
 

International Journal of 

Physical Sciences 

 
Volume 12 Number  22  30 November , 2017 

ISSN 1992-1950 

 



 

 

 

ABOUT IJPS  
 
The International Journal of Physical Sciences (IJPS) is published weekly (one volume per year) by Academic 
Journals.  
 

International Journal of Physical Sciences (IJPS) is an open access journal that publishes high-quality solicited and  
unsolicited  articles,  in  English,  in  all  Physics  and  chemistry  including  artificial  intelligence,  neural 
processing,  nuclear  and  particle  physics,  geophysics,  physics  in  medicine  and  biology,  plasma  physics, 
semiconductor science and technology, wireless and optical communications, materials science, energy and fuels,  
environmental  science  and  technology,  combinatorial  chemistry,  natural  products,  molecular 
therapeutics, geochemistry, cement and concrete research, metallurgy, crystallography and computer-aided 
materials design. All articles published in IJPS are peer-reviewed.  

 

Contact Us 

 

Editorial Office:                        ijps@academicjournals.org 

Help Desk:                                 helpdesk@academicjournals.org  

Website:                                     http://www.academicjournals.org/journal/IJPS 

Submit manuscript online     http://ms.academicjournals.me/  

mailto:ijps@academicjournals.org
mailto:helpdesk@academicjournals.org
http://www.academicjournals.org/journal/IJPS
http://ms.academicjournals.me/


 

 

 

Editors  
Prof. Sanjay Misra Prof. Geoffrey Mitchell 

Department of Computer Engineering, School of School of Mathematics, 

Information and Communication Technology Meteorology and Physics 

Federal University of Technology, Minna, Centre for Advanced Microscopy 

Nigeria. University of Reading Whiteknights, 
Reading RG6 6AF 

Prof. Songjun Li United Kingdom. 

School of Materials Science and Engineering, 
Jiangsu University, Prof. Xiao-Li Yang 

Zhenjiang, School of Civil Engineering, 

China                                                                                              Central South University,                                                                                                                                      
                                                                                                        Hunan 410075, 
Dr. G. Suresh Kumar China 

Senior Scientist and Head Biophysical Chemistry  

Division Indian Institute of Chemical Biology  
 (IICB)(CSIR, Govt. of India), 
Kolkata 700 032, Dr. Sushil Kumar 

INDIA. Geophysics Group, 
Wadia Institute of Himalayan Geology, 

Dr. 'Remi Adewumi Oluyinka P.B. No. 74 Dehra Dun - 248001(UC) 

Senior Lecturer, India. 

School of Computer Science 
Westville Campus Prof. Suleyman KORKUT 

University of KwaZulu-Natal Duzce University 

Private Bag X54001 Faculty of Forestry 

Durban 4000 Department of Forest Industrial Engineeering 

South Africa. Beciyorukler Campus 81620 
Duzce-Turkey 

Prof. Hyo Choi 
Graduate School Prof. Nazmul Islam 

Gangneung-Wonju National University Department of Basic Sciences & 

Gangneung, Humanities/Chemistry, 

Gangwondo 210-702, Korea Techno Global-Balurghat, Mangalpur, Near District 
Jail P.O: Beltalapark, P.S: Balurghat, Dist.: South 

Prof. Kui Yu Zhang Dinajpur, 

Laboratoire de Microscopies et d'Etude de Pin: 733103,India. 

Nanostructures (LMEN) 
Département de Physique, Université de Reims, Prof. Dr. Ismail Musirin 

B.P. 1039. 51687, Centre for Electrical Power Engineering Studies 

Reims cedex, (CEPES), Faculty of Electrical Engineering, Universiti 

France. Teknologi Mara, 
40450 Shah Alam, 

Prof. R. Vittal Selangor, Malaysia 

Research Professor, 
Department of Chemistry and Molecular Prof. Mohamed A. Amr 

Engineering Nuclear Physic Department, Atomic Energy Authority 

Korea University, Seoul 136-701, Cairo 13759, 

Korea. Egypt. 
 

Prof Mohamed Bououdina Dr. Armin Shams 

Director of the Nanotechnology Centre Artificial Intelligence Group, 

University of Bahrain Computer Science Department, 

PO Box 32038, The University of Manchester. 

Kingdom of Bahrain  



 

 

 

 

Editorial Board  
 
Prof. Salah M. El-Sayed Prof. Mohammed H. T. Qari 

Mathematics. Department of Scientific Computing. Department of Structural geology and remote sensing 

Faculty of Computers and Informatics, Faculty of Earth Sciences 

Benha University. Benha , King Abdulaziz UniversityJeddah, 

Egypt. Saudi Arabia 
 

Dr. Rowdra Ghatak Dr. Jyhwen Wang, 

Associate Professor Department of Engineering Technology and Industrial 

Electronics and Communication Engineering Dept., Distribution 

National Institute of Technology Durgapur Department of Mechanical Engineering 

Durgapur West Bengal Texas A&M University 
College Station, 

Prof. Fong-Gong Wu 
College of Planning and Design, National Cheng Kung Prof. N. V. Sastry 

University Department of Chemistry 

Taiwan Sardar Patel University 
Vallabh Vidyanagar  

Dr. Abha Mishra. Gujarat, India 

Senior Research Specialist & Affiliated Faculty. 
Thailand Dr. Edilson Ferneda 

Graduate Program on Knowledge Management and IT, 

Dr. Madad Khan Catholic University of Brasilia, 

Head Brazil 

Department of Mathematics 
COMSATS University of Science and Technology Dr. F. H. Chang 

Abbottabad, Pakistan Department of Leisure, Recreation and Tourism 
Management, 

Prof. Yuan-Shyi Peter Chiu Tzu Hui Institute of Technology, Pingtung 926, 

Department of Industrial Engineering & Management Taiwan (R.O.C.) 

Chaoyang University of Technology 
Taichung, Taiwan Prof. Annapurna P.Patil, 

Department of Computer Science and Engineering, 

Dr. M. R. Pahlavani, M.S. Ramaiah Institute of Technology, Bangalore-54, 

Head, Department of Nuclear physics, India. 

Mazandaran University, 
Babolsar-Iran Dr. Ricardo Martinho 

Department of Informatics Engineering, School of 

Dr. Subir Das, Technology and Management, Polytechnic Institute of 

Department of Applied Mathematics, Leiria, Rua General Norton de Matos, Apartado 4133, 2411- 

Institute of Technology, Banaras Hindu University, 901 Leiria, 

Varanasi Portugal. 
 

Dr. Anna Oleksy Dr  Driss Miloud 

Department of Chemistry University of mascara / Algeria 

University of Gothenburg Laboratory of Sciences and Technology of Water 

Gothenburg, Faculty of Sciences and the Technology 

Sweden Department of Science and Technology 
Algeria  

Prof. Gin-Rong Liu,                                                                  Prof. Bidyut Saha,   

Center for Space and Remote Sensing Research                  Chemistry Department, Burdwan University, WB, 
National Central University, Chung-Li,                                           India                                                                                           
Taiwan 32001



 

                                        

 
 

        Table of Contents:  Volume 12    Number 22,    30 November, 2017 

        

ARTICLES 
 
 
Variability of quiet-time diurnal amplitude and phase of cosmic ray count  
rates in the mid- and high latitudes                                                                                             295                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
Okiyi Ugochukwu, Okpala Kingsley C., Tsor James O. and Egbunu Friday 
 
Investigation on equinoctial asymmetry observed in Niamey Station Center  
for Orbit Determination in Europe Total Electron Content (CODG TEC)  
variation during ~ solar cycle 23                                                                                                    308                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
Ouattara F., Zerbo J. L., Kaboré M. and Fleury R. 

