred on December 16, 2015. It reached Earth's
magnetosphere on December 19, 2015, when a sudden
increase in the parameters of the solar wind and
interplanetary magnetic field (IMF) was recorded. The
sudden onset of storm (SSC) was recorded on December
19, 2015 at ~16:16 UT. Shortly after the shock, the IMF
vertical component (Bz) moved strongly southward to -
10 nT, a few minutes later the IMF Bz turned north and
reached ~14 nT at 17:07 UT[38].

Figure 3 shows the time change of geomagnetic indices
for the 3" storm period. Initial phase starting at 11:00 UT
on December 19 (IMF-Bz =-0.1 nT, kp*10=10, Dst =5
nT) continued until December 19 at 23:00 UT (IMF-Bz
=2.2 nT, kp*10) =40, Dst =40 nT). The storm main
phase, which started from this moment, continued until
December 20, 22:00 UT (IMF-Bz =-17.8 nT, kp*10=6.3,
Dst =-155 nT). Then the storm return phase started. This
phase lasted until 21 December 21:00 UT (IMF-Bz =0.9
nT, kp*10=13, Dst =-38 nT) [33, 38, 39].
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shown in Figure 4. The evaluation results of the model
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Table 1. The variation of NeQuick 2 values generally
shows a similar distribution for the whole examined time.
It is observed that the difference between the distribution
of NeQuick 2 TEC and the measured value increases in
the main phase of the storm and decreases in the return
phase. The highest similar distribution of NeQuick 2 and
IRI 2016 model TEC values can be understood from the
metric models and the KLD model. The reason for this
may be that both models make ionospheric topside
; estimations with the same method. During the storm, the
0 2 8 72 % 120 144 \weakest correlation was observed between NeQuick 2

Time (hour-UT) .
Figure 3. Temporal variation of geomagnetic indices for 3@ ~ and measured TEC values in both MAE and RMSE

storm days. metrics and KLD value, except for MAPE value. The
best agreement with the measured TEC value for all
Analysis results for Ankara station storm conditions is between IRI Plas and IRI Plas TEC.

The temporal variation of the measured TEC and TEC
obtained from NeQuick 2 model, IRI 2016, IRI Plas, IRI
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Figure 4. Variation of measured- NeQuick 2 TEC (a), Measured - IRl 2016 TEC (b), Measured - IRI Plas TEC (c), Measured -
IRI Plas TEC (d) for 1%t geomagnetic storm at Ankara station. The duration between the dashed black lines indicates the storm time
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Table 1. Comparison results for the 1% geomagnetic storm process at Ankara station

Measured -NeQuick 2 Measured - IRI-2016 Measured - IRI-Plas Measured - IRI-Plas (TEC)

pre- during  post pre- during  post pre- during  post pre- during  post

storm storm storm storm storm storm storm storm storm storm storm storm
MAE 928 7,55 128 592 6,68 068 365 569 014 288 564 0,10
RMSE o978 1182 246 615 1081 131 411 99 027 335 986 0,31
MAPE 4255 2997 2410 2945 2599 13,58 16,78 2143 1396 13,67 22,22 17,92
KLD 0022 0101 0020 0024 0112 0015 0006 0108 0019 0007 0108  0.018

The temporal variation of TEC values measured and
obtained with empirical models is shown in Figure 5 for
the 2" geomagnetic storm process. The evaluation results
of the model (by means of Equations (1), (2), (3) and (7))
are given in Table 2. The distribution curves are quite
similar while there are the amplitude differences of these
changes. In the KLD analysis model, it is seen that KLD
takes small values in all comparisons. However, the

weak relations NeQuick 2 —-measured. When the MAPE
metric results and the pairwise comparisons are
examined, it is seen that there are values that can be
expressed well. In this respect, the results are consistent
with [16]. The RMSE value is a measure of the errors of
the predictive model. If the MAPE value is < 10, it is
considered an excellent model, and if the value is < 20, it
is considered a good model result indicator [19].

largest values in the KLD and RMSE and MAE metrics
were calculated throughout the storm, except for the
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Table 2. Comparison results for the 2" geomagnetic storm process at Ankara station

) Measured - IRI-Plas

Measured -NeQuick 2 Measured - IR1-2016 Measured - IRI-Plas

(TEC)

pre- during post  pre- during post  pre- during post  pre- during  post
storm storm storm storm storm storm storm storm storm storm storm storm
MAE 581 445 486 827 7,95 422 633 558 448 514 4,90 4,78
RMSE 628 535 751 857 899 655 6,94 7,02 6,09 584 6,29 5,94
MAPE 2156 2230 2067 3226 3498 17,99 2298 2233 22,70 18,03 19,45 26,08
KLD 0002 0031 0042 0003 0023 0068 0008 0030 0.083 0008 0030 0.082

Figure 6 shows the temporal change of TEC values
measured and obtained from the empirical models TEC
for the 3 geomagnetic storm process. The evaluation
results of the model (by using Equations (1), (2), (3) and
(7)) are given in Table 3. While the TEC values measured
during the storm show an increase and fluctuations at
noon, it is seen that the increases occur while the
fluctuations are not observed in the empirical models.

