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Abstract 

        In this research, an investigation for the compatibility of the IRI-2016 and 

ASAPS international models was conducted to evaluate their accuracy in predicting 

the ionospheric critical frequency parameter (foF2) for the years 2009 and 2014 that 

represent the minimum and maximum years of solar cycle 24. The calculations of 

the monthly average foF2 values were performed for three different selected stations 

distributed over the mid-latitude region. These stations are Athens - Greece (23.7
o
 E, 

37.9
 o

 N), El Arenosillo - Spain (-6.78
 o

 E, 37.09
 o

 N), and Je Ju - South Korea 

(124.53
 o 

E, 33.6
 o

 N). The calculated values using the two tested models were 

compared with the observed foF2 datasets for each of the three selected locations. 

The results showed that the two tested models gave good and close results for all 

selected stations compared to the observed data for the studied period of time. At the 

minimum solar cycle 24, the ASAPS model showed in general better values than the 

IRI-2016 model at Athens, El Arenosillo and Je Ju stations for all tested methods. At 

maximum solar cycle 24, the IRI-2016 model showed higher and closer values to the 

observed data at Athens and El Arenosillo stations, while the ASAPS model showed 

better values at Je Ju station. 

 

Keywords: Ionospheric Parameters, Critical Frequency, IRI-2016 Model, ASAPS 
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الأيونوسفيرية فوق  foF2 في التنبؤ بمعلمة ASAPS و IRI-2016 التحقيق في توافق نماذج
 العرض الوسطىمنطقة خط 

 

، خالد عبد الكريم هادي*جعفر محمد جعفر  
العخاق ،بغجاد  ،جامعة بغجاد  ،كمية العمهم  ،قدم الفمك والفزاء   

 ألخلاصه
في دقة  ASAPSو  IRI-2016في هحا البحث ، تم إجخاء دراسة لمتحقيق من تهافق الشساذج العالسية      

المحين يسثلان الحج الأدنى  9002و  9002( خلال العامين (foF2التشبؤ بسعامل التخدد الحخج لمغلاف الأيهني 
 لثلاث الذهخي  الحخج التخدد معامل. تم إجخاء حدابات متهسط 92والحج الأقرى لدشهات الجورة الذسدية 

اليهنان  -في مشطقة خطهط العخض الهسطى، وهحه السحطات هي أثيشا  مهزعة مختمفة مختارة محطات
(9..2o  ، ً2.2.شخقا o  إلأريشهسيمه ، )شسالًا- ( 8.26 -إسبانيا o  ،ًو جيجه 2.02.شخقا )كهريا  - شسالًا

شسالًا(. تست مقارنة قيم معامل التخدد الحخج السحدهبة باستخجام  o 8...شخقاً ،  o .092.2الجشهبية )
السخصهدة لكل مهقع من السهاقع الثلاثة السختارة. أظهخت  ((foF2الشسهذجين السختبخين مع مجسهعة بيانات 
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نتائج الجراسة أن الشسهذجين السختبخين قج أعطيا نتائج جيجة ودقيقة لجسيع السحطات السختارة مقارنة بالبيانات 
بذكل عام قيساً  ASAPS، أظهخ نسهذج 92ية السخصهدة خلال فتخة الجراسة. في الحج الأدنى لمجورة الذسد

ولجسيع الطخق السختبخة ، بيشسا  IRI-2016أفزل في محطات أثيشا و إلأريشهسيمه و جيجه من قيم نسهذج 
قيساً أعمى وأقخب إلى البيانات السخصهدة من تمك  IRI-2016، أظهخ نسهذج  92في الجورة الذسدية القرهى 

في محطتي أثيشا وإلأريشهسيمه، قيسا أظهخ نسهذج  ASAPSالقيم التي تم الحرهل عميها من نسهذج 
ASAPS  قيساً أفزل من نسهذجIRI-2016 .في محطة جيجه 

 
Introduction 

The ionosphere is one of the layers of the Earth's upper atmosphere, extending from about 50 

km to 1000 km and higher, which constitutes less than 1% of the mass of the atmosphere that 

exceeds 100 km. The ionosphere is an electrically neutral layer which is ionized when solar 

radiation strikes the components of chemical substances to the atmosphere by displacing their 

electrons from atoms and molecules [1]. This process occurs on the illuminating side of the 

