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ABSTRACT 

This thesis presents a comprehensive analysis of ionospheric behavior and 

high-frequency  radio wave propagation during geomagnetic storms, focusing on 

Iraq a region lacking direct ionosonde observations. Total Electron Content data 

derived from Global Navigation Satellite System observations at the IGS station 

(ISBA) were used to estimate the critical frequency of the F2 layer. A regional 

predictive model was developed using Gaussian Process Regression and 

Polynomial Regression to improve the estimation of foF2 values. The model 

results were compared with both the International Reference Ionosphere model 

and the TEC-to-foF2 conversion results to evaluate accuracy. 

The International Reference Ionosphere, Mass-Spectrometer Incoherent 

Scatter Model, and International Geomagnetic Reference Field models were 

further integrated to compute the plasma and collision frequencies, as well as the 

refractive index using the full AppletonïHartree formulation, supporting a 

realistic simulation of HF propagation under geomagnetically disturbed 

conditions. Results show that higher TEC and foF2 values increased the 

Maximum Usable Frequency, while daytime D-layer absorption significantly 

reduced signal strength. Including the geomagnetic field caused mode splitting 

(O- and X-modes), influencing wave refraction efficiency. The proposed regional 

model demonstrated improved reliability in reproducing ionospheric conditions 

and offers a robust framework for HF communication planning and space weather 

monitoring in data-sparse regions. 
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CHAPTER ONE: INTRODUCTION 

1.1 Background 

 The ionosphere is one of the Earth's upper atmosphere's most important 

layers, essential to many natural processes and technological uses [1]. A high 

concentration of free ions and electrons characterizes the ionosphere, which 

extends from roughly 60 to 1000 kilometers [1] above the planet's surface. When 

the sun's intense radiation ionizes atmospheric gas molecules, these charged 

particles are produced[2]. The development of long-distance wireless 

communication systems was made possible by this discovery. The ionosphere's 

intricate structure has been revealed by studies over time, resulting in its split into 

layers like D, E, and F, each of which has unique chemical and physical 

characteristics[3]. The influence of the ionosphere extends beyond 

communications. Geomagnetic storms and other intriguing phenomena are the 

result of its interaction with Earth's magnetic field[4]. It is essential to 

comprehend and anticipate these occurrences since they have the potential to 

seriously interfere with electrical power grids and satellite navigation systems 

(GPS). A historical summary of its discovery and the development of scientific 

knowledge is presented at the outset of the study. After that, it describes its 

different layers and the variables that affect their dynamics and formation. The 

last section describes the relationships between Earth's magnetic field and 

ionosphere before looking at the effects of geomagnetic storms. 
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1.2           Radio Wave Propagation 

Modern wireless communication systems make extensive use of radio 

waves, a basic type of electromagnetic radiation. Their wavelengths span from 

hundreds of kilometers to millimeters, and their frequency range is 3 kHz to 300 

GHz[5]. These waves travel through space via oscillating electric and magnetic 

fields and are produced by time-varying electric currents[2] . 

1.2.1 Physical Characteristics and Generation 

 Radio waves can travel through a variety of substances, such as the 

atmosphere, ionosphere, and open space, and they all move at the speed of light 

in a vacuum. Particularly at lower frequencies, radio waves can follow the 

curvature of the Earth and diffract over obstructions because of their 

comparatively long wavelengths. Usually, oscillators are used to create them, and 

antennas are used to both emit and receive them[2][4]. 

1.2.2 Radio Frequency Spectrum 

           The radio frequency spectrum is defined by the International 

Telecommunication Union (ITU) in the following bands [1] as shown in Table 

1.1. 

Table 1.1:  Details the radio wave frequency 

Band Name Frequency Range 

VLF Very Low Frequency Band (3ï30)kHz 

LF Low Frequency Band (30ï300)kHz 

MF Medium Frequency Band (300ï3000)kHz 
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HF High Frequency Band (3ï30)MHz 

VHF Very High Frequency Band (30ï300) MHz 

UHF Ultra-High Frequency Band (300ï3000) MHz 

 

Among these, the HF band is particularly crucial for long-distance 

communication since the ionosphere may reflect its signals and send them back 

to Earth, allowing for communication over horizon-distant distances[2]. 

1.3 History of the Ionosphere  

Using the early observations and experiments that contributed to the 

development and validation of the concept, this part will explain the history of 

the ionosphere 

1.3.1 Early Observations  

The term ionosphere refers to the part of the Earth's upper atmosphere that 

becomes ionized by solar radiation. Its existence was first recognized in the early 

twentieth century through studies of long-distance radio communications[6]. 

