
MAUN Fen Bil. Dergi., 11:2 55-64, 2023 Araştırma Makalesi/ Research Article 

MAUN J. of Sci., 11:2 55-64, 2023           DOIhttps://doi.org/10.18586/msufbd.1353252 

 

55 

 

 Investigation of TEC Changes on Magnetic Conjugate Pairs over the Africa Region during 

the Geomagnetic Storm of August 25-26, 2018. 

 
Serhat KORLAELCİ1

 
1Department of Medical Services and Tecniques, Vocational School of Health Services, Mus Alparslan University, 

Mus, Turkey 

 

: s.korlaelci@alparslan.edu.tr 10000-0002-0956-4721 

 

Received ( Geliş ): 31.08.2023 Revision ( Düzeltme ): 20.11.2023 Accepted ( Kabul ): 05.122023 

 

ABSTRACT 

In this study, we investigated two magnetic conjugate pairs over the African region during the geomagnetic storm of 

August 25-26, 2018. The effects of geomagnetic conditions, represented by the Dst index and IMF Bz values, on the 

Total Electron Content (TEC) values at the conjugate stations were compared for stormy and quiet periods. During 

the storm period, the effect of the TEC values at the stations in the northern hemisphere on the TEC values at the 

stations in the southern hemisphere is greater than the effect of the TEC values in the southern hemisphere on the TEC 

values in the northern hemisphere. According to this result, it can be said that the southward electromagnetic 

convection was more than the northward convection during the dates examined. When the coefficients are analyzed, 

it can be said that the interaction is higher in the magnetic conjugate pair closer to the equator during the storm period, 

while the interaction is higher in the magnetic conjugate pair farther from the equator during the quiet period. When 

the coefficients calculated for Dst and IMF Bz are considered, it is seen that the TEC values are very small compared 

to their coefficients. It can be concluded that the effect of Dst and IMF Bz is much smaller than the effect of TEC 

values at a station on TEC values at its magnetic conjugates.  

Keywords: Ionosphere, Autoregressive Distributed Lag, magnetic conjugate pairs, Total Electron Content, 

geomagnetic storm 
 

 

25-26 Ağustos 2018 Jeomanyetik Fırtına Sırasında Afrika Bölgesi Üzerindeki Manyetik 

Eşlenik Çiftleri Üzerindeki TEC Değişikliklerinin İncelenmesi 

 
ÖZ 

Bu çalışmada, 25-26 Ağustos 2018 jeomanyetik fırtınası sırasında, Afrika bölgesi üzerinde iki manyetik eşlenik çifti 

incelendi. Dst indeksi ve IMF Bz değerleri ile sunulan jeomanyetik koşulların, eşlenik istasyonlardaki Toplam 

Elektron İçeriği (TEC) değerleri üzerindeki etkileri fırtınalı ve sessiz dönemler için karşılaştırılmıştır. Fırtına 

döneminde kuzey yarımküredeki istasyonlardaki TEC değerlerinin güney yarımküredeki istasyonlardaki TEC 

değerlerine etkisi, güney yarımküredeki TEC değerlerinin kuzey yarımküredeki TEC değerlerine etkisinden daha 

fazladır. Bu sonuca göre incelenen tarihlerde güney yönlü elektromanyetik taşınımın kuzey yönlü taşınımdan daha 

fazla olduğu söylenebilir. Katsayılar incelendiğinde fırtına döneminde ekvatora daha yakın olan manyetik eşlenik 

çiftinde etkileşimin daha fazla olduğu, sessiz dönemde ise ekvatora uzak olan manyetik eşlenik çiftinde etkileşimin 

daha fazla olduğu söylenebilir. Dst ve IMF Bz için hesaplanan katsayılar dikkate alındığında TEC değerlerinin 

katsayılarına göre çok küçük olduğu görülmektedir. Buradan Dst ve IMF Bz'nin etkisinin, bir istasyondaki TEC 

değerlerinin, manyetik eşleniklerindeki TEC değerleri üzerindeki etkisinden çok daha küçük olduğu sonucuna 

varılabilir. 

