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Abstract 

The ionosphere layer (F2) is known as the most important layer for High frequency (Hf) radio communication because 
it is a permanent layer and excited during the day and night so it is able to reflect the frequencies at night and day due 
to its high critical frequency, and this layer is affected by daily and monthly solar activity. In this study the 
characteristics and behavior of F2 layer during Solar cycle 24 were studied, the effect of Sunspots number (Ri) on the 
critical frequency (foF2), were investigated for the years (2015, 2016, 2017, 2018, 2019, 2020) which represents the 
down phase of the solar cycle 24 over Erbil station (36° N, 44° E) by finding the critical frequency (foF2) values, the 
layer’ s impression times are determined for the days of solstice as well as equinox, where the solar activity was 
examined for the days of the winter and summer solstice and the days of the spring and autumn equinoxes for a period 
of 24 hours by applied the International Reference Ionosphere model IRI (2016). The output data for foF2 were verified 
by using the IRI-Ne- Quick option by specifying the time, date and Sunspot number parameters. Statistical analysis was 
caried out through the application of the Minitab (version 2018) in order to find the correlation between the critical 
frequency (foF2) of Ionospheric layer F2 and Sunspot number. It was concluded that the correlation is strong and 
positive, this indicate that critical frequency (foF2) increase with increasing Sunspots number (Ri) for solar cycle 24. 
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Introduction 

The ionosphere is a layer of the Earth's atmosphere 
that extend from upper center of the Mesosphere to 
the end of the Exosphere. It was divided into four 
diurnal regions according to different electronic 
density. And they are D, E, F1and F2 (Y & H. Ali, 2019). 
This layer ionized by solar and cosmic radiation, and 
they are important for waves propagations. 
Understand the behavior of this region’s parameters 
during Solar activity and Solar cycle phases may be 
useful for investigations of solar variability and its 
terrestrial impacts. The behavior of the ionosphere 

have highlighted the variability of its critical 
frequency foF2 profiles during various seasons, day, 
time, solar events and latitude  (Ouattara & Zerbo, 
2011) (Diabate, Zerbo, & Ouattara, 2019) (Faynot & 
Villa, 1979). 
The proportion of production of ions in these layers 
depends on the zenith angle (x). Sunset is also the 
angle value varies depending on the time of days, 
year and location.  
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The F2 layer is the top layer of the ionospheric F 
region, and it is ~250 km above sea level. It has a 
high electron density and thus plays an important 
role in shortwave communications. The variations of 
the critical frequency of the F2 layer (foF2) offer clues 
regarding the events happening within the entire F2 
layer, and foF2 analysis is essential for stable 
shortwave communications  (A.D, 2011) (D. & P., 
1998). 
The Sun contains a blast that increases at times. Is 
on the increase Solar activity shows glare that may 
cool down and dark spots appear It is relatively cold 
in the photosphere, its temperature is about (4600) 
Ko is in the form of groups known as Sunspots 
caused by huge explosions occurring in the Sun and 
then it cools gradually (Campbell, 1997) (Craig, 
1965). Its number is between (0-200) When they are 
few in number, the solar activity is quiet and Ri 
Known as minima (Sunspots), when the number is 
large the solar activity is high, then they are called 
Sunspots maxima (Y & H. Ali, 2019) (E., M. B., B., & 
M., 2019). 
The global Sunspot count is calculated Through (Ri) 
(International Sunspot number) represents in the 
following relationship   ،(2015)مجمان  (Akasofu & S, 
1972). 

Ri = K (10G + I)  (1) 
Where K represents a constant quantity 
approximately equal to one. The difference in 
observatories' monitoring devices, G is number a 
visible total Sunspots, and I is the number of 
individual spots. The number of these spots 
expresses the degree of Solar activity that changes 
Periodically every 11 years and this change is known 
as the Solar cycle, which basically takes 22 years to 
complete Changing the polarity of the Sunspot's 
magnetic field (Lakshimi, Reddy, & Dabas, 1998) 
(Kleczek, 1952). 
The ionospheric layer F2 has been selected for its 
importance in HF radio communications such as 
refraction, absorption, global positioning system 
(GPS), interference and phase delay. 
The main goal of this study is to know and analyze 
the behavior of the F2 ionosphere layer which is very 
important at high-frequency (HF) radio 
communications, as well as to determine the nature 
of the relationship between the Sunspots number 
with the critical frequency of Ionospheric layer F2, 
over Erbil station during the Solar cycle 24 using the 
International Reference Ionosphere model IRI. The 
geographical location of this study station are shown 
in Figure 1. 
 