                                         
 
 

International Journal of Physical Sciences 



 
Vol. 12(22), pp. 295-307, 30 November, 2017 

DOI: 10.5897/IJPS2017.4676 

Article Number: 5B0420366741 

ISSN 1992 - 1950 

Copyright ©2017 

Author(s) retain the copyright of this article 

http://www.academicjournals.org/IJPS 

 
International Journal of Physical  

Sciences 

 
 
 
 
 

Full Length Research Paper 

 

Variability of quiet-time diurnal amplitude and phase of 
cosmic ray count rates in the mid- and high latitudes 

 

Okiyi Ugochukwu1, Okpala Kingsley C.1,2*, Tsor James O.1,2 and Egbunu Friday3 

 
1
Department of Physics and Astronomy, University of Nigeria, Nsukka, Enugu State, Nigeria. 

2
Department of Physics, Benue State University, Makurdi, Benue State, Nigeria. 

3
Department of Physics, Kogi State University, Anyigba, Kogi State, Nigeria. 

 
Received 22 August, 2017; Accepted 22 September, 2017 

 

Studies have been done on the variability of cosmic rays flux during solar quiet days at mid and high 
latitudes. By using the 5 quietest days for each month, the monthly mean diurnal variation of cosmic 
ray anisotropy have been derived for the period 1981 to 2007, which covers part of cycles 21, 22 and 23. 
These quiet days are days during which the sun is relatively magnetically quiet, leading to less 
anisotropic behaviour in the diurnal flux of cosmic rays measured on the earth surface. Four stations 
(Rome, Oulu, Inuvik and Thule) were used in this study to understand the important features of the high 
latitude and mid-latitude diurnal wave, and how solar and geomagnetic activity may be influencing the 
wave characteristics. Cosmic ray wave characteristics were obtained by discrete Fourier transform 
(DFT). The mean, diurnal amplitude, phase and dispersion for each month's diurnal wave were 
calculated and profiled. There was clear indication that the terrestrial effect on the variability of the 
monthly mean of Cosmic ray count rates was more associated with geomagnetic activity rather than 
rigidity of the cosmic rays. Correlation of the time series of these wave characteristics (that is, 
amplitude and phase) with solar and geomagnetic activity index showed better association with solar 
activity. 
 
Key words: Cosmic rays, Fourier Transformation, solar quiet day, geomagnetic activity solar activity. 

 
 
INTRODUCTION 
 
Cosmic rays (CR) are high-energy charged particles 
originating majorly from the outer space. Their variability 
is a complex phenomenon which occurs all over the 
heliosphere and depends on many factors. No single 
solar index, however sophisticated can account for 
cosmic ray variations (Helen and Evangelos, 2012). 
Different scientists proposed empirical relations 

describing the long-term cosmic ray variations based on 
the joint use of solar and/or heliospheric indices. At first, 
solar indices such as sunspot number and solar flares 
were used; later Belov et al. (1999) proposed a multi-
parametric description of long-term cosmic ray variations. 
The flux (count rate) of cosmic rays incident on the 
earth’s upper  atmosphere  is  varied  by  two  processes;
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solar wind and earth’s magnetic field. 

Solar wind purges out magnetized plasma generated 
by the sun, which decelerates incoming particles as well 
as excluding some of the particles with energies below 
about 1 GeV. The solar wind is not constant due to 
changes in solar activities; hence the level of variation 
changes with solar activity. Earth’s magnetic field deflects 
some of the cosmic rays, giving rise to the observation 
that the intensity of cosmic radiation is dependent on 
latitude, longitude and azimuth angle. The geomagnetic 
field modulates the CR flux through the vertical 
geomagnetic cut-off rigidity (Pc) which can be adequately 
described by Stormer’s equation (taking the field to be a 
dipole): 
 

 .cos9.1 4 GVMP GC             (1) 

 

where 𝑀 is the geomagnetic field dipole moment (in 7.96 

Am
2
), and 𝜆G is the geomagnetic latitude. Cosmic rays 

play an important role in the solar system and galactic 
astrophysics. Many researchers have tried to understand 
the variability of cosmic ray because of their possible 
effects on geophysical processes. Since cosmic ray (CR) 
count rates measured on Earth are affected by 
heliospheric and geomagnetic modulation in addition to 
atmospheric effects on the flux arriving from outside the 
heliosphere, the diurnal variation of cosmic rays is the 
result of a complex combination of the effects of the 
interplanetary magnetic field (IMF) and geomagnetic field 
in addition to latitude and altitude of the location of 
detection on Earth. The variability of cosmic ray flux on 
long term and short term basis has been studied 
extensively by quite a number of authors (Singer, 1952; 
Pomerantz and Duggal, 1971; Ananth et al., 1993; 
Okpala and Okeke, 2011; Bazilevskaya et al., 1995; 
Usoskin and Kalevi, 2001; Kudela et al., 2008; Sabbah 
and Kudela, 2011; Singh and Badruddin, 2015). The 
diurnal variation of CR can be characterized by the 
maximal value (amplitude) and phase (time of the 
maximal amplitude) in addition to the mean dispersion of 
the diurnal flux from the harmonic signatures. Simple 
harmonic analysis has been applied by many authors 
(Agarwal and Mishra, 2008; Kudela et al., 2008; Kane, 
2009; Sabbah and Kudela, 2011; Okpala and Okeke, 
2011; Singh and Badruddin, 2015) to understand the 
nature of diurnal variation of cosmic rays flux. Their 
statistical association with different possible drivers have 
also been investigated. Important findings on the solar 
modulation of cosmic rays are described next. 
 
 
SOLAR MODULATION OF COSMIC RAYS 
 

As expected, the sun is a dominant contributor to diurnal 
cosmic ray flux and atmospheric effects are expected to 
play significant role in the seasonal variation (Pomerantz 
and Duggal, 1971). Bazilevskaya et al. (1995) studied the  

 
 
 
 
relationship between the galactic cosmic ray intensity and 
the sunspot distribution. A satisfactory relationship was 
found between a solar activity index (that is, ɳΦ index) 
and the galactic cosmic ray (GCR) intensity over more 
than three solar cycles. This product of the number of 
sunspot groups ɳ and their mean heliolatitude Φ (that is, 
ɳΦ index) also describe the GCR behavior rather well. 
The good correlation between the time dependence of 
the heliolatitude (Φ) and the HCS tilt during 1983 to 1988 
enabled Bazilevskaya et al. (1995) to infer that these 
parameters are controlled by the large-scale solar 
magnetic field. Tiwari et al. (2011) studied the 
relationship of cosmic rays with solar activities. They 
suggested that the modulation of galactic cosmic rays 
should have a significant component controlled by the 
state of the interplanetary magnetic fields as they are 
transported out from the sun and hence there should be a 
solar cycle effect on the drift of the cosmic rays in the 
heliosphere. This was corroborated recently by many 
other studies (Chillingarian and Mailyan, 2009; Okpala et 
al., 2015; Kudela and Sabbah, 2016). Recently, Thomas 
et al. (2017) studied the diurnal variation of cosmic rays 
using decadal data. They observed common polarity 
effects in the amplitude of the diurnal variation for all 
neutron monitors used in their study. 
 
 
Cosmic ray variability 
 
Kudela et al. (2008) studied long term behaviour of the 
diurnal wave of cosmic ray anisotropy in relation with 
interplanetary magnetic field. Attempts to understand the 
cause and effects of the relationship between cosmic ray 
diurnal wave anisotropy and geomagnetic/interplanetary 
fields is still an active area of research (Sabbah and 
Kudela, 2011). Singh and Badruddin (2015) studied the 
short term oscillations (≤ 1 solar cycle rotation) of the 
solar wind parameters, galactic cosmic rays and 
geomagnetic indices during the solar minimum between 
cycles 22/23 and 23/24. They reported 7.1 days, 5.5 
days, 4.4 days and 3.3 days oscillations in solar wind 
parameters (IMF, Bz and Ey) and geomagnetic 
disturbance proxies (Dst and AE) during relatively quiet 
periods. These quasi periodicities are likely related to the 
period of solar wind structures bounded with the solar 
magnetic field polarity, IMF and solar wind characteristics 
were earlier reported by Sabbah (2007). The complexity 
of the spatial structure of the interplanetary magnetic field 
(IMF) and its evolution within the heliosphere, in addition 
to the changes in the geomagnetic field, causes 
variability in contribution to the quasi-periodic variations 
in cosmic ray. The solar activity and solar magnetic field 
cyclicities contribution to the quasi periodicity of signals in 
CR is particularly important for long term studies (Kudela 
and Sabbah, 2016). 