Sun towards the Earth. The shorter wavelengths of solar radiation (ultraviolet photons (EUV) 

and shorter X-rays) have sufficient energy to produce this ionization. The presence of these 

charged particles makes the upper atmosphere an electrical conductor that supports electric 

currents and affects radio waves [2]. According to the density of the electron and ionization, 

the ionosphere is classified into two main regions, the "topside region", which extends over 

the surface of the earth upwards from about 500 km to 1000 km, and the "bottom side region", 

which extends from 50 to 500 km above the surface of the earth. The bottom side of the 

ionosphere is divided into three specific regions according to the height and distribution of 

ions, which are regions D, E, and F. Each region is split into layers, called D, E, Es, F1, and 

F2 layers. The D layer, which extends over the surface of the earth approximately about 50-90 

km, is mainly responsible for the partial absorption of high frequency radio waves [3]. The E 

layer is extending about 90-150 km. These layers can only reflect radio waves that have 

frequencies below 5 MHz [4]. Also, there is an unexpected layer, known as E-Sporadic (Es), 

with a height of 80 to 120 km  [5, 6]. One of the most ionized layers of the ionosphere is the F 

layer, and it usually ranges about 140-500 km. The light coming from the sun causes this 

layer to split into two distinct layers; F1, located at an altitude of 150-250 km, and F2, which 

is the highest layer of the ionosphere and is located at an altitude of 250-400 km [7]. 

In 2014, Hadi et al. studied the variation of the ionospheric critical frequency of the F2-layer 

(foF2) over Athens city for the monthly period of the years 2011, 2012, 2013. An analytical 

investigation was conducted and a relationship between the monthly average foF2 values and 

the hourly time factor was expressed as a suggested mathematical formula [8]. Jeon et al. 

(2016) used the mean and standard deviation to analyze the seasonal and annual changes of 

foF2 as well as the relationships of F2 layer height at two sites in South Korea. The median 

and spring for the study of the ionosphere were used to ensure a more accurate analysis [9]. 

Mohammed (2016) studied the accuracy of predicting the hourly foF2 values using IRI-2012 

and VOACAP models for three Iraqi cities during high solar activity. The results indicated 

that the accuracy of them increases for all hours during Spring and Summer and decreases 

during Winter and Autumn, especially at hours near to sunrise. Both models were shown to 

have the same accuracy. foF2 values predicted by VOACAP model were reported to be higher 

than those predicted by IRI- 2012 model for all seasons [10]. 

Ionospheric Critical Frequency Parameter 

The ionosphere is characterized by a set of different parameters. One of the most important 

parameters and the most frequently used is the critical frequency parameter, which is 

considered to describe the state of change of the ionosphere. If an ionospheric layer possesses 

a distinct maximum in ionization, a radio frequency capable of just penetrating to this height 

is called the critical frequency of the layer. The critical frequency is the maximum frequency 
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of each layer of the ionosphere at which radio waves can be sent vertically and refracted back 

to the Earth. The foF2 is an important parameter for describing the state of ionospheric 

variation and defined as the highest frequency signal that will reflect directly back to its 

transmission location depending on the time of day and day of the sunspot cycle. It is related 

to the maximum electron density of F2 layer (NmF2), according to the following equation 

[11] [12]: 

      
   

      

     
                                   … (1)   

where: 

foF2: critical frequency of the F2 layer. 

NmF2: max. electron density of the F2 layer. 

e: electron charge. 

εo: vacuum permittivity. 

M: mass of electron. 

International Ionospheric Models 

In this research, the Advanced Stand Alone Prediction System (ASAPS6) model and the 

International Reference Ionosphere (IRI-2016) model were selected as international models to 

verify the compatibility of the accuracy of predicting the ionospheric critical frequency 

parameter which will be generated using the adopted models with the observed data for 

Athens, El Arenosillo and Je Ju stations.  IRI model defines the monthly averages of critical 

F2-layer frequencies in the existing ionosphere altitude range of 50Km to 1500km [13]. 

ASAPS provides forecasting of sky-wave communication system performance in the high-

frequency (HF) radio spectrum (1 to 30MHz) and basic surface wave performance in the 

medium frequency (300kHz-3MHz) and low-HF (3-5MHz) range. It is based on the 

ionosphere model developed by the Space Weather Services and ITU-R/CCIR models [14]. 

Test and Results 

 In this work, a comparative study between the ASAPS and IRI-2016 models was conducted 

by investigating the compatibility of predicting the ionospheric critical frequency parameter 

generated using the two tested models for three different stations distributed on the mid-

latitude region during the maximum and minimum years of the 24
th

 solar cycle. The foF2 of 

the F2 ionosphere layer was adopted to make a comparison between the two selected models. 