In the 1920s, Edward Victor Appleton provided direct experimental 

confirmation of the ionosphere through his radio sounding experiments, in which 

he measured the time delay of radio signals reflected from the upper layers of the 

atmosphere[7]. These experiments enabled him to identify multiple ionospheric 

layers  E, F1, and F2 and for this groundbreaking discovery. 
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1.3.2 Appleton and Barnett Experiment 

 E. Appleton showed that transmissions may be picked up without Line of 

sight anywhere on Earth by exploiting the reflection over an electrically charged 

region of the atmosphere[6][7].  

In 1950, the Institute of Radio Engineers (IRE) defined the ionosphere as 

the region of the outer atmosphere that contains enough ions and electrons to 

influence the transmission of radio waves. This region of Earth's outer 

atmosphere, which begins at a height of roughly 60 km, contains components of 

the mesosphere, exosphere, and thermosphere[7]. The ionosphere significantly 

affects electromagnetic waves, especially those with frequency up to 300 MHz, 

through refractive alteration and retardation[6]. The International Reference 

Ionosphere (IRI) project was started in 1968 by the Committee on Space Research 

(COSPAR) and the International Union of Radio Science (URSI) due to its 

significance. Its goal is to create a global standard for the most significant 

physical properties of the terrestrial ionosphere. 

1.4 Ionospheric Regions  

The varied molecules and atoms in the atmosphere, along with their differing 

rates of absorption, result in a number of distinct zones or strata of electron 

density[3]. 
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These layers are commonly known as the ionosphere bottom side and are 

represented by the letters D, E, F1, and F2 as shown in Fig.1.2. The ionospheric 

layer is designated according to its maximum electron density, denoted by NmD, 

NmE, NmF1, and NmF2, respectively[6].  

Figure 1-1: The primary zones of the ionospheric[8]. 

The critical, plasma, or penetration frequency of a particular layer is the lowest 

frequency of an electromagnetic wave needed to pass through it. The symbols for 

it are foD, foE, foF1, and foF2[9].  

Photoionization and transport processes divide the ionosphere into three regions: 

the D area (60ï90 km), the E region (90ï150 km), and the F region (150ï1000 

km)[1]. During the day as shown in Fig.1-3, the F region is further separated into 

the F1 region (150ï220 km) and the F2 region (220ï1000 km) [10] .  
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Figure 1-2: Ionosphere structure on a middle-latitude [9]. 

The D-layer, located at the lowest altitudes, is primarily responsible for 

signal absorption, especially at low and medium frequencies[11]. The E-layer, 

also called the KennellyïHeaviside layer, appears mainly during daytime and 

occasionally exhibits sporadic behavior (Es), reflecting signals up to very high 

frequencies[1]. Above these, the F-region plays the most crucial role in long-

distance HF communication, as it contains the highest electron densities and is 

strongly controlled by solar activity. This region can be further divided into the 

F1 and F2 layers, with the latter being the most variable and important for 

determining MUF. Additionally, irregularities such as Spread-F can disrupt radio 

links, particularly after sunset in equatorial regions. The characteristics of the 

ionospheric layers are summarized in  Fig.1-3 and Table1-2[3]. 
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Figure 1-3: ionospheric layer [12]. 

Table 1-2: Summary of the main ionospheric layers. 

Layer Altitude 

(approx.) 

Electron 

Density 

(Ne) 

Main Characteristics Effect on Radio Waves 

D-layer  60ï90 km Low - Lowest layer. 

- Two types: normal and 

sporadic. 

- Absorbs/attenuates LF 

and MF signals. 

- Effect decreases with 

higher frequency. 

E-layer  ~90ï150 km ~10ĭĭ m į - Present during the day.- 

Controlled by solar zenith angle 

and activity.- Sometimes shows 

Sporadic-E (Es). 

- Reflects signals up to 

100 MHz. 

- Refracts radio waves 

back to Earth. 

- Some attenuation 

effects. 

F-layer  150ï600 km Up to 

~10ĭį m į 

- Most important for long-

distance HF.- Splits into F1 and 

F2.- Strongly influenced by solar 

activity. 

- Main region for HF 

reflection. 

- Determines MUF. 

- Strong day/night 

variations. 

F1-layer  150ï220 km ~10ĭĭ m į - Appears only during daytime.- 

Stronger in summer and 

ionospheric storms.- Ionized 

mainly by EUV. 

- Supports daytime HF 

communication. 

- Disappears quickly after 

sunset. 