 

Figure 1. Erbil station in Iraq (https://embedgooglemaps.com, n.d.) 

 
Theoretical Approach 

The most important recent studies are describing 

about the high and middle latitude ionospheric 
variation with different solar indices like Coronal 
Mass Ejection (CME) and Sunspot Number (Ri). 
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These all parameters depends on short and long 
term solar activities and they are shows the 
correlations with each other. The critical frequency 
of ionospheric F2 layer (foF2) is one of the most 
important parameters in the ionospheric research 
which is observed regularly by several 
observatories. In recent studies the hourly averaged 
value of foF2 were taken into consideration 
(http://wdc.nict.go.jp/IONO/HP2009/ISDJ/indexE.
html, n.d.). In this investigation the International 
Reference Ionosphere 2016 (IRI 2016) program was 
adopted to find the value of the critical frequency. 
This program (IRI 2016) is an international project 
sponsored by the Committee on Space Research 
(COSPAR) and the International Union of Radio 
Science (URSI). These organizations formed a 
Working Group (members list) in the late sixties to 
produce an empirical standard model of the 
ionosphere, based on all available data sources 
(Charter). For given location, time and date, IRI 
provides monthly averages of the electron density, 
electron temperature, ion temperature, and ion 
composition in the ionospheric altitude range 
(https://omniweb.gsfc.nasa.gov/vitmo/iri 
vitmo.html, n.d.). And provides the values of (foF2) 
critical frequency at altitudes ranging from 50 to 
2000 km at any date or time and anywhere (D., L. A., 
B., & T., 2011) (S. K., et al., 2015).  
The IRI 2016 modeled values were estimated by 
employing the International Union of Radio Science 
(URSI) coefficients. In order to evaluate the 
performance of the model of critical frequency. The 
simulated monthly values were calculated for 
critical frequency (foF2) for a seasonal basis (Spring, 
Summer, Autumn, Winter) and for the months (21 
March, 21 June, 23 September, 21December) for 
both day and night hours. In this study the 
individual behavior of the average monthly and 
daily value of the critical frequency and the entire 
number of Sunspots during the Solar cycle 24 were 
presented. As well as the output data were analyzed 
in order to find the type of correlation between the 
critical frequency (foF2) and Sunspots number in this 
study. The critical frequency of an ionospheric layer 
is the maximum frequency that can be radiated 
vertically up wards by a radio transmitter and be 
returned to earth. This condition corresponds to a 
wave that travels to the top of the layer. Where the 
electron density is at its maximum value, before its 
angle of refraction becomes 90o. The angle of 
incidence is 0o (Bandopadhyaya, 1994).  

Therefore sin 0o = 0 = √1-(81Nmax / ƒ o 2) (2) 
And then ƒ o 2 = 81 Nmax = 9√ Nmax      (3) 

Where ƒo is the critical frequency, Nmax is maximum 
electron density. 
Critical frequency are the optimal form that gives an 
indication of the state of the ionosphere and the 
nature of the propagation of Radio waves at HF - 
scale. Radio waves of frequencies equal to or less 
than the critical frequency that will definitely be 
reflected from the layer irrespective of the angle of 
incidence. The critical frequency depends on solar 
zenith angle χ and the mean Sunspot number Ri, 
according to the following formula (Hall & Barclay, 
1989) (Rishbeth, 1988).  