The values of the critical frequency parameters (foF2)  were calculated for each of the three 

selected sites using the two tested models and compared with the observed foF2 data values 

for the monthly times variations of 2009 and 2014, which represent the minimum and the 

maximum for the years of the solar cycle 24. The monthly calculations of the critical 

frequency parameter for the selected locations were made according to the available 

observational data within the study period. The three tested locations that spread over the mid-

latitude zone are Athens (Greece), El Arenosillo (Spain), and Je Ju (South Korea), for which 

the location and geographical coordinates are illustrated in Figure 1 and Table 1. 

 
Figure 1-Distribution of the selected stations over the middle latitude region. 
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Table 1-Geographical coordinates of the selected stations distributed within the Mid-latitude 

region 

 
The implementation of the IRI-2016 and ASAPS models needs several input parameters, 

including the monthly sunspot number (SSN) of the tested years. In this work, daily sunspot 

numbers were used to calculate the daily variation of the critical frequency parameter using 

the tested models. Table (2) presents a daily sunspot numbers for the tow adopted years (2009 

& 2014). 

Table 2- The daily sunspot numbers (SSN) for the years 2009 & 2014 [15]. 
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     The calculations of the critical frequency parameter using IRI-2016 model were made 

directly from the model, whereas in the ASAPS model they were made by extracting the data 

values of the maximum usable frequency parameter (MUF) then converting them to foF2 

using the following equation [16]: 

 

 ο        √   
 

   
                                     … (2)   

where: 

      MUF: maximum usable frequency.  

       fo: critical frequency. 

       R: radius of the Earth (R ⊕ = 6372 Km). 

       h: height of the ionosphere (typical height of the F2 ionospheric layer is about 400 Km). 

 

 
 

Figure 2-Samples of the monthly variations of the foF2 parameter for Athens, El Arenosillo, 

and Je Ju stations during the years (2009 and 2014) using IRI-2016 and ASAPS models, 

compared with the observed data. 
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     The monthly predicted foF2 values (theoretical) for the F2 ionospheric layer (height 400 

Km) for the three selected stations, Athens (23.7
o
 E, 37.9

o
 N), El Arenosillo (-6.78

o
 E, 37.09

o
 

N) and Je Ju (124.53
o 

E, 33.6
o
 N), were calculated using the two tested models for the two 

selected years (2009 and 2014) that represented the maximum and minimum years of solar 

cycle 24. Figure 2 presents samples of the results of the monthly variations of the foF2 

ionospheric parameter which were calculated using IRI-2016 and ASAPS models and their 

comparison with the observed data for the same period of time. 

From the results that illustrated in Figure 2 for the three stations, it can be noticed that the 

values of foF2 vary with time, as the maximum value occurs during noon, then the values 

decrease and reach their minimum at sunrise and sunset. Time differences cause differences in 

frequency values as a result of the interaction of solar radiation with the components of the 

ionosphere layers. 

Statistical Calculations 
The statistical analysis for the observed and predicted foF2 datasets generated using IRI-2016 

and ASAPS models was performed. The statistical calculations were conducted using the 

correlation coefficient (R), Root Mean Square Error (RMSE), Standard Deviation (STD), 

Mean Average (Mean (Ave.)), Mean Deviation (MD), Variance, Mean Difference (Mean 

Diff.), Mean Signed Deviation (MSD), Standard Error and Mean Absolute Deviation (MAD) 

statistical analysis methods. Samples of the statistical calculation results are presented in 

Tables (3), (4), (5), (6), (7), and (8).  

 

Table 3-Statistical calculation results for the observed and predicted (theoretical) foF2 

datasets of Athens station for the year 2009. 

Month R RMSE STD 
Ave. 

Mean 
MD Variance 

Mean 

Diff. 
MSD 

Stand. 