Anahtar Kelimeler: İyonosfer, Otoregresif Dağıtılmış Gecikme, Manyetik Eşlenik noktalar, Toplam Elektron İçeriği, 

Jeomanyetik Fırtına 
 

 

INTRODUCTION  

 

Ninety percentage of intense geomagnetic storms (Dst ≤-

100 nT) are caused by the effect of Coronal Mass 

Ejections (CME) [1, 2]. The major source of strong space 

weather irregularities occurring on Earth is considered to 

be CME [3, 4]. The slow-moving CME that occurred on 

August 20, 2018, appeared to have turned into a large 

geomagnetic storm, although it was expected to cause a 

minor storm. The August 26, 2018 space weather event 

is known as the largest storm at the minimum phase of 

24th solar cycle, after two major geomagnetic storms in 

2015 [5]. This storm has been studied with different 

aspects in many studies [6–8]. Storms are closely related 

to physical processes in the ionosphere [9]. 

The effects of geomagnetic storms on the ionosphere can 

significantly change parameters such as electron density 

and Total Electron Content (TEC) [10]. During the storm, 
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vertical plasma drift occurs in the equatorial ionosphere 

due to changes in the electric field. When the field is 

eastward it causes strong plasma drift. When the 

electrical field is westward it causes weak plasma drift. 

That is, eastward plasma drift increases the irregularities, 

while westward drift decreases it [11, 12]. The proof of 

the formation of ionospheric irregularities is also 

expressed as rapid decrease in TEC values [13]. TEC is 

the number of electrons in a cylinder of unit cross section 

along the signal path between a satellite and its receiver. 

The unit of TEC is TECU and 1 TECU is 1016 

electrons/m2 [14].  

The special electrodynamic processes such as the 

equatorial ionization anomaly (EIA), the Post Sunset 

Rise (PSSR), the Rayleigh−Taylor instability (RTI), and 

Equatorial Plasma Bubbles (EPBs) is effected to 

equatorial ionosphere [15, 16]. These electrodynamic 

processes cause increased ionization in the equatorial 

region (about ± 15 degrees of the magnetic equator)[12, 

17]. Another process that affects the ionization process is 

the connection between the ionospheric magnetic 

conjugate points formed by the high electrical 

conductivity in the geomagnetic field. This connection 

causes ionospheric changes at the conjugate points [18].  

In the magnetosphere-ionosphere system, intense electric 

fields and currents are always excited and their effects are 

global. These effects, which are also caused by 

geomagnetic storms, occur simultaneously in the polar 

regions and spread to the equator [19]. Hanson (1963) 

first proposed the possibility of photoelectron transfer 

between magnetic conjugate points. Unlike charged 

thermal energy particles, photoelectrons can establish a 

direct link between their magnetic conjugate regions 

[20]. Since then the relationship between magnetic 

conjugate points has been studied by many researchers 

[21–28]. 

Significant progress has been made in identifying sources 

of irregularities in TEC, such as coronal mass ejection, 

galactic and cosmic rays, earthquakes, volcanoes, 

typhoons [29–32]. However, there is still a need to 

increase the measurement accuracy rate even further. In 

this context, the interaction of TEC measurements 

obtained between magnetic conjugate points should be 

considered. In this study, the relationship between TEC 

measurements obtained from two pairs of magnetic 

conjugate GPS (Global Positioning System) stations in 

the African low latitude region was examined for the 

August 26, 2018, geomagnetic storm and calm 

conditions. In addition, the interaction rates obtained in 

this study were compared with the Dst index, which is the 

main indicator of the changes in the geomagnetic field in 

the equatorial region, and the effect of the z-direction 

component of the interplanetary magnetic field (IMF Bz).  

 

MATERIAL and METHOD  

 

In the present study, two magnetic conjugate pairs were 

identified to investigate the ionospheric TEC changes in 

the African region. These pairs are Haifa (32.77o N, 

35.02o E)- Ambalavao (21.90o S,46.79o E) and Djibouti 

(11.52o N, 42.84o E)-Malindi (2.99o S, 40.19o E) and their 

geographic locations are shown in Figure 1. Their 

geographic and geomagnetic coordinates are given in 

Table 1 and were obtained from the World Data Center 

for Geomagnetism (http://wdc.kugi.kyoto-

u.ac.jp/igrf/gggm/).The GPS receiver data for these 

stations are obtained from (https://network.igs.org/) of 

the IGS for the period of 1-7 August 2018 and 25-31 

August 2018, in Receiver INdependent EXchange 

(RINEX) format. These data were converted to 30-

second VTEC data by the IONOLAB-TEC/STEC 

software on the Ionospheric Research Laboratory 

(IONOLAB) (http://www.ionolab.org/) [33–35]. 

