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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 24th 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 IRI 2016 is better in the storm return phase compared to 

other phases of the storm.  
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2015 Yılında Meydana Gelen Üç Şiddetli Jeomanyetik Fırtına Süresince Deneysel 

İyonosferik Modellerin Karşılaştırılması 
 
ÖZ 

Jeomanyetik alan, iyonosfer için hem kalkan hem de elektron yoğunluk düzenleyicisi görevi görür. Jeomanyetik alanın 

iyonosfer üzerindeki etkisi, sakin ve fırtınalı günler için ayrı ayrı incelenebilir. Bu çalışmada, 24. güneş devrinin 

azalan fazının başlangıcı olan 2015 yılı boyunca iyonosferik modellerin performansı üç farklı şiddetli jeomanyetik 

fırtına dönemi için değerlendirilmiştir. Bu üç fırtına, 2015 yılının 17-18 Mart, 22-23 Haziran ve 20-21 Aralık 

tarihlerinde meydana gelmiş ve bunlardan ilki St. Patrick Günü jeomanyetik fırtınası olarak ifade edilir. Toplam 

Elektron İçeriği (TEC) arasındaki ilişki Küresel Konumlandırma Sistemi (GPS) ile ölçülmüş ve NeQuick 2, IRI 2016, 

IRI Plas (herhangi bir giriş olmadan- “IRI Plas”) ve IRI Plas TEC (TEC girişi ile- “IRI Plas TEC”) ile 

değerlendirilmiştir. Ankara (39.57 K, 32.53 D), İstanbul (40.58 K, 29.05 D) ve Erzurum (40.39 K, 40.42 D) olmak 

üzere üç Türkiye IGS istasyonunda küresel modeller incelenmiştir. Karşılaştırma, Ortalama Mutlak Hata (MAE), 

Ortalama Kare Hata (RMSE) ve Ortalama Mutlak Yüzde Hata (MAPE) metrikleri ve simetrik Kullback-Leibler 

Mesafesi (KLD) kullanılarak fırtına öncesi, fırtına sırasında ve fırtına sonrası için ayrı ayrı yapılmıştır.  Ampirik 

modeller arasında IRI Plas TEC, tüm fırtına süreçleri için genel olarak diğer modellerden daha iyi bulunmuştur. IRI 

2016'nın fırtına dönüş aşamasında fırtınanın diğer aşamalarına göre daha iyi olduğu ifade edilebilir.  

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

INTRODUCTION  

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 

communication. These devices, especially the ionosonde 

and scattering radar, are not available to a very common 

installation network due to the high cost of installation 

and maintenance. Ionospheric medium outside the 

installation areas are modeled with empirical models 

such as IRI 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 IRI 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 

Ionospheric 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 24th solar cycle 

were evaluated. 1st storm 17-18 March 2015 Patrick's 

Day geomagnetic storm[31], 2nd storm 22-23 June 2015 

geomagnetic storm[32] and 3rd 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 (IRI Plas), IRI-Plas with TEC input (IRI Plas 

(TEC))) values. 

 

Mean Absolute Error 

MAE =
1

n
∑ |𝑒𝑗|n

j                                                          (1) 

 

Root Mean Square Error 

RMSE = √
∑ ej

2n
j

n
                                                         (2) 

 

Mean Absolute Percent Error 

MAPE =
100

n
∑

|𝑒𝑗|

|𝐴𝑗|
n
j                                              (3) 

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-Leibler 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. 

 

𝐏̂𝑢;𝑡 = 𝐱𝑢;𝑑[∑ 𝐱𝑢;𝑑(𝑛)𝑁𝑠
𝑛=𝑁𝑖

]
−1

                               (4) 

 

where 𝑑 represents the hourly TEC values. 𝑁𝑠ve 𝑁𝑖  

indicate the start and end values of the investigated storm 

phase (pre, during and post), respectively.  

KL(𝐏̂𝑢;𝑑\𝐏̂𝑣;𝑑) = ∑ 𝑃̂𝑢;𝑑(𝑛)𝑁𝑠
𝑛=𝑁𝑖

ln (
𝑃̂𝑢;𝑑(𝑛)

𝑃̂𝑣;𝑑(𝑛)
)       (5) 
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KL(𝐏̂𝑣;𝑑\𝐏̂𝑢;𝑑) = ∑ 𝑃̂𝑣;𝑑(𝑛)𝑁𝑠
𝑛=𝑁𝑖

ln (
𝑃̂𝑣;𝑑(𝑛)

𝑃̂𝑢;𝑑(𝑛)
)       (6) 

where 𝑁𝑖 < 𝑛 < 𝑁𝑠. "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(𝐏̂𝑣;𝑑; 𝐏̂𝑢;𝑑) = KL(𝐏̂𝑢;𝑑\𝐏̂𝑣;𝑑) + KL(𝐏̂𝑣;𝑑\𝐏̂𝑢;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 1st 

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 2nd 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 2nd 

storm days. 