When the KLD analysis and metrics were examined It is
seen that empirical models give more successful results
in the pre-storm period, but this success rate decreases
during and post storm. When the metric values are
examined, it is seen that there is a better relationship
between the IRl Plas TEC values and the measurement
values.
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Figure 6. Variation of measured- NeQuick 2 TEC (a), Measured - IR1 2016 TEC (b), Measured - IRI Plas TEC (c), Measured - IRI
Plas TEC (d) for 3 geomagnetic storm at Ankara station. The duration between the dashed black lines indicates the storm time

982



Table 3. Comparison results for the 3™ geomagnetic storm process at Ankara station

) Measured -  IRI-Plas
Measured -NeQuick 2 Measured - IR1-2016 Measured - IRI-Plas
(TEC)
pre- during post  pre- during post  pre- during post  pre- during  post
storm storm storm storm storm storm storm storm storm storm storm storm
MAE 372 351 379 2,77 3,69 1,88 2,81 2,59 320 234 2,37 2,58
RMSE 436 3,98 541 2,99 4,24 2,09 403 3,33 414 326 2,87 3,39
MAPE 3374 30,10 3058 3120 3166 2202 2041 1976 30,66 17,76 1824 2530
KLD 0005 0063 008 0003 0023 0068 0008 0030 0083 0008 0031 0.0082

Analysis results for Erzurum station

The variation of the measured and empirical model TEC
values obtained for Erzurum station for the 1%tstorm was
shown in Figure 7. The evaluation results of the model
(by means of Equations (1), (2), (3) and (7)) are given in
Table 4. When the measured values are examined, an
increase in TEC values is observed, especially with the
main phase of the storm. Then, it was started to decrease
with the return phase. While this increase was not
observed in the empirical models examined, the decrease

was observed in other models except NeQuick 2.
Especially small KLD values indicate the existence of a
positive correlation between the measured and empirical
models, while higher results in the obtained values during
main phase indicate the aspects that need improvement
of the empirical models. The fact that the MAPE Metric
values obtained by using the IRI Plas and IRI Plas TEC
models for the periods outside the main phase of the
storm are less than 20 indicates that the performance of
the models is good.
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Figure 7. Variation of measured- NeQuick 2 TEC (a), Measured - IR1 2016 TEC (b), Measured - IRI Plas TEC (c), Measured - IRI
Plas TEC (d) for the 1%t geomagnetic storm at Erzurum station. The time duration between the dashed black lines indicates the

storm time
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Table 4. Comparison results for the 15t geomagnetic storm process at Erzurum station

) Measured - IRI-Plas

Measured -NeQuick 2 Measured - IR1-2016 Measured - IRI-Plas

(TEC)

pre- during  post pre- during  post pre- during  post pre- during  post
storm storm storm storm storm storm storm storm storm storm storm storm
MAE 928 6,72 1,50 594 6,02 1,02 381 486 035 313 477 0,22
RMSE g56 8,69 288 617 7,78 1,95 414 713 068 347 7,19 0,44
MAPE 4353 31,96 26,68 30,66 2943 18,90 18,88 2250 17,09 16,15 22,63 19,60
KLD 0036 0092 0035 0040 0103 0.056 0.012 0.082 0017 0012 008 0.034

Figure 8 shows the temporal variation of both measured
and empirical models TEC values for the 2™ storm
process. The evaluation results of the model (by
Equations (1), (2), (3) and (7)) are given in Table 5.
When the curves are examined, it is observed that
NeQuick 2 TEC values consisted of the measured values,
especially pre and post storm time. When the statistical
metric results given in Table 5 are examined, it is seen
that during the storm, both metrics (RMSE and MAPE)

and KLD values are higher than the pre and post storm
times. In addition, the fact that MAPE values are less than
20 in these processes shows that the NeQuick 2 model is
a good model for this storm process [16, 21]. It is possible
to express the IRI Plas TEC model as a good model, since
the metrics and KLD values are quite small and the
MAPE values are less than 20.
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Figure 8. Variation of measured- NeQuick 2 TEC (a), Measured - IR1 2016 TEC (b), Measured - IRI Plas TEC (c), Measured - IRI
Plas TEC (d) for the 2"@ geomagnetic storm at Erzurum station. The time duration between the dashed black lines indicates the
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Table 5. Comparison results for the 2" geomagnetic storm process at Erzurum station