Error 
MAD 

Observed-IRI 

January 0.950 0.355 1.121 3.604 0.997 0.126 0.085 0.126 0.716 0.997 

February 0.912 0.551 1.190 3.770 1.062 0.304 0.269 0.304 0.716 1.062 

March 0.922 0.550 1.385 4.183 1.258 0.303 -0.017 0.303 0.716 1.258 

April 0.872 0.694 1.410 4.594 1.272 0.481 -0.061 0.481 0.716 1.272 

May 0.868 0.562 1.135 4.941 0.987 0.315 -0.086 0.315 0.716 0.987 

June 0.768 0.674 0.925 5.004 0.773 0.454 0.134 0.454 0.716 0.773 

July 0.901 0.388 0.890 4.763 0.752 0.151 -0.076 0.151 0.716 0.752 

August 0.925 0.459 0.997 4.702 0.867 0.211 -0.264 0.211 0.716 0.867 

September 0.933 0.530 1.233 4.739 1.119 0.281 -0.301 0.281 0.716 1.119 

October 0.963 0.522 1.654 4.724 1.502 0.272 -0.192 0.272 0.716 1.502 

November 0.953 0.565 1.576 4.256 1.423 0.319 -0.238 0.319 0.716 1.423 

December 0.945 0.467 1.325 3.927 1.182 0.218 -0.150 0.218 0.716 1.182 

Observed-ASAPS 

January 0.963 1.094 1.526 4.615 1.237 1.198 -0.926 1.198 0.747 1.378 

February 0.937 1.393 1.733 5.158 1.629 1.942 -1.119 1.942 0.747 1.615 

March 0.970 1.505 1.937 5.386 1.951 2.265 -1.221 2.265 0.747 1.814 

April 0.919 1.556 1.821 5.794 1.871 2.420 -1.261 2.420 0.747 1.638 

May 0.867 1.593 1.306 6.312 1.602 2.537 -1.458 2.537 0.747 1.128 

June 0.795 1.117 1.147 6.016 1.332 1.248 -0.877 1.248 0.747 0.955 

July 0.940 1.121 1.285 5.657 1.392 1.256 -0.970 1.256 0.747 1.110 

August 0.944 1.420 1.537 5.636 1.611 2.015 -1.198 2.015 0.747 1.321 

September 0.956 1.280 1.768 5.469 1.749 1.638 -1.031 1.638 0.747 1.614 

October 0.958 1.650 2.739 5.337 2.595 2.721 -0.805 2.721 0.747 2.564 

November 0.965 1.389 2.090 5.084 1.869 1.929 -1.066 1.929 0.747 1.955 

December 0.957 1.197 1.645 4.785 1.394 1.433 -1.008 1.433 0.747 1.525 
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Table 4-Statistical calculation results for the observed and theoretical (predicted) foF2 

datasets of Athens station for the year 2014. 

Table 5- Statistical calculation results for the observed and theoretical (predicted) foF2 

datasets of El Arenosillo station for the year 2009. 
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Table 6-Statistical calculation results for the observed and theoretical (predicted) foF2 

datasets of El Arenosillo station for the year 2014. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7-Statistical calculation results for the observed and theoretical (predicted) foF2 

datasets of Je Ju station for the year 2009. 
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Table 8-Statistical calculation results for the observed and theoretical (predicted) foF2 

datasets of Je Ju station for the year 2014. 

 
 

      Samples of the monthly statistical correlation results between the observed and predicted 

foF2 ionospheric parameter values that were generated using IRI-2016 and ASAPS models are 

shown in Figure 3. Also, samples of the statistical analysis resulted for the statistical methods 

of Difference Residual and Absolute Residual between observed and predicted foF2 dataare 

presented in Figure 4. 
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Figures 3-Samples of the monthly statistical correlation between observed and predicted foF2 

data using IRI and ASAPS models for Athens, El Arenosillo and Je Ju stations for years 2009 

and 2014. 

  

 
Figure 4-Samples of the Residual and Absolute residual methods between observed and 

predicted foF2 data for Athens, El Arenosillo and Je Ju stations for years 2009 and 2014. 
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The statistical calculation results for the observed and predicted (theoretical) foF2 datasets of 

the three stations is presented in Tables (3) - (8). While the behavior of the calculated 

statistical analysis results for IRI and ASAPS models for the three stations for the years 2009 

and 2014 have been shown in Figures (3) and (4). 

The calculations of the monthly statistical correlation coefficients revealed that the predicted 

ionosphere parameter values using ASAPS model reflect somewhat better results compared to 

the observed data from the results obtained from the IRI-2016 model for all the stations, 

except for Athens station which showed better results for the IRI-2016 model in 2014. While 

the results of the average monthly correlations showed that the ASAPS model gave better 

results than those achieved from IRI-2016 model during 2009 (during the minimum solar 

cycle) and for all tested stations. The calculations of year 2014 (the maximum solar cycle) 

showed that the model IRI-2016 gave better results for Athens and EI Arenosillo stations, in 

contrast to Je Ju station, where the results of the ASAPS model were better than those 

calculated according to the IRI-2016 model. 