 ƒo = A (1 + aR)(Cos x)n, n = 0.25   (4) 
Where A and a are constants. Where x varies with 
time of day, season, and latitude and so ƒo varies 
regularly with the Sunspot number (Solar cycle 
variations). 
In this research the linear equation below will be 
used to find the relationship the critical frequencies 
(foF2) and the Sunspots number (Ri) (F. A., 2015). 
The linear equations for the relationship between 
foF2 and Ri (Sunspots number)  
Were: 

Spring foF2 = 0.0231 Ri + 7.4974  (5) 
Summer foF2 = 0.0208 Ri + 5.6078   (6) 
Autumn foF2 = 0.0024 Ri + 8.5702   (7) 
Winter foF2 = 0.0647 Ri + 5.298   (8) 

And for the relationship between foF2 and Rn 
(Sunspots number in northern half of the Sun), 
were:  

Spring foF2 = 0.0506 Rn + 7.5858   (9) 
Summer foF2 = 0.0084 Rn + 6.8837   (10) 
Autumn foF2 = 0.0066 Rn + 8.5525   (11) 
Winter foF2 = 0.031 Rn + 8.2918   (12) 

Whereas for the relationship between foF2 and Rs 
(Sunspots number in southern half of the Sun), 
were: 

Spring foF2 = 0.0216 Rs + 8.1186   (13) 
Summer foF2 = 0.0096 Rs + 6.8625   (14) 
Autumn foF2 = 0.0017 Rs + 8.6551   (15) 
Winter foF2 = 0.0304 Rs + 7.826   (16) 

 

Application and Discussion 

Temporal Analysis of Data 

In the present study, the critical frequency (foF2) 
values were obtained from the International 
Reference Ionosphere IRI 2016 model for Erbil 
station (36.188679 o N 44.013390 o E), for the days 
of spring equinox and autumn equinox and winter 
summer solstices days for the years (2015-2020) 
with low Solar activity represented by the down 
phase, were compared with the total number of 
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Sunspots that were obtained on it from the site Silso 
(www.sidc.be/silso/datafiles, n.d.). The value of the 
critical frequency (foF2) was obtained by the 
international reference ionosphere model from 
option (Ne - Quick), at a maximum height of 400 km 
of the F2 ionosphere layer for solar cycle 24. Figure 

(2) represents the solar cycle 24 and the deflection 
rates of critical frequencies foF2 for solstice days and 
equinoxes for years (2015-2020) for solar cycle 24 
as shown in Tables (1).  
 

 

  

Figure 2. Solar cycle 24 (www.sidc.be/silso/datafiles, n.d.) 

 

Table 1. The critical frequency (foF2) value from IRI2016 at altitude 400 km (F2 layer) for the years (2015 – 2020) for days of solstice and equinox 
over Erbil station 
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Figure 3. Daily changes on equinox and solstice days of foF2 values obtained by International Reference Ionosphere models IRI2016 over Erbil 
station for Down phase (2015-2020) (solar activity periods). 
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Figure 3 represents the relationship between foF2 
values and local time for solstice and equinoxes days 
of months (March, June, September, December) at a 
height h=400 km (maximum height of layer F2) over 
Erbil station. In the year of the down phase (2015 -
2020) the foF2 in March and September were the 
highest value at 07.00 Am to12.00 Pm. In June and 
December the foF2 were the highest value at 07.00 

Am to 13.00 Pm. For the last four months 
(September, October, November and December) 
of the year 2020 was not taken in to account because 
NASA and the National Oceanic and Atmospheric 
Administration (NOAA), with the participation of a 
committee of experts, announced in a remote media 
conference on Tuesday,  15 September 2020, that the 
new solar cycle 25 is now underway, and according 

to the committee, the minimum period between the 
Solar Cycle 24 and Solar Cycle 25, the period during 
which the Sun is less active has occurred, in 
December 2019 when the number of Sunspots 
decreased (https://m.akhbarelyom.com, n.d.). 
In this study, the empirical values of foF2 for the 
Ionospheric layer F2 were obtained from IRI2016 
program option Ne Quick 
(https://omniweb.gsfc.nasa.gov/vitmo/iri 
vitmo.html, n.d.). As well as the values of Sunspot 
number for solar cycle 24 were applied in this 
program (www.sidc.be/silso/datafiles, n.d.). Figure 
(4) represents the monthly Sunspot numbers (Ri) 
for years (2015, 2016, 2017, 2018, 2019, 2020). 
 
 

 

  
 

  

 

  

Figure 4. The monthly mean Sunspot numbers in 2015, 2016, 2017, 2018, 2019, 2020.