The different roles of the IMF on diurnal waves of 
cosmic rays during disturbed and quiet conditions are not  
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Table 1. Details of four neutron monitor stations used in our study. 
 

Neutron Monitor 
Station 

Geographic 
Latitude (°) 

Geographic 
Longitude (°) 

Geomagnetic 
Latitude (°) 

Geomagnetic 
Longitude (°) 

Cutoff 
Rigidity (GV) 

Altitude 
(m) 

Rome 41.90 12.52 41.85 93.69 6.32 60 

Oulu 65.05 25.47 61.89 116.86 0.81 0 

Inuvik 68.35 226.28 70.95 272.35 0.18 21 

Thule 76.61 291.20 86.43 12.91 0.00 260 

 
 
 
well established. For instance, low energy galactic 
cosmic rays with energies below few tens of GeV move 
mostly along lines of IMF and their intensity should peak 
at time of best connections of solar magnetic field with 
geomagnetic field (Chillingarian and Mailyan, 2009). 
During disturbed conditions, the evolution of the IMF is 
well studied and cosmic ray count rates are known to 
undergo established transient phenomena like ground 
level enhancements and Forbush effects. Studying the 
evolution of IMF during quiet condition is of importance 
for a better understanding of the effect of the IMF on the 
diurnal flux of cosmic rays. Firoz (2008) observed 
narrower distribution of IMF total magnetic field and its 
polarity during quiet days (when compared with disturbed 
days). In addition, the northward component of the IMF 
Bz tend to dominate during quiet period. This suggests 
that the quiet day distribution indicates periods of less 
powerful interplanetary shock waves as to affect the 
magnetic field of the earth. 

The five international quiet days are believed to be 
better optimized for long term and short term studies of 
daily variation (Kumar et al., 1998). Firoz (2008) 
observed differences between days with low (quiet) and 
high (disturbed) diurnal waves of cosmic rays; the major 
difference being in the distribution of phase. According to 
Kudela et al. (2008), the amplitude to average ratio is a 
useful parameter for understanding the diurnal wave 
contribution to cosmic ray time signal on long term 
scales. However not much work has been done to 
understand the diurnal cosmic flux association with 
heliospheric forcing and geomagnetic activity. The 
purposes of this study therefore is to investigate the 
features of temporal and spatial variability of mid and 
high latitude cosmic ray flux during quiet geomagnetic 
conditions and determine solar activity dependent 
features of the amplitude and phase of cosmic rays 
diurnal variation. 
 
 
SOURCES OF DATA 
 
The data used for this project was obtained from Space Physics 
Interactive Data Resource (SPIDR) (http://spidr.ngdc.noaa.gov/). 
Table 1 shows the details of four (4) cosmic ray Neutron Monitor 
(NM) stations used in this work. Data used in this work comprise 
cosmic ray count rate from four (4) Neutron Monitor stations (Rome, 
Oulu, Inuvik and Thule), solar and geomagnetic activity index. The 
sunspot number is used here as an index of solar activity. The aa 

index represents the geomagnetic activity level at an invariant 
magnetic latitude at about 50 degrees. The daily values of the aa 
index are obtained from an average of the 8 values (obtained from 
3-hourly interval values). 
 
 
Theory and method of data analysis  
 
In this work, the five international quietest days were employed. 
These days are believed to experience the least geomagnetic 
disturbance in a month. It is assumed in this work, that using these 
quiet days has the advantage of eliminating transient variations of 
cosmic rays (Ground Level Enhancement and Forbush Decreases) 
from the study. The hourly means of the five (5) quietest days were 
used to obtain the diurnal profile for each month. Thus one-
thousand, six hundred and twenty (1,620) quietest days were used 
to obtain the diurnal profile for 324 months (or 27 years) which were 
considered in this study. Equation 2 describes the intensity (I) of 
hourly means of the five (5) quietest days; 
 





5

15

1

j

iji CI                 (2) 

 
Ci is the raw cosmic ray count rate for a particular hour I, and 
j = 1 to 5 refers to the 5 international quietest days. 
 
The monthly mean count rate, diurnal amplitude, diurnal phase and 
dispersion of the quiet days cosmic ray count rate for the four 
stations were obtained from Discrete Fourier Transform (DFT) 
performed on the complex diurnal time series data. Cosmic ray 
intensity (CRI) at the time ti can be represented by the DFT 
equation (Equation 3). 

 

    



24

1

0 cos
n

nni ntratfI              (3) 

 
where a0 is the monthly mean count rate, rn is the diurnal amplitude 

and ɸn is the phase of CR. 
In this work, the first harmonic from our Discrete Fourier 

Transform was considered. Equation 4 is the dispersion relation; a 
measure of the fit of Equation 3. 

 

  2

1

2

11

2 ][][ i

n

i

ii

n

i

i

n

i

ICtfCdd  
            (4) 

 
where Ci, is the measured data point at time i, n = 24 (h). 

Equation 4 is a measure of quality of fit for Equation 3, and is 
important for investigating the diurnal deviations of cosmic ray 
intensity. Figure 1 illustrates the monthly square diurnal variation 
with the fit of the first harmonic. 

http://spidr.ngdc.noaa.gov/
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Figure 1. Illustration of solar quiet day diurnal variation with the fit of the first harmonics. 

 
 
 

The count rates for all stations were normalized such that the 
value of the mean of October, 2007 was 100%. This is to reduce 
the effect of the differences in the instrument from one station to the 
other. The profile of the monthly mean count rates is shown in 
Figure 2. 

The monthly mean of the daily sunspot number and aa index 
were obtained, representing solar activity and geomagnetic activity, 
respectively. Their linear correlations with the monthly mean count 
rate and amplitude were obtained. The correlation coefficient 
    between two independent variables x and y is given by Equation 

5. 
 

    
∑      ̅      ̅  

   

√∑      ̅   
    √∑      ̅   

   

                                                          

 
Where: n is number of variables,  ̅ = mean of x dataset (that is, x1, 
x2…..xn),  ̅ = mean for y dataset (that is, y1, y2…..yn).  

These correlations were obtained at 0.05 significance level. 
Student T-test (Equation 6) was carried out to determine the 
significance of the correlations. 
 

2

2

2

1

2

1

21

n

S

n

S

XX
T




                (6) 

 

1X = Mean of first dataset. 

2X = Mean of second dataset. 

S1 = Standard deviation of first dataset. 

S2 = Standard deviation of second dataset. 
n1 = Number of values in the first dataset. 
n2 = Number of values on the second dataset. 
 
The partial correlation between two variables x and y, when 
controlling for the effect of a third variable z is given by Equation 7. 
 

  
)7(

11
22

.

yzxz

yzxzxy

zxy

rr

rrr
r




  

 
Where rxy, rxz, and ryz are the respective correlation coefficients 
between x and y, x and z, and y and z. 

To understand the solar cycle dependency of the phase of the 
quiet day diurnal flux, the period 1981 to 2007 was divided into 5 
periods vis; Solar minimum 1 = phase hours of (1985 + 1986 + 
1987); Solar minimum 2 = phase hours of (1995 + 1996 + 1997); 
Solar minimum 3 = phase hours of (2006 + 2007); Solar maximum 
1 = phase hours of (1988 + 1989 + 1990); Solar maximum 2 = 
phase hours of (1999 + 2000 + 2001). It is expected that any solar 
cycle dependent variation in phase will show as a shift in the phase. 

 
 
RESULTS AND DISCUSSION 
 
The time series plots of monthly percentage count rate 
and amplitude for each station are presented in Figures 2 
and 3, respectively. Figure 4 shows the time series plot of 
the dispersion observed from the transformed data. The 
dispersion is a measure of how much the fit deviates from  
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Figure 2. Time series of the monthly mean count rates (1981 to 2007) for A- Rome Station, B- Oulu Station, 
C-Inuvik Station, and D- Thule Station. Figure 1A is superposed with monthly mean of sunspot number. 