 

 
 

Figure 1: Geographic coordinates of two different magnetic 

conjugate pairs over the African region. 

 

Table 1: Geographic and geomagnetic coordinates of the 

stations where TEC data was obtained. 

 

Station 

Name 

Geographic 

Coordinates 

Geomagnetic 

Coordinates 

Latitude Longitude Latitude Longitude 

Haifa  32.77o N 35.02o E 29.78o N 113.16o E 

Ambalavao 21.90o S 46.79o E 26.84o S 116.06o E 

Djibouti 11.52o N 42.84o E  7.49o N 117.50o E 

Malindi   2.99o S 40.19o E  7.28o S 112.13o E 

 

The time for the geomagnetic storm period, the date 

range from 25-31 August 2018 was chosen. To determine 

the geomagnetic storm period, Dst, Kp values which are 

the indicators of the changes in the geomagnetic field, 

and IMF Bz values, which is the z component of the 

interplanetary magnetic field, were obtained from the 

NASA Space Physics Data Facility 

(SPDF)(https://omniweb.gsfc.nasa.gov/form/dx1.html). 
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The main phase of the storm (26 August 2018) was 

determined by considering the maximum changes in 

these indices. The storm period was determined as the 

date range (25-31 August 2018) covering three days 

before and after the main phase. The time frame for the 

quiet period, the date range from 1-7 August 2018 was 

chosen. The temporal changes in IMF Bz and 

geomagnetic indices for these periods are given in Figure 

2. 

The positive values of Dst, which indicates the initial 

phase of the geomagnetic storm, started at 03:00 UT on 

August 25 and continued until 17:00 UT. During this 

time, the IMF Bz value changed from 0.4 nT to -6.3 nT, 

and the Kp value changed from 1.0 to 1.7. Then, the main 

phase of the storm, which started at about 18:00 on 

August 25, ended at 06:00 UT on August 26. During the 

main phase, the Dst value reached a maximum of -175 

nT. During this period, the IMF Bz value changed from -

8.9 nT to -12.7 nT, and the Kp value changed from 3.7 to 

7.3. It is seen that the storm's return phase started from 

approximately 06:00 UT on August 26. All these results 

represent a geomagnetic storm process [36, 37]. Dst 

value varies between -10 and 19 nT, and Kp value varies 

between 0 and 3 in the date range of 1-7 August 2018, 

which we have determined as the quiet period. 

Considering, Kp < 3; the Dst < -50 nT values for quiet 

period as a reference, it is compatible with the literature 

[38, 39]. 

-12

-6

0

6

0

18

36

54

72

-175

-140

-105

-70

-35

0

35

 

1 
A

ug

7 
A

ug

25
 A

ug

31
 A

ug

26
 A

ug

K
p*

10

 

 

D
st

 (n
T

)
IM

F 
B

z (n
T

)

 
 

Figure 2: Temporal changes of IMF Bz, Kp index, and Dst 

indices during 1-31 August 2018. The black dashed vertical 

lines in the figure represent the quiet period range. The blue 

vertical dashed line represents the maximum storm time and the 

blue vertical lines the storm period.  

The Autoregressive Distributed Lag (ARDL) approach 

developed by Pesaran et al. (2001) was used to examine 

the relationship between the variables [40]. When the 

variables are integrated of different order (I (0) or I (1)), 

the cointegration relationship between the variables can 

be analyzed with the ARDL method (See, for example,). 

Therefore, the ARDL estimation technique is one of the 

most appropriate when the integration order of the 

variables is different. Moreover, according to Pesaran 

and Shin (1999), the ARDL technique produces 

consistent results in the case of autocorrelation and 

endogeneity problems [40, 41]. 

∆𝑌𝑡 = 𝛾0 + ∑ 𝛾𝑖∆𝑌𝑡−𝑖 + ∑ 𝛿𝑖∆𝑋𝑡−𝑖 + 𝜑1𝑌𝑡−1 +𝑛
𝑖=1

𝑛
𝑖=1

𝜑2𝑋𝑡−1 + 휀𝑡       (1) 

Yt and Xt are the dependent and independet variables, 

respectively. γ0, γi, δi, φ1, φ2 are the coefficient of 
the variables. The significance of the lagged variables in 

Eq. (1) is determined by the F test. However, the 

asymptotic distribution of the F-statistics is non-standard. 

Therefore, the critical values produced by Pesaran et al. 