 

Statistical Investigation 

Through data processing using the statistical 
program Minitab version 2018, the effect of Solar 

activity (Sunspots) on the critical frequency foF2 at 
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December) for the Years (2015- 2020) which is 
represents (down phase) of the Solar cycle 24 over 
Erbil station as shown in Figures (5), (6), (7), (8),      

(9), (10). 
 

 

A        B 

  

C        D 

  

Figure 5. Relationship between Critical frequency foF2 (MHZ) and Sunspots number (Ri) at maximum height of the layer F2 h=400km for the year 

2015, represents A-March, B-June, C-September and D-December 

 
Figure (5) represents the relationship between foF2 
values and Ri at a Height, h=400 km (F2 layer) for 
year 2015 over Erbil station at 12 Pm o’clock in              
A-March, B-June, C-September, D-December. 
According to the statistical output data is a good 
agreement between critical frequencies (foF2) and 
Sunspot number (Ri), for all months where R2=0.993 
in March, and R2=0.948 in June, and R2=0.984 in 
September, and R2=0.971 in December. And linear 
regression equations respectively as follows,  

A- in March foF2[MHZ]=6.669 + 0.05354Ri  
B- in June foF2[MHZ]=5.891 + 0.04091Ri 
C- in September foF2[MHZ]=6.438 + 0.04370Ri 

D- in December foF2[MHZ]=5.781 + 0.05291Ri 
 
The relationship between foF2 and Ri for 2015 is 
similar to (2016, 2017, 2018, 2020) at 400km 
elevation due to the decrease in Solar activity for 
these years. 
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Figure 6. Relationship between Critical frequency foF2 (MHZ) and Sunspots number (Ri) at maximum height of the layer F2 h=400km for the year 

2016, represents A- March, B- June, C- September and D-December 

 
Figure (6) represents the relationship between foF2 
values and Ri at a Height, h=400 km (F2 layer) for 
year 2016 over Erbil station at 12 Pm o’clock in                  
A-March, B-June, C-September, D-December. 
According to the statistical output data is a good 
agreement between critical frequencies (foF2) and 
Sunspot number (Ri), for all months where R2=0.997 

in March, and R2=0.977 in June, and R2=0.962 in 
September, and R2=0.992 in December. And linear 
regression equations respectively as follows, 

A- in March foF2[MHZ]=7.016 + 0.04817Ri 
B- in June foF2[MHZ]=5.916 + 0.04630Ri  
C- in September foF2[MHZ]=6.549 + 0.04245Ri 
D- in December foF2[MHZ]=5.161 + 0.06838Ri 
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Figure 7. Relationship between Critical frequency foF2 (MHZ) And Sunspots number (Ri) at maximum height of the layer F2 h=400km for the year 

2017, represents A- March, B- June, C- September and D- December 

 
Figure (7) represents the relationship between foF2 
values and Ri at a Height, h=400 km (F2 layer) for 
year 2017 over Erbil station at 12 Pm o’clock in          
A-March, B-June, C-September, D-December. 
According to the statistical output data is a good 
agreement between critical frequencies (foF2) and 
Sunspot number (Ri), for all months where R2=0.895 
in March, and R2=0.938 in June, and R2=0.974 in 

September, and R2=0.955 in December. And linear 
regression equations respectively as follows,  

A- in March foF2[MHZ]=6.404 + 0.05895Ri 
B- in June foF2[MHZ]=6.007 + 0.04362Ri 
C- in September foF2[MHZ]=6.506 + 0.03991Ri 
D- in December foF2[MHZ]=5.221 + 0.06065Ri 
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Figure 8. Relationship between Critical frequency foF2 (MHZ) And Sunspots number (Ri) at maximum height of the layer F2 h=400km for the year 

2018, represents A- March, B- June, C- September and D- December 

Figure (8) represents the relationship between foF2 
values and Ri at a Height, h=400 km (F2 layer) for 
year 2018 over Erbil station at 12 Pm o’clock in            
A-March, B-June, C-September, D-December. 
According to the statistical output data is a good 
agreement between critical frequencies (foF2) and 
Sunspot number (Ri), for all months where R2=0.877 
in March, and R2=0.971 in June, and R2=0.881 in 