 
 
 

Table 2. Inter-station monthly mean count rates correlations. 
 

 Station Thule Inuvik Oulu Rome 

Thule 1 0.99 0.97 0.97 

Inuvik  1 0.97 0.98 

Oulu   1 0.96 

Rome    1 

 
 
 

Table 3. Inter-station amplitude correlations. 
 

 Station Thule Inuvik Oulu Rome 

Thule 1 0.47 0.49 0.41 

Inuvik  1 0.57 0.57 

Oulu   1 0.7 

Rome    1 

 
 
 
the complex wave form. The time series plot of sunspot 
number have been superimposed on the time series plot 
of Rome in Figure 2A. Tables 2, 3 and 4 show the inter-
station correlation for mean, amplitude and dispersion, 
respectively. Tables 5 and 6 show the respective mean 
and amplitude correlation with sunspot number and 
aurora indices for all stations. 

The amplitude and phase of quiet time (monthly) mean 
of the diurnal wave  of  cosmic  ray  flux  received  at  four 

neutron monitor stations has been analysed. The 
amplitude of the diurnal variation is the maximum 
displacement obtained after Fourier analysing the 
discrete dataset, t, while the phase refers to the particular 
hour of the maximum displacement. The interest here is 
to study the trends and features of the cosmic ray solar 
quiet day variations and their associations with solar and 
geomagnetic activities. To achieve this, cosmic ray count 
rate data from  the  cosmic ray  neutron  monitor  stations
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Table 4. Inter-station dispersion correlations. 
 

 Station Thule Inuvik Oulu Rome 

Thule 1 0.19 0.25 0.12 

Inuvik  1 0.3 0.24 

Oulu   1 0.41 

Rome    1 

 
 
 

Table 5. Geomagnetic activity index (aa) and sunspot number correlation 
(and partial correlation) with the monthly mean count rates of all four 
stations. 
 

Mean SSN aa index (SSN removed) 

Thule -0.81 -0.56 (-0.46) 

Inuvik -0.82 -0.58 (-0.50) 

Oulu -0.79 -0.57 (-0.46) 

Rome -0.81 -0.56 (-0.45) 

 
 
 

Table 6. Geomagnetic activity index (aa) and sunspot number 
correlation (and partial correlation) with the amplitude of all four 
stations. 
 

Station SSN aa index (SSN removed) 

Thule 0.18 0.20 (0.14) 

Inuvik 0.14 0.14 (0.10) 

Oulu 0.06 -0.06 (-0.04) 

Rome 0.20 0.17 (0.10) 

 
 
 
has been subjected to harmonic analysis and the time 
series of the monthly mean, amplitude and dispersion 
have been obtained. In addition, the phase distributions 
of the stations diurnal wave have been obtained and are 
discussed here. 

Figure 2 shows the monthly mean count rate (in 
percentage normalized to the value of October, 2007) of 
the four stations. The figure shows the classical inverse 
association of cosmic ray count rates with solar activity 
as can be seen in Figure 2A; low count rate during solar 
maxima (1988 to 1990, 1999 to 2001) and higher count 
rates during solar minima (1985 to 1987, 1995 to 1997, 
2006 to 2007); which agrees with Balasubrahmanyan 
(1968). The sharp peak followed by broad peak after 
eleven (11) year interval (1985 to 1995) is a validation of 
the method used and is consistent with the twenty-two 
(22) year solar activity cycles as reported in earlier works 
(Hester et al., 2002; Okpala and Okeke, 2011; Kudela 
and Sabbah, 2016). 

Figure 3 show strikingly similar temporal variations for 
all stations with mid-latitude and aurora region stations 
(Rome and Inuvik) showing more dramatic spatial 
variation during the solar maxima periods (6A and 6C). 

The troughs (solar maxima) are usually associated with 
multiple peaks. The peaks of aurora station (Inuvik) and 
mid-latitude station (Rome) during solar maxima are 
more intense than the peaks at Thule and Oulu. The 
Inuvik NM showed strong variability in the monthly mean 
profiles especially during the solar maximum period while 
retaining the general trend of decreases during solar 
maximum and increased count rate during solar 
minimums. The quiet time monthly mean values of the 
normalized CR flux for the four stations generally show 
similar trends which suggest a common source of 
modulation. 

The amplitude of the diurnal variation did no show 
similar profiles for all the stations and certainly did not 
exhibit solar activity dependence. The reason for this 
could be related to different local forcing for the stations 
studied. Tables 2 and 3 show the inter-station correlation 
for the monthly mean count rate and amplitude. Very 
strong association was observed for the monthly mean 
count rate of the four stations, ranging from 0.96 to 0.99. 
We equally observed moderate correlations ranging from 
0.47 to 0.70 for the inter-station amplitude correlation. 
These  correlations  were  significant  at  0.05   significant
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Figure 3. Time series of the mean percentage diurnal amplitude of CR flux (1981 to 2007) for A- Rome Station, B Oulu 
Station, C-Inuvik Station, and D- Thule Station.  

 
 
 
levels. Tables 5 show the correlation between the 
monthly mean count rate and sunspot 
number/geomagnetic activity, while Table 6 shows the 
correlation between amplitude and sunspot 
number/geomagnetic activity index (aa) for all stations. 
The geomagnetic activity index correlated negatively and 
fairly well with monthly mean count rate for all stations. 
Removing the effect of solar activity (SSN) on their 
association showed a decrease in the value of their 
correlation but it was not sufficient to infer that the original 
association was spurious. The aa-index correlated 
weakly with the amplitude. The negative correlation 
between cosmic rays count rate and SSN has been well 
established and simply validates the method used in 
obtaining the parameters. Hence, the correlation obtained 
in Table 5 which is generally greater than 0.45 at 95% 
confidence, suggests that the geomagnetic activity 
affects the mean values of the count rates in spite of the 
solar activity modulation. There was no evidence to 
suggest that the cut off rigidity of the stations played a 
strong role in this consideration (comparing Thule and 
Rome correlation with aa index). 

The dispersion is a measure of how the NM count rate 
deviated from the transformed data. Figure 4 shows the 
time series plots of the dispersion for the four stations. It 
is evident that there is similarity between the profiles of 
Oulu and Rome stations; showing sharp dispersions 
close to 1989 and 2003. Inuvik and Thule  showed  lesser 

dispersion. Solar maxima periods are more dispersed. 
Inter-station dispersion correlation was poor. Rome and 
Oulu showed greater dispersion correlation (with 0.41) as 
can be seen in Table 4. These observations may be an 
indication that the dispersion could be more affected by 
rigidity of the individual stations than earlier thought. 
However, more analysis is required to better understand 
these observations. In addition, it is suggested here that 
during high solar activity, the variation of the high latitude 
stations could be affected by the funnelling of low energy 
solar cosmic rays through the cusps to the surface. 

Charts showing the frequency of phase time (ɸn) for 
each station used are presented in Figure 5. Rome had a 
range of phase time between 12th to 16th h with the 
highest frequency of occurrence in the 14th h. Oulu 
similarly had varying phase time between 15th to 18th h 
with the highest frequency of occurrences in the 16th and 
17th h. This was similar to our observation in Inuvik which 
had phase time between 13th to 18th h with the highest 
frequency of occurrences in the 16th and 17th h. Thule 
highest frequency of occurrences was in the 14th and 
15th h. 

To study the solar activity dependent features of the 
phase time, we grouped the years used in the study into 
solar maxima and minima periods. The frequencies of the 
phase time for the various stations are displayed in 
Figures 6 to 9. Summary of the profiles of the histograms 
in Figures 6 to 9 is presented in Table 7. 
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Figure 4. Time series of the mean dispersion of CR flux (1981 to 2007) for A- Rome Station, B Oulu Station, C-Inuvik Station, 
and D- Thule Station. 