(2001) are used. The cointegration relationship between the 

variables in Eq. (1) is determined by testing α1 = α2 = 0 

hypotheses. Following the estimation of Eq. (1) with the 

ARDL method, the joint significance of the α1 and α2 

coefficients are tested using the F test statistic. The 

variables are cointegrated if the calculated F statistic is 

greater than the critical upper bound. If the F value is less 

than the critical lower bound, it means that there is no 

cointegration among the underlying variables. If the 

calculated F statistics fall between the lower and upper 

bounds, it is inconclusive. Hence, no decision can be 

made by using the bound test. 

The ARDL model, which is a powerful statistical model, 

was applied to reveal how much any magnetic conjugate 

point is affected by the other magnetic conjugate point 

and by the geomagnetic index (Dst) and IMF Bz. The 

ARDL model is a linear time series model in which both 

dependent and independent variables have a relationship, 

in which the lagged and level values are integrated. 

Time series must be stationary to be analyzed 

statistically. The unit root test determines whether the 

series in a data set are stationary. If the series are 

stationary, that is, it has no unit root, it has a finite 

variance. In this study, stationarity analysis was 

performed by two different unit root tests (Augmented 

Dickey-Fuller (ADF) and Phillips-Perron (PP)), which 

are widely used [42–44]. The equation has been 

formulated as follows. 

 

ΔYt = μ + β
t

+ δYt−1 + ∑ αj
k
j=1 ΔYt−j + εt  (2) 

where Yt is the variable under stationary test, ∆ is the 

difference operator, μ, β, δ and α are the equation 

coefficients, t is a time trend, εt is the error term, and k 

is the optimal lag length. 

 

RESULTS and DISCUSSION 

 

The interaction rates of TEC values at conjugate stations 

and the interaction rates from solar and geomagnetic 

indices for two magnetic conjugate pairs selected over 
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the African region were examined by the statistical 

ARDL model in this study. In this model, the stationarity 

of dependent and independent variables was analyzed 

first. The unit root test results of the dependent variable 

(TEC) and independent variables (Dst and IMF Bz) data 

in the analyses are given in Table 2. If the absolute value 

of the coefficients of the variables given in this table is 

greater than the MacKinnon (1996) critical values in 

Table 2 and the probability value in the parentheses is  

significant, it is stationary according to the unit root test 

[45]. For example, the ADF unit root coefficient in Haifa 

TEC's Quiet Days is -5.50 and its probability value is 

(0.0000). The absolute value of this number is higher 

than the MacKinnon (1996) critical values (-4.09, -3.47, 

-3.16) and the probability value is less than 0.01. In this 

case, it is stated that the Haifa TEC values are stationary 

at 1% (this ratio is expressed with an * sign). If the 

probability value is not significant at the level, the first 

difference is checked and if it is not significant, it is 

concluded that the data set is not suitable for analysis. 

According to the results in the table, it is seen that the 

variables in the data set were stationary at the level or the 

first difference.

 

Table 2: Unit Root Test results 
 

 

(*), (**), (***) indicate 1%, 5% and 10% significance levels, respectively. Considered according to MacKinnon (1996). 

 

 

Transports between magnetic conjugate points occur 

through electromagnetic processes [19]. This movement 

may be from the Northern Hemisphere to the Southern 

Hemisphere, or it may be in the opposite direction. For 

this reason, the TEC value at each station was evaluated 

separately as the dependent variable to see the effect of 

bidirectional transport in magnetic conjugate pairs. 

Haifa-Ambalavao Magnetic Conjugate Pair 

The regression analysis equation, which is also used in 

many ionospheric studies, was used to examine the TEC 

changes of the Haifa - Ambalavao magnetic conjugate 

pair during the storm period (25-31 Aug 2018) [46, 50]. 

This equation returns the result of the relationship 

between the variables as a coefficient. Accordingly, the 

regression equations for the two stations during the storm 

period are given as follows. 