September, and R2=0.956 in December. And linear 
regression equations respectively as follows,  

A- in March foF2[MHZ]=6.375 + 0.06743Ri 
B- in June foF2[MHZ]=6.010 + 0.04178Ri 
C- in September foF2[MHZ]=6.088 + 0.05264Ri  
D- in December foF2[MHZ]=5.119 + 0.07578Ri 
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Figure 9. Relationship between Critical frequency foF2 (MHZ) And Sunspots number (Ri) at maximum height of the layer F2 h=400km for the year 

2019, represents A- March, B- June, C- September and D- December 

Figure (9) represents the relationship between foF2 
values and Ri at a Height, h=400 km (F2 layer) for 
year 2019 over Erbil station at 12 Pm o’clock in            
A-March, B-June, C-September, D-December. 
According to the statistical output data is a good 
agreement between critical frequencies (foF2) and 
Sunspot number (Ri), for months where R2=0.909 in 
March, and R2=0.613 in June, and R2=0.897 in 

December. For September the relationship was 
weak where R2=0.441, Note (that the Solar Cycle 24 
was end in September). And linear regression 
equations respectively as follows,  

A- in March foF2[MHZ]=6.451 + 0.06033Ri 
B- in in June foF2[MHZ]=5.962 + 0.03059Ri 
C- in September foF2[MHZ]=6.095 + 0.02082Ri 
D- in December foF2[MHZ]=5.147 + 0.06081Ri 
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Figure 10. Relationship between Critical frequency foF2 (MHZ) and Sunspots number (Ri) at maximum height of the layer F2 h=400km for the year 
2020, represents A- March, B- June, C- September and D- December 

 
Figure (10) represents the relationship between foF2 
values and Ri at a Height, h=400 km (F2 layer) for 
year 2020 over Erbil station at 12 Pm o’clock in              
A-March, B-June, C-September. According to the 
statistical output data is a good agreement between 
critical frequencies (foF2) and Sunspot number (Ri), 
for all months where R2=0.806 in March, and 
R2=0.964 in June, and R2=0.651 in September. For 
December data were not taken because in 15 
September of year 2020 NASA, announced that the 
new solar cycle 25 is now underway and the Solar 
cycle 24 was end, in December 2019 when the 
number of Sunspots decreased 
(https://m.akhbarelyom.com, n.d.). And linear 
regression equations respectively as follows, 

A- in March foF2[MHZ]=6.368 + 0.06553Ri 
B- in June foF2[MHZ]=5.855 + 0.06374Ri 
C- in September foF2[MHZ]=5.928 + 0.09207Ri 

 
 
 

Conclusions 

1. This study is very useful for those who are 
working in upper atmosphere and as well as 
solar terrestrial physics and it shows upper 
atmospheric environmental condition 
during space weather. 

2. Differences over Erbil station reach their 
peak at noon so that the values of critical 
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than at night because the low density of air 
makes the process of combining solid gas 
particles and atoms with free electrons again 
quite slow and difficult. 

3. The values of the critical frequencies vary 
according to the seasonal change. 

4. The values of critical frequency (foF2) 
increase with increasing of Solar activity 
which represented by the Sunspots number 
(Ri). 
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greater than September, March and 
December. And the maximum value of foF2 
for years (2015, 2016, 2019) of F2 - layer was 
in September was greater than June, March 
and December. 

6. Critical frequency (foF2) in Summer are more 
clear than other seasons. 

7.  The values of foF2 begin to increase from 7 
Am Local Time and reach the maximum 
value at 12 Pm Local time. 

8.  The relationship between the critical 
frequencies (foF2) and Sunspots number (Ri) 
is linear positive relation and strong for all 
months of years (2015, 2016, 2017, 2018, 
2020).In year 2019 the relationship was 
good in March and December, and was 
moderate in June, and was weak in 
September this means strong correlation 
between the critical frequency (foF2) of 
ionospheric layer- F2 and Sunspots number 
(Ri) in most months, especially in the years 
of low Solar activity (down phase) for Solar 
cycle 24. 
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