 
 
 

 
 

Figure 5. Chart showing frequency of different phase (times) for the stations. A- Rome Station, B- Oulu Station, C- Inuvik 
Station, and D- Thule Station. The phase used here was obtained using all the months from 1981 to 2007. 

81 85 90 95 00 05 10
0

0.05

0.1

0.15

0.2

years

d
is

p
e
rs

io
n

Rome dispersion plot

81 85 90 95 00 05 10
0

0.05

0.1

0.15

0.2

years

d
is

p
e
rs

io
n

Oulu dispersion plot

81 85 90 95 00 05 10
0

0.05

0.1

0.15

0.2

years

d
is

p
e
rs

io
n

Inuvik dispersion plot

81 85 90 95 00 05 10
0

0.05

0.1

0.15

0.2

years
d
is

p
e
rs

io
n

Thule dispersion plot

A B

C D

  

    

0

50

100

1 3 5 7 9 11 13 15 17 19 21 23

Fr
e

q
u

e
n

cy
 

Local time (h) 

A 
Rome 

0

50

100

1 3 5 7 9 11 13 15 17 19 21 23

Fr
e

q
u

e
n

cy
 

Local time (h) 

B 
Oulu 

0

50

100

1 3 5 7 9 11 13 15 17 19 21 23

Fr
e

q
u

e
n

cy
 

Local time (h) 

C 
Inuvik 

0

50

100

1 3 5 7 9 11 13 15 17 19 21 23

Fr
e

q
u

e
n

cy
 

Local time (h) 

D 
Thule 



Okiyi et al.          303 
 
 
 

 
 

Figure 6. Chart showing frequency of different phase (times) for the Rome Station. A- Solar minimum 1 and was calculated using 
years 1985, 1986 and 1987; B- Solar minimum 2 and was calculated using 1995, 1996, 1997; C- Solar minimum 3 and was calculated 
using 2006 and 2007; D- Solar maximum 1 which was calculated using 1988, 1989 and 1990; while E- Solar maximum 2 calculated 
using data from the years 1999, 2000 and 2001. 

 
 
 
From Table 7, comparing solar minima 1, 2 and 3, it was 
observed that solar minima 1 and 3 have very close 

phase time for all the stations. Solar minimum 2 phase time 
is earlier when compared to solar minima (1 and  3).  The  
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Figure 7. Chart showing frequency of different phase (times) for the Oulu Station. A- Solar minimum 1 and was calculated using years 1985, 
1986 and 1987; B- Solar minimum 2 and was calculated using 1995, 1996, 1997; C- Solar minimum 3 and was calculated using 2006 and 
2007; D- Solar maximum 1 which was calculated using 1988, 1989 and 1990; while E- Solar maximum 2 calculated using data from the years 
1999, 2000 and 2001. 

 
 
 
difference here could be because of the sharp and broad 

peak nature of these cycles caused primarily by pole reversal 
of the magnetic field of the sun. For solar maximum 1 and 

solar maximum 2; we observed that the phase time was quite 
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Figure 8. Chart showing frequency of different phase (times) for the Inuvik Station. A- Solar minimum 1 and was calculated using 
years 1985, 1986 and 1987; B- Solar minimum 2 and was calculated using 1995, 1996, 1997; C- Solar minimum 3 and was 
calculated using 2006 and 2007; D- Solar maximum 1 which was calculated using 1988, 1989 and 1990; while E- Solar maximum 2 
calculated using data from the years 1999, 2000 and 2001. 

 
 
 
close with solar maximum 2 coming slightly earlier than solar 

maximum 1. This shows that the phase time follows a 
twenty-two (22) year variability pattern thereby giving 

credence to the solar modulation of cosmic rays count rates. 
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Figure 9. Chart showing frequency of different phase (times) for the Thule Station. A- Solar minimum 1 and was calculated using 
years 1985, 1986 and 1987; B- Solar minimum 2 and was calculated using 1995, 1996, 1997; C- Solar minimum 3 and was 
calculated using 2006 and 2007; D- Solar maximum 1 which was calculated using 1988, 1989 and 1990; while E- Solar 
maximum 2 calculated using data from the years 1999, 2000 and 2001. 

 
 
 
Conclusion 
 
In this work, we have studied the features and properties  
of cosmic ray (CR) diurnal wave on quiet days to identify 
their dependence on solar and geomagnetic activities. 

Four stations (one mid-latitude station, one high latitude 
station with two aurora region stations) have been 
employed for this work. The data used covered two and 
half (2½) solar cycles. The following conclusions were 
made from the results obtained in this study:  
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Table 7. Stations phase frequency records around solar minimum and maximum periods. 
 

Rome Oulu Inuvik Thule 

Solar cycle Most occurring phase hour(s) Solar cycle Most occurring phase hour(s) Solar cycle Most occurring phase hour(s) Solar cycle Most occurring phase hour(s) 

Solar minimum 1 15 Solar minimum1 16 Solar minimum 1 17 & 18 Solar minimum 1 16 & 17 

Solar minimum 2 9 Solar minimum 2 12, 13 & 14 Solar minimum 2 13 & 14 Solar minimum 2 11 & 12 

Solar minimum 3 14 & 15 Solar minimum 3 16 & 17 Solar minimum 3 16 & 17 Solar minimum 3 15 & 16 

Solar maximum 1 16 Solar maximum 1 17 Solar maximum 1 16 & 17 Solar maximum 1 14 & 16 

Solar maximum 2 12, 13 & 14 Solar maximum 2 15 & 17 Solar maximum 2 13, 15 & 17 Solar maximum 2 13, 14 & 15 

 
 
 

1) The cosmic ray monthly mean count rates in all 
four stations are highly correlated showing similar 
temporal variation with marked spatial differences 
during solar maximum. 
2) Quiet-time monthly mean cosmic ray count rate 
are more associated with solar activity than with 
geomagnetic activity at both mid and high 
latitudes. The variability of the amplitude was not 
associated with either geomagnetic or solar 
activity in all stations. 
3) There was more dispersion during solar 
maximum period. The diurnal waves of the higher 
latitude stations (with lesser rigidity) are less 
dispersive especially during solar active periods. 
4) The phase variations tend to follow the twenty-
two (22) year solar magnetic activity cycle. It is 
characterized by a 2 to 6 h change between 
periods of peak and minimum solar activity. 
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This is an investigation of equinoctial asymmetry in Total electron content (TEC) variability at Niamey 
(Latitude: 13° 30' 49.18" N, Longitude: 2° 06' 35.28" E) using the Global Ionospheric Maps model 
constructed by the Center for Orbit Determination in Europe (CODG model) during solar cycle 23, that 
is, from year 1999 to year 2009. Niamey Center for Orbit Determination in Europe Total Electron Content 
(CODG TEC) from 1999 to 2009 show that ionization follows solar cycle and presents semi-annual 
variation with equinoctial asymmetry. In CODG TEC, generally, March/April maximum density is larger 
than that of September/October except during years 1999 and 2001. For all years (1999-2008), electronic 
density is higher between 1400 and 1700 UTC with the maximum at 1400 UTC. On one hand, Ap and aa 
index via pixel diagram and on the other hand, seasonal and sunspot cycle variation have been used to 
explain the exception of years 1999 and 2001. It was found that asymmetry of 1999 is due to solar wind 
particularly to fluctuating wind and asymmetry of 2001 results from CMEs. 
 
Key words: Global positioning system (GPS), Center for Orbit Determination in Europe Total Electron Content 
(CODG TEC), ionization, asymmetry, equatorial ionosphere. 