 (TECHaifa) = α0 + α1(TECAmbalavao) + α2(Dst) +
α3(IMF Bz) + ε                                     (3) 

 Variables 
Quiet Days Storm Days 

ADF PP ADF PP 

L
ev

e
l 

Haifa TEC 

(Probability) 

-5.50 

(0.0000)* 

-3.88 

(0.0028)* 

-4.94 

(0.0001)* 

-3.19 

(0.0230)* 

Ambalavao TEC 

(Probability) 

-7.28 

(0.0000)* 

-3.61 

(0.0066)* 

-3.93 

(0.0024)* 

-3.01 

(0.0365)* 

Djibouti TEC 

(Probability) 
-8.46 

(0.0000)* 
-3.94 

(0.0123)** 
-8.46 

(0.0000)* 
-3.80 

(0.0035)* 

Malindi TEC 

(Probability) 

-6.13 

(0.0000)* 

-3.82 

(0.0176)** 

-6.77 

(0.0000)* 

-3.80 

(0.0035)* 

Dst 

(Probability) 

-4.14 

(0.0011)* 

-3.16 

(0.0242)** 

-2.30 

(0.1727) 

-2.15 

(0.2243) 

IMF Bz  

(Probability) 

-5.21 

(0.0000)* 

-5.23 

(0.0000)* 

-3.08 

(0.0298)** 

-3.69 

(0.0051) 

F
ir

st
 D

if
fe

r
e
n

c
e 

Haifa TEC 

(Probability) 

-5.99 

(0.0000)* 

-6.49 

(0.0000)* 

-3.68 

(0.0055)* 

-7.03 

(0.0000)* 

Ambalavao TEC 

(Probability) 
-5.02 

(0.0000)* 
-6.57 

(0.0000)* 
-5.72 

(0.0000)* 
-5.47 

(0.0000)* 

Djibouti TEC 

(Probability) 
-8.73 

(0.0000)* 
-7.45 

(0.0000)* 
-9.03 

(0.0000)* 
-8.16 

(0.0000)* 

Malindi TEC 

(Probability) 

-5.73 

(0.0000)* 

-5.76 

(0.0000)* 

-6.22 

(0.0000)* 

-6.30 

(0.0000)* 

Dst 

(Probability) 

-9.82 

(0.0000)* 

-10.71 

(0.0000)* 

-6.73 

(0.0000)* 

-6.74 

(0.0000)* 

IMF Bz  

(Probability) 

-14.41 

(0.0000)* 

-23.65 

(0.0000)* 

-5.96 

(0.0000)* 

-13.41 

(0.0000)* 

M
a

c
K

in
n

o
n

 

(1
9
9

6
) 

c
ri

ti
c
a
l 

v
a
lu

e
s 

ADF PP The level of significance 

-4.09 -4.08 1% 

-3.47 -3.47 5% 

-3.16 -3.16 10% 
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(TECAmbalavao) = β0 + β1(TECHaifa) + β2(Dst) +
β3(IMF Bz) + ε                                    (4) 

For the quiet period on 1-7 Aug 2018, the interaction of 

the magnetic conjugate points with each other was 

examined. The equations for the quiet period are as 

follows. 

(TECHaifa) = α0 + α1(TECAmbalavao) + α2(Dst) +
α3(IMF Bz) + ε                (5) 

(TECAmbalavao) = β0 + β1(TECHaifa) + β2(Dst) +
β3(IMF Bz) + ε                 (6) 

where (α0, β0) denotes the regression 

constant α1, α2, α3,β1, β2, and β3, regression coefficients 

and ε the error term. The existence of the relationship 

between the dependent and independent variables was 

examined by the ARDL bounds test approach. The 

validity of the test for the model under consideration was 

made by calculating the F-statistics and by comparing the 

Pesaran et al. (2001) critical values. The F-statistics 

values obtained for equations (3), (4), (5), and (6) were 

found to be at a significance level of 1% according to the 

Pesaran et al. (2001) critical values. In this situation, it is 

understood that the F statistical values given in the Table 

3 are greater than the Pesaran et al. (2001) critical values. 

This result shows that the statistical expressions 

established by equations (3), (4), (5) and (6) are 

meaningful.

Table 3: ARDL F-Bounds Test Results of Haifa-Ambalavao magnetic pair 

 

 Equation 3 Equation 4 Equation 5 Equation 6 

F-statistic (7.70)* (7.86)* (8.77)* (16.82)* 

 

Pesaran et al. (2001) critical values 

Signif. I(0) I(1) 

10% 3.03 4.06 

5% 3.47 4.57 

2.5% 3.89 5.07 

1% 4.4 5.72 

 

Critical values were taken from Pesaran et al. (2001), from Table CI (iii). (*) indicates 1% significance level. 