F2-layer  220ï600 km Up to 

~10ĭĮ m į 

- Most variable and critical.- 

Present day and night.- Shows 

equatorial anomaly around ±20° 

dip latitude. 

- Key layer for long-

distance HF. 

- Defines foF2 and hmF2. 

- Correlates with sunspot 

number. 

Spread-F  Within F-

region (after 

sunset) 

Irregular - Special disturbance inside F-

region.- Common in 

equatorial/African longitudes.- 

Linked to atmospheric gravity 

waves (AGWs). 

- Causes HF signal 

fading, disruption, and 

scintillation. 

- Visible as spread echoes 

on ionograms. 
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1.4 Fundamental Parameter of The Ionosphere   

1.4.1  Electron Density (Ne): Given that it directly influences how radio waves 

propagate, this parameter is possibly the most important one. Its definition 

is the quantity of free electrons in a volume. Significant variations in 

electron density occur with altitude, season, time of day, and solar activity, 

forming discrete layers referred to as the D, E, and F regions. The electron 

density is usually maximum in the F2 layer [13]. 

1.4.2 Plasma Frequency (fp): When the plasma's electrons are upset out of 

balance, they will naturally oscillate at this frequency. The following 

formula directly relates it to electron density[14]: 

     Æ       (MHz)    1-1 

where me is the electron mass, e  is the elementary charge, and ʀ is the 

free space permittivity.  

The idea behind HF radio transmission is that radio waves having a 

frequency lower than the local plasma frequency will be reflected by the 

ionosphere. 

1.4.3 The Critical Frequency of F2 Layer: The critical frequency of the F2 

layer, the highest and densest layer of the ionosphere, is foF2[15]. The 

maximum radio frequency that can be reflected to Earth when a signal is 

sent vertically (at a 90° angle) into the ionosphere is known as the critical 
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frequency of any ionospheric layer. Above the critical frequency, any 

frequency will penetrate the layer and proceed into space. 

The square root of the peak electron density (NmF2) in the F2 layer 

determines foF2 in a direct proportion. The approximate formula is: 

foF2=9×10ī6 ЍὔάὊς (MHz)   1-2 

1.4.4 Maximum Usable Frequency: The greatest radio frequency that may be 

utilized for communication between two particular locations on Earth 

using a single skywave reflection from the ionosphere is known as the 

Maximum Usable Frequency, or MUF, is for oblique broadcasts, in which 

the radio waves penetrate the ionosphere at an angle, as opposed to foF2, 

which is for vertical transmission. In all cases, the MUF is greater than or 

equal to foF2. The "secant law" explains the connection between MUF and 

foF2[16]: 

     -5&  (MHz)      1-3 

where ⱥ represents the radio wave's angle of incidence on the ionospheric 

layer; for a vertical path, where MUF = foF2,  is the smallest. The MUF 

for that particular path grows as it increases, and the transmission angle 

becomes more horizontal, or a lower elevation angle from the transmitter. 

1.4.5 Ion Composition: A variety of positive ions and electrons make up the 

ionosphere. As altitude changes, so do the dominating ions [17]. For 
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instance, atomic ions like O+ and H+ become more dominant at higher 

elevations, whereas molecular ions like O2+ and NO+ are more common 

in the lower regions. 

1.4.6 Electron and Ion Temperatures (Te and Ti ): Ion and electron 

temperatures can vary from one another as well as from the temperature of 

the neutral gas[18]. These temperatures are influenced by the energy 

transfer from the Sun's radiation and collisions with neutral particles, 

which in turn affects transport mechanisms and chemical reactions. 

1.4.7 Total Electron Content (TEC): The total number of electrons in a one-

square-meter column that runs from a satellite to the ground receiver is 

represented by this quantity. It is essential for comprehending and 

adjusting for ionospheric delay in GNSS and other satellite navigation 

systems[19], TEC units (TECU), where 1 TECU = 1016 electrons/m2, are 

a common way to express the TEC. It can be stated as follows: 

       ὝὉὅ ὔ᷿Ὡ ίὨί   1-4 

where s is the distance between the satellite and the receiver. 

1.5 Solar Activity  

Solar activity is described using several terms in the scientific community. 

It primarily refers to the intensity of solar electromagnetic radiation, especially in 

the X-ray and extreme ultraviolet (EUV or XUV) wavelengths. Another aspect 

of solar activity involves dynamic solar phenomena such as coronal mass 
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ejections (CMEs) and solar proton events (SPEs). When solar radiation is 

absorbed by the Earth's upper atmosphere, it causes heating, dissociation, and 

ionization processes. The level of solar activity can be quantified using indices 

such as the Sunspot Number (SSN), which can be obtained from the NOAA/NWS 

Space Weather Prediction Center[20]. Figure 1-4 illustrates the yearly variation 

of the solar cycle. 