 
 
INTRODUCTION 
 
The equinoctial asymmetry in monthly or seasonal 
ionospheric parameters such as foF2, NmF2, TEC 
(Rishbeth et al., 2000; Chakraborty and Hajra, 2008; 
Ouattara et al., 2012; Nanéma and Ouattara, 2013; Hajra 

et al., 2016) and in geomagnetic activity (Green, 1984; 
Cliver et al., 2000; 2002; Chakraborty and Hajra, 2010; 
Hajra et al., 2013) have been intensively investigated and 
three principal hypotheses or mechanisms  are  proposed 
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to explain such variation: (1) axial mechanism (Bohlin, 
1977) for which the peak occurrence times correspond to 
those of the maximum of solar B0 angle (Cliver et al., 
2000). This mechanism is also explained by seasonal 
variation of solar wind speed (Murayama, 1974); (2) 
equinoctial mechanism (Svalgaard, 1977) where the peak 
occurrence times are those of the minima of the solar 
declination (Cliver et al., 2000 and (3) Russell-McPherron 
mechanism (Russell and McPherron, 1973) where the 
peak occurrences are due to those of the maximum of 
solar P angle. The solar B0 angle corresponds to Earth’s 
heliographic latitude; and the solar P angle is the position 
angle of the northern extremity of the Sun’s rotation axis, 
measured eastward from the north point of the disk 
(Cliver et al., 2002). 

For the understanding of the response of CODG model 
in West Africa region, we morphologically analyse CODG 
TEC time variation from 1999 to 2009 as a function of 
sunspot number R12. Pixel diagrams were also built with 
geomagnetic aa and Ap indices. The three mechanisms 
(Axial, Russell McPherron and equinoctial) were verified 
for explaining ionospheric semi-annual variation. One of 
the goals of the present paper is to determine a possible 
cause of the asymmetry. 
 
 
MATERIALS AND METHODS 

 
The Total Electron Content (TEC) at Niamey station (Geo Lat 
13°28’45.3”N; Geo Long: 02°10’59.5”E) during solar cycle 23 was 
determined using the model of the coefficients of the ionosphere 
given by Centre for Orbit Determination in Europe (CODE). The 
CODE is one of the centres of analysis of International GNSS 
Service (IGS, http://www.igs.org/network). The Global Ionospheric 
Maps model constructed by the Center for Orbit Determination in 
Europe (GIM/CODE or CODG model) is used to get the Total 
Electron Content. Throughout the paper TEC obtained with the 
GIM/CODE model is called CODG TEC. The database includes: 

 
(1) CODG TEC computed at Niamey station (Geo Lat 13°28’45.3”N; 
Geo Long: 02°10’59.5”E) in Niger by using IGS database where 
IGS means International GNSS (Global Navigation Satellite 
Systems) Service. These data can be found at 
http://igscb.jpl.nasa.gov;  
(2) Geomagnetic index aa (Mayaud, 1968, 1971, 1972, 1973), 
taken from SPIDR database 
(http://isgi.unistra.fr/data_download.php), permits the evaluation of 
different geomagnetic conditions (quiet and disturbed conditions).  
(3) Sunspot number R12 data provided by database 
http://www.sidc.be/silso/datafiles, gives the different solar cycle 
phases years. 
(4) The planetary index Ap, obtained from NGDC database 
(http://www.ngdc.noaa.gov), characterizes the geoeffectivity of solar 
particles (Chapman and Bartels, 1940) from coronal holes (Nolte et 
al., 1976). 

 
It is well known that there are three types of solar winds (Legrand 
and Simon, 1989; Simon and Legrand, 1989; Richardson et al., 
2000; Richardson and Cane, 2002; Ouattara and Amory Mazaudier, 
2009): (1) high stream solar wind speed coming from coronal holes; 
(2) slow solar wind coming from solar heliosheath and (3) 
fluctuating solar wind due to the fluctuation of solar neutral sheet. 

It can be noted that: 
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(1) Ap index permits the evaluation of the impact of each type of 
solar wind (high solar wind speed, slow solar wind and fluctuating 
solar wind). In fact, this parameter is correlated to solar wind 
velocity (Snyder et al., 1963; Crooker et al., 1977; Ahluwalia et al., 
1994); moreover, it gives a possibility to evaluate the response of 
the magnetosphere to solar wind inhomogeneity (Dessler and 
Fejer, 1963); Tsurutani et al. (1995, and references therein) pointed 
out that Alfvén waves are able to provoke geomagnetic 
disturbances in high latitudes via their southward magnetic field 
components. These disturbances are taken into account in the 
determination of Ap values (Ahluwalia, 2000). The other sources 
which contribute to the estimation of Ap values are coronal mass 
ejections (CMEs) (Gosling, 1976; Newkirk et al., 1981) which was 
first observed by using the coronagraph installed on board The 
Seventh Orbiting Solar Observatory (OSO-7 satellite) launched on 
29 September 1971 (Ahluwalia, 2000). 
(2) aa index permits the evaluation of different geomagnetic 
conditions (quiet and disturbed conditions) and particularly the 
determination of each class of activity by means of pixel diagrams 
(Ouattara and Amory-Mazaudier, 2009). 
 

In the present paper, monthly CODG TEC are analysed with 
attention focused on equinoctial peaks and their asymmetry in order 
to determine its probable solar sources. This will be done not only 
by means of pixel diagrams but also by the use of Cliver et al. 
(2002) results. 

 
 
RESULTS AND DISCUSSION 
 

Here, the results and analysis were first presented 
followed by expose of the possible source the peak 
asymmetry. Figures 1, 2 and 3 give monthly CODG TEC 
variation from year 1999 to 2007 at Niamey Station. In 
the top of each panel, red colour shows Ap index monthly 
variation. In each panel, months are given in abscises 
axis and universal time calculate (UTC) in ordinates axis. 
In this figure, TEC is expressed in the unit of 10

15
 el/m

2
 

(TECU) and colour code starts from blue (corresponding 
to zero) to red (corresponding to 1400 TECU). 

CODG TEC highlights semi-annual variation which is 
well known in ionosonde data monthly variation. It can be 
seen in Figures 1, 2 and 3 that the equinoctial maxima 
and its asymmetry; in general, the maxima of October are 
superior to those of March except in 1999 and 2001 
where it is opposite. Ionization is maximal between 1200 
UTC and 1700 UTC with its maximum density at 1400 
UTC for all panels. Moreover, it can be noted that on one 
hand, the intensity of the equinoctial maxima varies with 
solar cycle (R12) and on the other hand, TEC intensity is 
correlated with the Ap value. 

Figure 4 shows monthly TEC (red) and monthly R12 
(blue) evolution from 2000 to 2010 which shows that 
annual TEC varies with sunspot number; in 
consequence, annual electronic density can be 
expressed as a function of sunspot number. 

Figure 5 shows season variation of CODG TEC during 
quiet time characterized by days where aa ≤ 20 nT (panel 
a) and during disturbed period characterized by aa > 20 
nT (panel b). This figure exhibits that the highest peaks 
appear during solar maximum. This result is consistent 
with  the  ionosonde  data  of  Ouagadougou   Station   as

http://www.igs.org/network
http://isgi.unistra.fr/data_download.php
http://www.sidc.be/silso/datafiles
http://www.ngdc.noaa.gov/
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Figure 1. Diurnal CODG TEC evolution from 1999 to 2001. 
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Figure 2. Diurnal CODG TEC evolution from 2002 to 2004. 
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Figure 3. Diurnal CODG TEC evolution from 2005 to 2007. 



Ouattara et al.          313 
 
 
 

 
 

Figure 4. Monthly CODG TEC and R12 variation from 1999 to 2010. 

 
 
 
reported by Ouattara et al. (2009). In panel a, one can 
see the peak asymmetry and March/April peak is higher 
than that of September/October for all years except these 
of 1999 and 2001 where it is the opposite.  The 
comparison between results of panels a and b shows that 
peak amplitude is higher during disturbed period than that 
of quiet period and the disturbed condition does not 
modify the asymmetry observed during quiet time. 

Analyses of these TEC variations will allow us 
appreciate (1) the annual variation of the ionosphere and 
the effect of solar phases on the ionosphere and (2) the 
impact of solar events on ionosphere. 
 