Assumption tests were performed to examine the fit of 

the model. Diagnostic tests are essential for consistent 

results. For example, the relationship between the error 

terms reveals the existence of autocorrelation. In the case 

ofautocorrelation, least squares estimators of parameters 

are unbiased and consistent, but ineffective. Similarly, in 

the case of heteroscedasticity, the minimum variance 

property of the parameters is no longer valid. If 

heteroscedasticity exists, the estimation efficiency 

decreases. As a rule of thumb, if the probability value of 

the diagnostic tests is greater than 0.05, which is a 

commonly used confidence level in statistics, the desired 

properties are valid. The results of the various diagnostic 

tests are shown in Table 4. The coefficient of the 

diagnostics test varies depending on the number of 

observations, the number of explanatory variables, and 

the significance level. First, the Ramsey-Reset test 

confirms that the functional form used for the estimations 

is accurate. Second, the result of the Breusch-Godfrey 

LM test shows that serial correlation is not present in our 

estimations. Third, the result of the Jarque-Berra test 

statistic shows that the residuals are normally distributed. 

Fourth, Breusch-Pagan-Godfrey test results validate 

those residuals are homoscedastic. Last, CUSUM and 

CUSUMQ (Cumulative sum and cumulative sum of 

squares) tests confirm the stability property of the 

models. 

 

Table 4: Hypothesis tests of the Haifa – Ambalavao magnetic conjugate pair. 

 

 Equation 3 Equation 4 Equation 5 Equation 6 

F-Statistic (prob.) F-Statistic (prob.) F-Statistic (prob.) F-Statistic (prob.) 

Breusch-

Godfrey LM 

Test  

0.44 0.64 0.42 0.66 1.32 0.27 1.84 0.16 

Jarque-Bera 

Test  
3.67 0.15 1.31  0.51 0.48 0.78 0.11  0.94 

Breusch-Pagan-

Godfrey 
0.54 0.92 1.04 0.41 0.85 0.69 1.25 0.20 

Ramsey 0.42 0.67 1.99 0.16 0.01 0.91 2.85 0.09 

Cusum stable stable stable stable stable stable stable stable 

Cusumq stable stable stable stable stable stable stable stable 
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According to these test results, the ARDL model to be 

applied to the equations was found to be appropriate. The 

results of the ARDL model are given in Table 5. When 

the coefficient values for Eq. (3) are investigated, a 

change of 1% in the TEC value at the Ambalavao station 

causes an increase of 0.414% in the TEC value at the 

Haifa station, which is the magnetic conjugate point. A 1 

nT change in Dst and IMF Bz causes a decrease of 0.003 

TECU / an increase of 0.028 TECU in the TEC value at 

the Haifa station, respectively. In addition, the coefficient 

of error correction term of -0.25 indicates that the effect 

of TEC change at Haifa station will stabilize at a rate of 

25% every hour starting from the first hour. 

When the coefficient values for Eq. (4) were investigated, 

a change of 1% in the TEC value at the Haifa station 

causes an increase of 0.611% in the TEC value at the 

Ambalavao station, which is the magnetic conjugate 

point. A change of 1 nT in the Dst and IMF Bz index 

causes a decrease of 0.015 TECU / an increase of 0.036 

TECU in TEC at Ambalavao station, respectively. In 

addition, the coefficient of error correction term of -0.37 

indicates that the effect of TEC change at Ambalavao 

station will stabilize at a rate of 37% every hour starting 

from the first hour. 

When the coefficient values for Eq. (5) were investigated, 

a change of 1 % in the TEC value at Ambalavao station 

causes a decrease of 2.85% in the TEC value at Haifa 

station, which is the magnetic conjugate point. A change 

of 1 nT in the Dst index causes a decrease of 0.006 TECU 

in the TEC value at the Haifa station. Since the 

probability value (>0.05) in IMF Bz is insignificant, no 

statistical result can be said for this coefficient. The 

coefficient of error correction term of -0.29 shows that 

the effect of TEC change in Haifa station will stabilize at 

a rate of 29% every hour starting from the first hour. 

When we look at the coefficient values for Eq. (6), a 

change of 1% in the TEC value at the Haifa station causes 

an increase of 10.05% in the TEC value at the Ambalavao 

station, which is the magnetic conjugate point. Since the 

probability value (>0.05) in the Dst index and IMF Bz is 

insignificant, an evaluation cannot be made for these 

coefficients. In addition, the coefficient of error 

correction term of -0.30 shows that the effect of TEC 

change at Ambalavao station will stabilize at a rate of 

30% every hour starting from the first hour. 