 
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 3rd 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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Figure 3. Temporal variation of geomagnetic indices for 3rd 

storm days. 

Analysis results for Ankara station 

The temporal variation of the measured TEC and TEC 

obtained from NeQuick 2 model, IRI 2016, IRI Plas, IRI 

Plas TEC models at Ankara station for the 1st Storm is 

shown in Figure 4. The evaluation results of the model 

(by using Equations (1), (2), (3) and (7)) are given in 

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 

weakest correlation was observed between NeQuick 2 

and measured TEC values in both MAE and RMSE 

metrics and KLD value, except for MAPE value. The 

best agreement with the measured TEC value for all 

storm conditions is between IRI Plas and IRI Plas TEC. 
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Figure 4.  Variation of measured- NeQuick 2 TEC (a), Measured - IRI 2016 TEC (b), Measured - IRI Plas TEC (c), Measured - 

IRI Plas TEC (d) for 1st 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 1st geomagnetic storm process at Ankara station 

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

 
pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

MAE 9,28 7,55 1,28 5,92 6,68 0,68 3,65 5,69 0,14 2,88 5,64 0,10 

RMSE 9,78 11,82 2,46 6,15 10,81 1,31 4,11 9,96 0,27 3,35 9,86 0,31 

MAPE 42,55 29,97 24,10 29,45 25,99 13,58 16,78 21,43 13,96 13,67 22,22 17,92 

KLD 0.022 0.101 0.020 0.024 0.112 0.015 0.006 0.108 0.019 0.007 0.108 0.018 

The temporal variation of TEC values measured and 

obtained with empirical models is shown in Figure 5 for 

the 2nd 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 

largest values in the KLD and RMSE and MAE metrics 

were calculated throughout the storm, except for 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].  
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Figure 5. Variation of measured- NeQuick 2 TEC (a), Measured - IRI 2016 TEC (b), Measured - IRI Plas TEC (c), Measured - IRI 

Plas TEC (d) for Ankara station during 2st geomagnetic storm. The duration between the dashed black lines indicates the storm 

time 

 

 

 

 

 



MSU Fen Bil. Dergi., 10:2 977-991, 2022 Araştırma Makalesi/ Research Article 

MSU J. of Sci., 10:2 977-991, 2022         DOI: https://doi.org/10.18586/msufbd.1176184 

 

982 

 

Table 2. Comparison results for the 2nd geomagnetic storm process at Ankara station 

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

(TEC) 

 
pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

MAE 5,81 4,45 4,86 8,27 7,95 4,22 6,33 5,58 4,48 5,14 4,90 4,78 

RMSE 6,28 5,35 7,51 8,57 8,99 6,55 6,94 7,02 6,09 5,84 6,29 5,94 

MAPE 21,56 22,30 20,67 32,26 34,98 17,99 22,98 22,33 22,70 18,03 19,45 26,08 

KLD 0.002 0.031 0.042 0.003 0.023 0.068 0.008 0.030 0.083 0.008 0.030 0.082 

 

Figure 6 shows the temporal change of TEC values 

measured and obtained from the empirical models TEC 

for the 3rd 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 IRI Plas TEC values and the measurement 

values.  
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Figure 6. Variation of measured- NeQuick 2 TEC (a), Measured - IRI 2016 TEC (b), Measured - IRI Plas TEC (c), Measured - IRI 

Plas TEC (d) for 3rd geomagnetic storm at Ankara station. The duration between the dashed black lines indicates the storm time 
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Table 3. Comparison results for the 3rd geomagnetic storm process at Ankara station 

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

(TEC) 

 
pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

MAE 3,72 3,51 3,79 2,77 3,69 1,88 2,81 2,59 3,20 2,34 2,37 2,58 

RMSE 4,36 3,98 5,41 2,99 4,24 2,09 4,03 3,33 4,14 3,26 2,87 3,39 

MAPE 33,74 30,10 30,58 31,20 31,66 22,02 20,41 19,76 30,66 17,76 18,24 25,30 

KLD 0.005 0.063 0.086 0.003 0.023 0.068 0.008 0.030 0.083 0.008 0.031 0.0082 

Analysis results for Erzurum station 

The variation of the measured and empirical model TEC 

values obtained for Erzurum station for the 1st storm 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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Table 4.  Comparison results for the 1st geomagnetic storm process at Erzurum station 