) Measured - IRI-Plas

Measured -NeQuick 2 Measured - IR1-2016 Measured - IRI-Plas

(TEC)

pre- during post  pre- during  post pre- during post  pre- during  post
storm storm storm storm storm storm storm storm storm storm storm storm
MAE 511 450 401 753 7,33 343 561 504 348 442 440 3,63
RMSE 521 521 562 753 825 471 586 633 437 474 565 4,40
MAPE 2063 2333 19,63 3091 34,15 17,11 22,07 2159 19,80 17,09 18,79 22,02
KLD 0002 0064 0058 0001 0026 0045 0003 0031 0054 0.004 0031 0.053

Figure 9 shows the temporal variation of TEC values
obtained by measured and obtained with empirical
models for the 3 storm at Erzurum station. The
evaluation results of the model (by using Equations (1),
(2), (3) and (7)) are given in Table 6. It has been observed
that the NeQuick 2 model TEC values provide
exaggerated values before and after the storm, and this
exaggeration is approximately equivalent to the increase
in the TEC caused by the storm. However, the high
values of the MAPE metric and KLD also indicate a weak

relationship between the NeQuick 2 model TEC and the
measured TEC. Unlike other storm processes for this
station, model performance appears to be better during
the main phase of the storm during this storm period.
Considering that the TEC values increase during the main
phase of the storm, it is observed that the model values
actually make a higher prediction for the non-storm
conditions.
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Figure 9. Variation of measured- NeQuick 2 TEC (a), Measured - IR1 2016 TEC (b), Measured - IRI Plas TEC (c), Measured - IRI
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Table 6. Comparison results for the 3™ geomagnetic storm process at Erzurum station

Measured -NeQuick 2 Measured - IR1-2016 Measured - IRI-Plas Measured - IRI-Plas
(TEC)
pre- during post  pre- during post  pre- during post  pre- during  post
storm storm storm storm storm storm storm storm storm storm storm storm
MAE 422 332 403 322 365 228 324 230 324 277 210 267
RMSE 4904 378 563 346 416 254 441 292 425 367 256 354
MAPE 3845 3021 34,36 3462 3268 2561 2536 1857 33,22 22,62 17,29 2841
KLD 0176 0.110 0106 0.136 0083 0075 0061 0039 0035 0055 0.036 0.035

was seen that the difference between the noon maximums

Analysis results for Istanbul station before the storm continued during the storm period, while

Figure 10 shows the time variation of the TEC values
measured with the TEC values obtained from the
empirical models for the 1st storm at the Istanbul station.
The evaluation results of the model (by Equations (1),

a good fit was obtained with the return phase of the storm.
This is consistent in KLD value and metrics. While the
IRI Plas and IRI Plas TEC models show good results pre-
storm, the NeQuick 2 and IRI 2016 show good results

post storm, and KLD and metrics show that they are

(2), (3) and (7)) are given in Table 7. When the measured .
compatible.

TEC values with the NeQuick model were examined, it
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Figure 10. Variation of measured- NeQuick 2 TEC (a), Measured - IRI 2016 TEC (b), Measured - IRI Plas TEC (c), Measured -
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Table 8. Comparison results for the 1% geomagnetic storm at Istanbul station

) Measured - IRI-Plas

Measured -NeQuick 2 Measured - IR1-2016 Measured - IRI-Plas

(TEC)

pre- during  post pre- during  post pre- during post  pre- during  post
storm storm storm storm storm storm storm storm storm storm storm storm
MAE 901 6,18 088 573 571 029 350 526 034 289 531 0,49
RMSE 950 894 1,71 6,04 7,78 059 400 7,13 072 332 715 0,98
MAPE 4243 2648 1517 29,33 2523 17,59 16,62 24,30 27,92 14,29 2563 34,09
KLD 0030 0088 0015 0032 0.095 0.015 0.011 0.083 0.023 0012 0.079 0.027

The variation of the TEC values measured with the TEC
values obtained from the empirical models for the 2"
storm at the Istanbul station is given in Figure 11. The
evaluation results of the model (by means of Equations
(1), (2), (3) and (7)) are given in Table 8. When the values
measured with the NeQuick model were compared, it
was understood from the KLD and metric results that it

gave good results especially after the storm and relatively
good results before and during the storm. It is seen from
the KLD value and metrics that the Measured TEC has a
good relationship with IRl 2016 during post storm, IRI
Plas (TEC) model values during pre-storm and storm
times [19].