Table 5: Equation coefficients in ARDL model of Haifa – Ambalavao magnetic conjugate pair. 

 Equation 3  Equation 4 

Variable Coefficient Prob. Variable Coefficient Prob. 

Ambalavao TEC 0.414 (0.000)* Haifa TEC 0.411 (0.000)* 

Dst -0.003 (0.058)*** Dst -0.015 (0.023)** 

IMF Bz  0.028 (0.061)*** IMF Bz 0.036 (0.052)*** 

CointEq(-1)  -0.25 (0.000)* CointEq(-1) -0.37 (0.000)* 

 Equation 5  Equation 6 

 Coefficient Prob.  Coefficient Prob. 

Ambalavao TEC -2.85 (0.004)* Haifa TEC 10.05 (0.001)* 

Dst -0.006 (0.036)** Dst 0.002 (0.66) 

IMF Bz - 0.010 (0.39) IMF Bz -0.018 (0.35) 

CointEq(-1)  -0.29 (0.000)* CointEq(-1) -0.30 (0.000)* 

Critical values were taken from Pesaran et al. (2001), from Table CI (iii). (*) indicates 1% significance level. 

Djibouti-Malindi Magnetic Conjugate Pair 
 

The regression equations established to examine the TEC 

changes of the Djibouti-Malindi magnetic conjugate pair 

during the storm period (25-31 Aug 2018) are given 

below: 

(TECDjibouti) = α0 + α1(TECMalindi) + α2(Dst) +

α3(IMF Bz) + ε     (7) 

(TECMalindi) = β0 + β1(TECDjibouti) + β2(Dst) +

β3(IMF Bz) + ε      (8) 

(TECDjibouti) = α0 + α1(TECMalindi) + α2(Dst) +

α3(IMF Bz) + ε     (9) 

(TECMalindi) = β0 + β1(TECDjibouti) + β2(Dst) +

β3(IMF Bz) + ε                   (10) 

When the F-statistics values obtained for equations (7), 

(8), (9), and (10) were compared with the critical values  

in Table 6, the significance level was found to be at a 

significance level of 1%. This result shows that there is a 

relationship between the variables in equations (7), (8), 

(9), and (10). 

The regression equations that indicate the interaction of 

the same magnetic conjugate points with each other 

during the calm period on 1-7 Aug 2018 are as follows: 

Then, assumption tests were performed to examine the fit 

of the model. The results of the assumption tests were 

shown in Table 7. When the results obtained were 

examined, the accuracy of these test results, like the 

assumption tests in the previous magnetic conjugate pair, 

was found to be > 0.05 in the table (prob.). Again, 

according to the results of the CUSUM and CUSUMQ 

tests, it was seen that the coefficients were stable, and the 

model was stable during the estimation period.
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Table 6: ARDL F-Bounds Test Results of Dijibuti-Malindi magnetic pair 
 

 Equation 7 Equation 8 Equation 9 Equation 10 

F-statistic (13.48)* (10.51)* (11.45)* (6.64)* 

Pesaran vd. (2001) critical values 

Signif. I(0) I(1) 

10% 3.03 4.06 

5% 3.47 4.57 

2.5% 3.89 5.07 

1% 4.4 5.72 

Critical values were taken from Pesaran et al. (2001), from Table CI (iii). (*) indicates 1% significance level. 

 

Table 7: Hypothesis tests of the Djibouti-Malindi magnetic conjugate pair. 

 Equation 7 Equation 8 Equation 9 Equation 10 

F-Statistic (prob.) F-Statistic (prob.) F-Statistic (prob.) F-Statistic (prob.) 

Breusch-

Godfrey LM 

Test (SERIAL) 

0.58 0.55 0.61 0.54 0.29 0.74 1.93 0.14 

Jarque-Bera 

Test 

(NORMALITY) 

1.94 0.37 5.30 0.07 1.85 0.39 5.66 0.06 

Breusch-Pagan-

Godfrey 
1.57 0.07 1.17 0.09 0.58 0.86 1.13 0.34 

Ramsey 0.15 0.87 0.86 0.38 0.14 0.70 0.63 0.52 

Cusum stable stable stable stable stable stable stable stable 

Cusumq stable stable stable stable stable stable stable stable 

Table 8 shows the results obtained by the ARDL model 

for the Djibouti-Malindi magnetic conjugate pair. When 

the coefficient values for equation (7) are examined, a 

change of 1% in the TEC value at the Malindi station 

causes a decrease of 0.57% in the TEC value at the 

Djibouti station. Since the Dst index and IMF Bz (prob.) 

were >0.05, it was seen that there was no meaningful 

relationship. The coefficient of error correction term of -

0.59 shows that the effect of TEC change at Djibouti 

station will stabilize at a rate of 59% per hour starting 

from the first hour. 