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

(TEC) 

 
pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

MAE 9,28 6,72 1,50 5,94 6,02 1,02 3,81 4,86 0,35 3,13 4,77 0,22 

RMSE 9,56 8,69 2,88 6,17 7,78 1,95 4,14 7,13 0,68 3,47 7,19 0,44 

MAPE 43,53 31,96 26,68 30,66 29,43 18,90 18,88 22,50 17,09 16,15 22,63 19,60 

KLD 0.036 0.092 0.035 0.040 0.103 0.056 0.012 0.082 0.017 0.012 0.086 0.034 

Figure 8 shows the temporal variation of both measured 

and empirical models TEC values for the 2nd 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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Table 5. Comparison results for the 2nd geomagnetic storm process at Erzurum station 

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

(TEC) 

 
pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

MAE 5,11 4,50 4,01 7,53 7,33 3,43 5,61 5,04 3,48 4,42 4,40 3,63 

RMSE 5,21 5,21 5,62 7,53 8,25 4,71 5,86 6,33 4,37 4,74 5,65 4,40 

MAPE 20,63 23,33 19,63 30,91 34,15 17,11 22,07 21,59 19,80 17,09 18,79 22,02 

KLD 0.002 0.064 0.058 0.001 0.026 0.045 0.003 0.031 0.054 0.004 0.031 0.053 

 

Figure 9 shows the temporal variation of TEC values 

obtained by measured and obtained with empirical 

models for the 3rd 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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Table 6. Comparison results for the 3rd geomagnetic storm process at Erzurum station 

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

(TEC) 

 
pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

MAE 4,22 3,32 4,03 3,22 3,65 2,28 3,24 2,30 3,24 2,77 2,10 2,67 

RMSE 4,94 3,78 5,63 3,46 4,16 2,54 4,41 2,92 4,25 3,67 2,56 3,54 

MAPE 38,45 30,21 34,36 34,62 32,68 25,61 25,36 18,57 33,22 22,62 17,29 28,41 

KLD 0.176 0.110 0.106 0.136 0.083 0.075 0.061 0.039 0.035 0.055 0.036 0.035 

Analysis results for Istanbul station 

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), 

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

TEC values with the NeQuick model were examined, it 

was seen that the difference between the noon maximums 

before the storm continued during the storm period, while 

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 

compatible. 
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Table 8. Comparison results for the 1st geomagnetic storm at Istanbul station 

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

(TEC) 

 
pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

MAE 9,01 6,18 0,88 5,73 5,71 0,29 3,50 5,26 0,34 2,89 5,31 0,49 

RMSE 9,50 8,94 1,71 6,04 7,78 0,59 4,00 7,13 0,72 3,32 7,15 0,98 

MAPE 42,43 26,48 15,17 29,33 25,23 17,59 16,62 24,30 27,92 14,29 25,63 34,09 

KLD 0.030 0.088 0.015 0.032 0.095 0.015 0.011 0.083 0.023 0.012 0.079 0.027 

The variation of the TEC values measured with the TEC 

values obtained from the empirical models for the 2nd 

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 IRI 2016 during post storm, IRI 

Plas (TEC) model values during pre-storm and storm 

times [19].   
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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 2nd geomagnetic storm at Istanbul station. The time duration between the dashed black lines indicates the 

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

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

(TEC) 

 
pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

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 5,74 

MAPE 20,66 23,05 19,28 31,51 32,59 17,77 21,90 21,40 23,84 16,76 18,64 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 3rd 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 IRI 2016 during post 

storm. 
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time 
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Table 9. Comparison results for the 3rd geomagnetic storm at Istanbul station 

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

(TEC) 

 
pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

pre-

storm 

during 

storm 

post 

storm 

MAE 3,85 3,26 4,03 2,63 3,22 1,39 3,30 2,89 4,37 2,72 2,54 3,71 

RMSE 4,85 3,95 5,99 2,80 3,84 1,74 4,81 3,76 5,00 3,99 3,20 4,24 

MAPE 35,11 28,38 34,52 30,20 28,47 18,00 25,50 23,89 55,41 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. 

Tarıku Y., 2020 is calculated that the RMSE values 

obtained in the comparison of NeQuick, IRI 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 IRI 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 24th 

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 IRI 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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