(@)

T I T T T T i
—— Measured TEC
4044 | —— NeQuick 2

(b

—— Measured TEC
— |RI 2016

g

SN L

TEC (TECu)

n N 1
A\l

AV

|
AT
1O_J I W\V |\//

[\
WA
N VA AR SATARY

T T
I —— Measured TEC|I
40 - —— IRI Plas . » .

T T T T T
| —— Measured TEC|I
E : —— |RI Plas TEC 2 o
| (d

TEC (TECu)

=
WL 2
W Y

b
\\/ \

e

10
0 24 48 72 96 1é0 1214

Time (hour-UT)

0 24 48 72 96
Time (hour-UT)

léO 1214

Figure 11. Variation of measured- NeQuick 2 TEC (a), Measured - IRI 2016 TEC (b), Measured - IRI Plas TEC (c), Measured -
IRI Plas TEC (d) for the 2" geomagnetic storm at Istanbul station. The time duration between the dashed black lines indicates the

storm time

987



Table 8. Comparison results for the 2" geomagnetic storm at Istanbul station

] Measured - IRI-Plas
Measured -NeQuick 2 Measured - IR1-2016 Measured - IRI-Plas
(TEC)
pre- during  post pre- during post  pre- during  post pre- during  post
storm  storm  storm  storm  storm  storm storm storm  storm  storm storm  storm
MAE 4,91 4,20 4,32 7,34 6,95 3,96 5,35 4,85 4,51 4,18 4,21 4,87
RMSE 5,10 4,83 6,85 7,37 7,94 6,05 5,60 6,00 5,76 4,52 5,34 574
MAPE 20,66 2305 19,28 3151 3259 17,77 21,90 2140 23,84 16,76 1864 27,53
KLD 0.003 0.057 0.087 0.003 0.028 0.036 0.003 0.033 0.082 0.004 0.033 0.081

In Figure 12, the variation of the TEC values measured
and the TEC values obtained from the empirical models
for the 3" storm at the Istanbul station is shown. The
evaluation results of the model (by Equations (1), (2), (3)
and (7)) are given in Table 9. When the measured values
with the NeQuick model values are examined (Figure
12a), it is seen that the NeQuick model predicts

exaggerated values. It is observed that these exaggerated
values are compatible with the amount of increase in the
TEC values measured by the storm. The best fit of the
measured TEC can be seen from the KLD model and
metric values that it provides with IRl 2016 during post
storm.
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Table 9. Comparison results for the 3™ geomagnetic storm at Istanbul station

. Measured -  IRI-Plas
Measured -NeQuick 2 Measured - IR1-2016 Measured - IRI-Plas
(TEC)

pre- during  post pre- during  post pre- during  post pre- during  post

storm  storm  storm  storm  storm  storm  storm  storm  storm  storm  storm  storm

MAE 385 3,26 403 263 322 1,39 330 289 437 272 254 371
RMSE 485 395 599 280 3,84 1,74 481 376 500 399 320 4,24
MAPE 3511 2838 3452 3020 2847 1800 2550 2389 5541 21,13 21,37 48,67
KLD 0.132 0.110 0.045 0.050 0.044 0.015 0.037 0.047 0.018 0.017 0.023 0.009

When the obtained results are compared with the
literature, it is seen that consistent results are obtained.
Tariku Y., 2020 is calculated that the RMSE values
obtained in the comparison of NeQuick, IR1 2016 and IRI
Plas 2017 are compatible with the values obtained from
the study[40]. However, Okah et al., 2018, compared to
NeQuick and IRI Plas 2017, which is consistent with the
low predicted result of the NeQuick model during the
high solar activity period, but the opposite result was
obtained with the lower predicted result of IRI Plas
2017[41]. In another study, it was stated that the IRI Plas
model was better than the NeQuick model at low
latitudes, and the NeQuick model was better at high
latitudes[42].

CONCLUSIONS

The change in TEC is one of the most important
parameters in observing space weather, affecting
satellite-based = communication,  positioning  and
navigation processes [43]. The TEC values are measured
by satellite and GPS receivers, as well as estimated by
models such as IRl and NeQuick. Model estimations are
very important especially in regions where measurement
is not made. In this context, in this study, the performance
of empirical models was evaluated for three different
severe geomagnetic storm processes that occurred in
2015, the beginning of the descending phase of the 24"
solar cycle.

Although the NeQuick 2 model is climatically expressed
[15], it seems to be the subject of many scientific studies
(shown in the references section of this study). It is
known that the IRI 2016 has a sub-option to choose from
for the storm, while the NeQuick model does not. Among
the empirical models, IRI Plas TEC was generally found
to be better than other models for all storm processes. It
can be stated that IRl 2016 is better in the storm recovery
phase compared to other phases of the storm. From the
study made, it can be stated that empirical model still
needs to be developed for all stations and all storm
processes.
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