When the coefficient values for Eq. (8) are examined, a 

change of 1% in the TEC value at the Djibouti station 

causes an increase of 9.69% in the TEC value at the 

Malindi station. Again, there was no meaningful 

relationship because the Dst index and IMF Bz (prob.) 

were >0.05. In addition, the coefficient of error 

correction term of -0.32 shows that the effect of TEC 

change at Malindi station will stabilize at a rate of 32% 

per hour starting from the first hour.  

When the coefficient values for Eq. (9) are examined, a 

change of 1% in TEC value at Malindi station causes a 

decrease of 1.02% in TEC value at Djibouti station. Since 

coefficient. The coefficient of error correction term, -

0.23, shows that the effect of TEC change at Djibouti 

station will stabilize at a rate of 23% every hour starting 

from the first hour.  the prob. value in the Dst index and 

IMF Bz is statistically (>0.05) insignificant, no result can 

be said for this   

Due to the ionospheric conductivity and the effect of 

neutral winds occurring in the ionosphere, an asymmetric 

dynamo effect is observed between the conjugate points. 

Together with the dynamo effect, there is a gradual 

difference in electrical potentials between the conjugate 

points. This potential difference is balanced by field- 

aligned currents occurred between the northern 

hemisphere and the southern hemisphere [50, 51]. The 

results obtained for interaction between Djibouti TEC-

Malindi TEC, and Ambalavao TEC-Haifa TEC can be 

explained by the mechanism proposed in Yamazaki 

(2017). 

 

CONCLUSIONS 

 

The interactions of the TEC changes at two magnetic 

conjugate pairs in Africa during the storm period (August 

25-31, 2018) including the geomagnetic storm on August 

26, 2018, and during the quiet period (August 1-7, 2018) 

were examined and the effect of the geomagnetic Dst and 

IMF Bz index on these changes were compared. 

During the storm period, the effect of TEC values at 

stations in the northern hemisphere (Haifa and Djibouti) 

on TEC values at stations in the southern hemisphere 

(Ambalavao and Malindi) is greater than the effect of 

TEC values in the southern hemisphere on TEC values in 

the northern hemisphere. According to this result, it can 

be said that the south-directed electromagnetic transport 

is more than the north-directed transport in the examined 

dates. When the coefficients are examined, it can be said 

that while the interaction is greater in the magnetic 

conjugate pair that is closer to the equator in the storm 

period, it is more in the magnetic conjugate pair that is 
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Table 8: Equation coefficients of Djibouti-Malindi magnetic conjugate pair in ARDL model. 

 
 Equation 7  Equation 8 

Variable Coefficient Prob. Variable Coefficient Prob. 

Malindi TEC -0.57 (0.000)* Djibouti TEC 9.69 (0.000)* 

Dst 0.0001 (0.62) Dst 0.001 (0.404) 

IMF Bz -0.0004 (0.90) IMF Bz -0.017 (0.172) 

CointEq(-1) -0.59 (0.000)* CointEq(-1) -0.32 (0.000)* 

 Equation 9  Equation 10 

 Coefficient Prob.  Coefficient Prob. 

Malindi TEC -1.02 (0.037)** Djibouti TEC 0.67 (0.000)* 

Dst -0.007 (0.58) Dst -0.13 (0.13) 

IMF Bz - 0.002 (0.57) IMF Bz -0.18 (0.51) 

CointEq(-1)  -0.23 (0.000)* CointEq(-1) -0.19 (0.000)* 
 

(*), (**), (***) indicate 1%, 5% and 10% significance levels, respectively.

far from the equator in the quiet period. Considering the 

coefficients calculated for Dst and IMF Bz, it is seen that 

of Dst and IMF Bz is much smaller than the effect of TEC 

values in a station on the TEC values in its magnetic 

conjugate. 

The obtained results show that the interaction in a 

magnetic conjugate pair is bidirectional. Therefore, the 

inclusion of the magnetic conjugate effect in the 

empirical models is important for the ionospheric delay 

error estimation. 
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