 
Possible sources of CODG TEC seasonal asymmetry 
 
To  determine  the  source  of  CODG   TEC   asymmetry,  

sunspot number R12, geomagnetic Ap index, pixel 
diagrams and the results of Cliver et al. (2002) were 
used. 
 
 
a) CODG TEC asymmetry source according to 
sunspot number 
 
Figure 6 gives seasonal TEC variation at 1200 UT as a 
function of sunspot number R12 from 1999 to 2008. The 
green graph concerns local summer season (July month); 
blue graph is devoted to spring season (March/April); and 
pink graph highlights autumn season 
(September/October) TEC variations. Chestnut graph 
gives winter season (January) TEC variations. Each 
graph symbol corresponds to one year. From bottom to 
up, year increases from 1998 to 2007. 
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Figure 5. Seasonal CODG TEC variation from 1999 to 2008 during (panel a) quiet days and (panel b) disturbed days. 

 
 
 

From Figure 6 it can be concluded that there is linear 
dependency between seasonal TEC and sunspot number 
R12. When R12 is less than  96,  TEC  increases  linearly 

with R12 and the correlation coefficient is in range [0.924, 
0.984]. For a given sunspot number, July TEC is the 
largest than the others. The analysis of Figure  6  exhibits  
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Figure 6. Seasonal CODG TEC variation as a function of sunspot number. 

 
 
 
that (1) CODG TEC increases linearly with sunspot 
number until CODEG TEC is less than 100 TECU, (2) 
CODG TEC does not show winter anomaly because 
summer CODG TEC is always larger than that of winter 
and (3) for R12 = 42, R12 = 76 and R12 = 102 there is no 
equinoctial asymmetry. For R12 < 42 and 42 < R12< 76, 
October ionization is larger than that of March and for 76 
< R12 < 116 it is the opposite. If only the equinoctial 
asymmetry results from sunspot, we do have four years 
(1999, 2000, 2001, 2002) with equinoctial asymmetry 
anomaly (with respect to the other asymmetry observed 
during 2003 - 2009) but according to Figures 1, 2 and 3 
only two years (1999, 2001) CODG TEC have equinoctial 
asymmetry anomaly; therefore, we must assert that 
sunspot is not the only one responsible of such anomaly. 
To determine the other sources of equinoctial asymmetry 
anomaly observed during years 1999 and 2001, this 
research will investigate two ways: (1) utilization of Ap 
index and (2) employment of pixel diagrams. 

We used the planetary index Ap by considering its 
characteristics notified previously. Pixel diagrams are 
utilized for permitting the evaluation of the action of 
different solar events (slow solar wind, solar wind stream, 
fluctuating solar wind and CMEs) (Legrand and Simon, 
1989;   Simon   and   Legrand,   1989;    Ouattara,   2009;  

Ouattara and Amory Mazaudier, 2009). 
 
 
b) CODG TEC asymmetry source according to Ap 
index values 
 

Figure 7 presents the two-dimensional monthly CODG 
TEC variation for year 1999 (Panel a) and year 2001 
(Panel b). In year 1999 (Figure 7a) it can be seen that 
that there is correlation between Ap and CODG TEC 
during September/October equinox while it is not the 
same during March/April equinox. Thus, this asymmetry 
may be due to solar wind by reference of the correlation 
between Ap index and solar wind as previously indicated. 
In year 2001 (Figure 7b), the maximum of Ap amplitude 
arrives at the same time with CODG TEC maximum 
value during March/April equinox. This situation is not 
observed during September/October equinox. Therefore, 
it can be concluded that there is no correlation between 
Ap and CODG TEC during September/October equinox, 
whereas the correlation is observed between these two 
parameters during March/April equinox. Thus, the 
equinoctial asymmetry observed is not due to solar wind. 
By reference to parameters which contribute to Ap (as 
previously  indicated),  one  must  conclude   that   during
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Figure 7. Monthly CODG TEC evolution for year a) 1999 b) 2001. 

 
 
 
2001 the equinoctial asymmetry may be provoked by 
CMEs. 
 
 
c) CODG TEC asymmetry source according to pixel 
diagrams 
 
Figure 8 shows pixel diagrams for year 1999 (top panel) 
and year 2001 (bottom panel). Each line of the pixel 
shows a 27-day rotation, and successive lines solar 
rotations. Each number is the daily average of aa index. 
Shock activity started by non-recurrent sudden storm 
commencement (SSC) days 

(http://isgi.unistra.fr/data_download.php) (indicated by 
circle) with one, two or three days’ duration and identified 
in pixel diagram by olive red and/or red colours. 
Recurrent activity is characterized by recurrent red or 
olive red colours without begging SSC days. Quiet days 
activity is given by white and blue colours with the other 
days contributing to fluctuating activity. Each class of 
activity can be shown in Figure 8. 

It emerges from Figure 8 with respect to the work of 
Ouattara (2009) that asymmetries are more due to 
intense solar activity during October month than during 
March month. In pixel diagram of the year 1999 (Figure 
8a), the asymmetry results from fluctuating activity due to  

http://isgi.unistra.fr/data_download.php
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Figure 8. Pixel diagrams of years 1999 (panel a) and 2001 (panel b). 

 
 
 
the fluctuating solar wind (Ouattara, 2009) provoked by 
the fluctuation of solar neutral sheet (Legrand and Simon, 
1989). In pixel diagram of the year 2001 (Figure 8b), the 
asymmetry is due to CMEs (Ouattara, 2009). Thus, the 
results obtained from the analysis of pixel diagrams and 
from the use of Ap index are the same. 
 
 
d) CODG TEC asymmetry source according to the 
results of Cliver et al. (2002) 

 
Cliver et al. (2002) gives the dates of peaks of semi-
annual variation  of  geomagnetic  index  aa  during  quiet 

time and disturbed period and the mechanism that likely 
explained such variation. The periods of the peak 
occurrence obtained from their work is given in the top of 
Tables 1 (disturbed period) and 2 (quiet period). For 
analysing the results of this research, the gap (shown by 

 in the table) between their peak date with respect to the 
mechanism and the observed peak date was determined. 
Observed dates are indicated in red and the possible 

mechanism is given by minimum value of . This 
minimum value is highlighted in green. 

Tables 1 and 2 show that the semi-annual variation of 
CODG TEC at Niamey during the years 1999 and 2001 is 
managed by Russell McPherron mechanism. 
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Table 1. Disturbed period (aa >20 nT). 
 

Parameter Spring maximum Fall Maximum Summer minimum Winter minimum 

Axial 7 March 9 September 7 June 8 December 

Russell McPherron 7 April 11 October 7 July 6 January 

Equinoctial 21.1 March 23.4 September 21.8 June 22.3 December 
      

1999 

Observed date 14.6 March 16.6 November 2.6 July 23.5 January 

 Axial (days) +7.6 +68.6 +25.6 +46.5 

 Russell McPherron (days) -23.4 +36.6 -4.4 +17.5 

 Equinox (days) - 6.5 + 54.2 + 11.8 + 33.2 
      

2000 

Observed date 06.6 April 27.5 October 12.6 June 20.5 January 

 Axial (days) +30.6 +48.5 +5.6 +43.5 

 Russell McPherron (days) -0.4 +16.5 -24.4 +14.5 

 Equinox (days) + 16.5 + 34.1 - 9.2 + 32.2 
      

2001 

Observed date 14.7 April 10.5 November 15.5 July 26.5 January 

 Axial (days) +38.7 +62.5 +38.5 +49.5 

 Russell McPherron (days) +7.7 +30.5 +8.5 +20.5 

 Equinox (days) + 24.6 + 48.1 + 23.7 + 35.2 
      

2002 

Observed date 03.6 March 28.5 October 29.6 July 24.6 December 

 Axial (days) -3.4 +49.5 +52.6 +16.6 

 Russell McPherron (days) -34.7 +17.5 +22.6 -12.4 

 Equinox (days) - 14.5 35.1 + 37.8 + 02.3 
      

2003 

 