 

Corr. Coeff. (R) 
2009 2014 

IRI-2016  ASAPS  IRI-2016  ASAPS  

Athens Oct. 0.963 Mar. 0.970 Apr. 0.990 May 0.988 

El Arenosillo Oct. 0.979 Feb. 0.988 Feb. 0.989 Feb. 0.992 

Je Ju Nov. 0.970 Nov. 0.980 Mar. 0.991 Feb. 0.992 

Average Monthly Correlation 

Tested Locations 
2009 2014 

IRI-2016 ASAPS IRI-2016 ASAPS 

Athens 0.909 0.931 0.974 0.968 

El Arenosillo 0.923 0.965 0.968 0.9 67 

Je Ju 0.922 0.957 0.944 0.967 

     The results of the monthly statistical calculations of foF2 and the statistical analysis results 

for the RMSE, MAD, MSD, Res. and Abs. Res. statistical methods between observed and 

predicted foF2 values also showed that IRI-2016 model is more efficient in predicting foF2 

parameter for the three tested stations for the year 2009, providing better and closer results to 

the observed data than those obtained by ASAPS model. While the statistical analysis results 

for the statistical parameters RMSE, Mean Avg, Variance, MSD for the three stations for year 

2014 showed that the best results were obtained by ASAPS model for Athens and Je Ju 

stations. The statistical calculations using the parameters of RMSE, STD, MD, Variance, 

Mean Diff, MSD and MAD for El Arenosillo station showed that the best results were 

generated by IRI-2016 model, as illustrated in the following Tables. 

 

2009 

Statistical 

Parameter 

Je Ju El Arenosillo Athens 

ASAPS 
IRI-

2016 
ASAPS 

IRI-

2016 
ASAPS 

IRI-

2016 

1.614 0.769 0.984 0.589 1.359 0.526 RMSE 

2.047 1.619 1.810 1.255 1.711 1.237 STD 

5.747 4.756 5.310 4.624 5.437 4.434 Mean Avg. 

1.927 1.422 1.716 1.110 1.686 1.099 MD 

2.746 0.623 1.005 0.362 1.883 0.286 Variance 
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-1.299 -0.309 -0.721 -0.035 -1.078 -0.075 Mean Diff. 

2.746 0.623 1.005 0.362 1.883 0.286 MSD 

0.747 0.716 0.747 0.716 0.747 0.716 Stand Error 

1.848 1.422 1.626 1.110 1.551 1.099 MAD 

2014 

Statistical 

Parameter 

Je Ju El Arenosillo Athens 

ASAPS 
IRI-

2016 
ASAPS 

IRI-

2016 
ASAPS IRI-2016 

0.677 0.841 0.894 0.729 0.571 0.633 RMSE 

2.459 2.222 1.986 1.646 1.865 1.761 STD 

7.610 8.124 7.019 7.748 7.110 7.394 Mean Avg. 

2.247 1.947 1.855 1.454 1.654 1.570 MD 

0.485 0.744 0.972 0.613 0.378 0.438 Variance 

0.121 -0.393 0.600 -0.129 -0.110 -0.394 Mean Diff. 

0.485 0.744 0.972 0.613 0.378 0.438 MSD 

0.747 0.716 0.747 0.716 0.747 0.716 Stand Error 

2.223 1.947 1.805 1.454 1.682 1.570 MAD 

 

Conclusions 

The results of the conducted study showed that the two tested models gave good and close 

results for all selected stations compared to the observed data for the studied period of time. 

The calculations of the statistical correlation coefficients for the monthly predicted foF2 

parameter datasets for the year 2009 showed that the predicted foF2 results using ASAPS 

model for all stations were better than the results obtained from IRI-2016 model, while those 

for the year 2014 showed that ASAPS model was somewhat results compared to IRI-2016 

model for EI Arenosillo and Je Ju stations. The results of the average monthly correlations 

showed that the ASAPS model gave better results than those achieved by IRI-2016 model 

during 2009 (during the minimum solar cycle) for all the stations. The calculations of the 

average monthly correlations for year 2014 (the maximum solar cycle) showed that the 

ASAPS model gave better results than those calculated according to IRI-2016 model for Je Ju 

station, while the IRI-2016 model showed better results for Athens and EI Arenosillo stations. 

The best results of the monthly foF2 parameter values for all stations of the year (2009) were 

those predicted using the IRI-2016 model, which gave better and closer results to the observed 

data than those obtained from ASAPS model. The monthly foF2 parameter values for all 

stations of the year (2014) showed best results predicted using the IRI-2016 model, which 

gave better and closer results to the observed data than those obtained from ASAPS model. At 

the minimum solar cycle 24, in general, ASAPS model showed better values at Athens, El 

Arenosillo, and Je Ju stations than the ASAPS model for all tested methods. At maximum 

solar cycle 24, in general, IRI-2016 model showed higher and closer values to the observed 

data than those values obtained from ASAPS model at Athens and El Arenosillo stations, 

while the ASAPS model showed better values than IRI-2016 model at Je Ju station.  
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