Observed date 10.6 March 28.5 October 20.5 July 05.6 December 

 Axial (days) +3.6 +49.5 +43.5 -2.4 

 Russell McPherron (days) -27.4 +17.5 +13.5 -31.4 

 Equinox (days) - 10.5 35.1 + 28.7 - 16.7 
      

2004 

Observed date 03.6 April 23.6 October 17.6 July 06.5 December 

 Axial (days) +27.6 +44.6 +40.6 -1.5 

 Russell McPherron (days) -3.4 +12.6 +10.6 -30.5 

 Equinox (days) + 13.5 + 30.2 + 25.8 - 15.8 
      

2005 

Observed date 14.6 March 17.6 September 02.6 July 02.6 December 

 Axial (days) +7.6 +8.6 +25.6 -5.4 

 Russell McPherron (days) -23.4 -23.4 -4.4 -34.4 

 Equinox (days) - 6.5 - 5.8 + 10.8 - 19.7 
      

2006 

Observed date 14.7 April 10.5 November 05.5 July 23.7 January 

 Axial (days) +38.7 +62.5 +28.5 +46.7 

 Russell McPherron (days) +7.7 +30.5 -1.5 +17.7 

 Equinox (days) + 24.6 + 48.1 + 13.7 + 32.4 
      

2007 

Observed date 25.6 March 03.6 October 14.6 June 17.6 December 

 Axial (days) +18.7 +24.6 +7.6 +9.6 

 Russell McPherron (days) -12.4 -7.4 -22.4 -19.4 

 Equinox (days) + 4.5 + 10.2 - 7.2 - 4.7 
      

2008 

Observed date 23.6 April 12.6 October 12.6 July 23.6 December 

 Axial (days) +47.6 +33.6 +35.6 +15.6 

 Russell McPherron (days) +16.6 +1.6 +5.6 -13.4 

 Equinox (days) + 33.5 + 19.2 + 20.8 + 1.3 
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Table 2. Quiet period (aa≤ 20 nT). 
 

Parameter Spring maximum Fall maximum Summer minimum Winter minimum 

Axial 7 March 9 September 7 June 8 December 

Russell McPherron 7 April 11 October 7 July 6 January 

Equinoctial 21.1 March 23.4 September 21.8 June 22.3 December 

      

1999 

Observed date 18.6 March 26.6 November 4.6 July 04.5 January 

 Axial (days) +9.6 +78.6 +27.6 +27.5 

 Russell McPherron (days) -19.4 +43.4 -2.4 -1.5 

 Equinox (days) - 2.5 + 64.2 + 12.6 + 13.2 

      

2000 

Observed date 13.5 April 29.6 October 01.5 June 13.5 January 

 Axial (days) +37.5 +50.6 -5.5 +36.5 

 Russell McPherron (days) +6.5 +18.6 -35.5 +7.5 

 Equinox (days) + 24.4 + 36.2 - 20.6 + 22.2 

      

2001 

Observed date 29.6 April 03.5 October 12.6 July 11.5 January 

 Axial (days) +53.6 +24.5 +35.6 +34.5 

 Russell McPherron (days) +22.6 -7.5 +5.6 +5.5 

 Equinox (days) + 39.5 + 43.1 + 20.8 + 20.2 

      

2002 

Observed date 13.5 March 13.5 October 28.5 July 10.6 December 

 Axial (days) +6.5 +34.5 +51.5 +2.6 

 Russell McPherron (days) -24.5 +2.5 +21.5 -26.4 

 Equinox (days) - 7.6 + 20.1 + 36.7 - 11.7 

      

2003 

 

Observed date 12.7 March 27.6 October 22.6 July 01.6 December 

 Axial (days) +5.7 +48.6 +45.6 -6.4 

 Russell McPherron (days) -25.3 +16.6 +15.6 -35.4 

 Equinox (days) - 8.9 + 34.2 + 30.8 - 20.6 

      

2004 

Observed date 01.6 April 27.6 October 01.4 July 03.5 December 

 Axial (days) +25.6 +48.6 +24.4 -4.5 

 Russell McPherron (days) -5.4 +16.6 -5.6 -31.5 

 Equinox (days) + 22.7 + 34.2 + 09.6 - 18.8 

      

2005 

Observed date 24.7 March 23.6 September 04.6 August 04.5 December 

 Axial (days) +17.7 +14.6 +58.6 -3.5 

 Russell McPherron (days) -13.3 -17.4 +28.6 -32.5 

 Equinox (days) + 3.6 + 00.2 + 43.8 - 17.8 

      

2006 

Observed date 29.6 April 08.5 November 23.6 August 02.5 January 

 Axial (days) +53.6 +65 +77.5 +25.5 

 Russell McPherron (days) +22.6 28.5 +47.6 -3.5 

 Equinox (days) +39.5 + 46.1 + 62.8 + 11.2 

      

2007 

Observed date 01.5 April 15.6 October 08.6 August 04.5 December 

 Axial (days) +25.5 +36.6 +62.6 -3.5 

 Russell McPherron (days) -5.5 +4.6 +32.6 -32.5 

 Equinox (days) + 11.4 + 22.2 + 47.8 -17.8 
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Table 2. Contd. 

 

2008 

Observed date 26.6 March 28.6 October 15.6 July 12.5 December 

 Axial (days) +19.6 +49.6 +38.6 +4.5 

 Russell McPherron (days) -11.4 +17.6 +8.6 -24.5 

 Equinox (days) + 5.5 + 35.2 + 23.8 - 9.8 

      

2009 

Observed date 25.7 March 22.6 October 20.5 August 14.5 January 

 Axial (days) +18.7 +43.6 +74.5 +37.5 

 Russell McPherron (days) -12.3 +11.6 +44.5 +8.5 

 Equinox (days) + 4.6 + 29.2 + 59.7 + 23.2 

 
 
 
Table 3. Synthesis of mechanism occurrence. 
 

Quiet period 

Season Asymmetry mechanism 
Mechanism 
occurrence 

Spring 

Axial 2/11 

McPherron 4/11 

Equinoctial 5/11 
   

Fall 

Axial  

McPherron 10/11 

Equinoctial 1/11 
   

Summer 

Axial  

McPherron 10/11 

Equinoctial 1/11 
   

Winter 

Axial 4/11 

McPherron 6/11 

Equinoctial 1/11 
   

Disturbed period 

Spring 

Axial 2/10 

McPherron 5/10 

Equinoctial 3/10 
   

Fall 

Axial  

McPherron 9/10 

Equinoctial 1/10 
   

Summer 

Axial  

McPherron 8/10 

Equinoctial 2/10 
   

Winter 

Axial 3/10 

McPherron 4/10 

Equinoctial 3/10 

 
 
 

The presence of equinoctial peak asymmetry for the 
year 2001 cannot be explained by the change 
mechanism for it is the same mechanism for March/April  

and for September/October. 
During year 1999, the asymmetry may be explained by 

the change of mechanism. During March/April, the 
mechanism is equinoctial and during September/October 
it is Russell McPherron. 

Only the year 2006 semi-annual variation is completely 
explained by Russell McPherron mechanism and that 
during both quiet and disturbed periods. 

The synthesis (Table 3) of the mechanism that occurs 
during the 11 years involved (quiet time) and 10 years 
involved (disturbed period) shows that Russell 
McPherron mechanism can be used to explain the CODG 
TEC semi-annual variation at Niamey Station. 
 
 
Conclusion 
 

Seasonal CODG TEC presents semi-annual variation 
with maximum TEC observed between 1000 - 1500 UTC. 
The peak is seen at 1400 UTC. The seasonal CODG 
TEC shows equinoctial peak asymmetry. March/April 
peak amplitude is higher than that of September/October 
except during 1999 and 2001. Ap values analysis and 
pixel diagrams investigation show that peak asymmetry is 
due to moderate solar wind during 1999 and similar to 
CMEs during 2001. This study argues that in 2001 the 
asymmetry cannot be explained by the change in solar 
activity while this situation seems to be the cause of the 
asymmetry observed during 1999. The overview of TEC 
behaviour shows that Russell McPherron mechanism 
manages the semi-annual variation of TEC at Niamey 
station. 
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