 

Figure 1-4: Yearly solar cycle[20]. 

 

The ionization action of solar is the main source of the ionosphere. 

Significant alterations are brought about in the ionosphere's electric fields, neutral 

winds, and ion and electron concentrations and temperatures. By varying solar 

activity [21]. To predict variations in the electron density of the ionosphere with 

solar activity, long-term EUV and X-ray data are needed. According to Dabas et 
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al. [1993], variations in the electron content of the ionosphere are more strongly 

correlated with EUV and F10 fluxes than with the sunspot number during times 

of high solar activity[15].  Ionospheric measurements like total electron content 

(TEC) and foF2 show saturation effects when solar activity is high. In earlier 

studies, the sunspot number was used as the primary indicator of solar activity  

[15]. 

Over time, a range of ionospheric and solar activity measures have been 

employed. The most widely used solar indicator is the long-term sunspot number 

measurements Ὑ12, which are based on solar observations of occurrences at the 

solar surface or atmosphere. Some ionospheric models also employ the EUV 

solar emission flux and the F10.7 radio solar flux as solar indices.  Through a 

direct comparison of ionospheric data and a solar index, the ὍὊ2 index (Minnis 

1955) [22] , was the initial indicator of ionospheric activity. In addition to the 

solar indices, indirect proxy data are commonly used to quantify solar activity 

based on its assumed influence on the magnetosphere or heliosphere[23]. 

1.5.1 Geomagnetic Storm  

         The ionization gases (plasma clouds) that leave the Sun and go through 

space are known as coronal mass ejections, or CMEs[24]. They lead to 

geomagnetic storms by disrupting Earth's magnetic field lines. Intense solar 

activity can occasionally produce a high-energy solar wind stream that strikes 

Earth's magnetic field. This leads to geomagnetic storms that affect HF radio 
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wave transmission and disrupt the Earth's ionosphere, which can last for many 

hours or even two days, depending on the storm's kind and strength [25]. Among 

the phenomena associated with the solar wind and high-energy particles, 

geomagnetic storms are arguably the most significant.  They affect the neutral 

atmosphere, which encompasses the middle atmosphere and troposphere, but they 

also produce major and global disruptions to the ionosphere. Latitude and altitude 

have an impact on how geomagnetic storms start, last, and how strong they are. 

Because they depict different facets of geomagnetic storms, their approaches 

vary. Variations in electron concentration across a broad altitude range of around 

200 km to 800ï1000 km are frequently the manifestation of an ionospheric storm 

in the F2 layer[26]. The behavior of TEC also reveals the main characteristics of 

these storms, as observed from the satellite-to-ground radio wave transmission. 

When observed from ground-based stations, global ionospheric variations can 

appear chaotic during and after a geomagnetic storm. Both positive and negative 

changes in electron density may occur, as illustrated in Table 1-3 [27]. 

Numerous factors, including local time, geomagnetic latitude, season, solar 

activity, storm onset time, storm duration (the amount of time that passed after 

the storm began), storm severity, and pre-storm activity (large storms are rarely 

solitary), affect the state of the ionosphere during a storm. 

In the ionospheric F2 layer, the primary storm signature may be thought of 

as long-term decreases in NmF2 and the TEC during the storm main phase, 
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particularly at midlatitudes [28]. The night sector and the magnetic pole's 

longitude exhibit the highest wind response. Increased ion drag-induced 

dissipation on the dayside is the reason for this preference for the night sector[25].  

Table 1-3: Favorable and unfavorable ionospheric effects. 

Category Effect Description 

Favorable Effects ¶ Tracking ionospheric disruptions that produce advantageous storm impacts. 

¶ advantages brought about by a modification in the thermosphere wind's large-scale 

circulation. 

¶ Equatorward displacement of the auroral ionization ring leading to three benefits. 

Unfavorable 

Effects 

¶ Disruption of the neutral gas composition. 

¶ Trough zone moving equatorward. 

 

Due to magnetospheric activity, especially strong electric fields, which are 

usually present during geomagnetic storms, the stormy high latitude F area is the 

most variable when compared to middle and lower middle latitudes. The Dst 

index is used to identify the start, intensity, and various phases of a geomagnetic 

storm.    Fig. 1-5 illustrates the Geomagnetic storms (DST) values for a specific 

month in 2012.  
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Figure 1-5: Geomagnetic storm DST value for a few selected months in 2012[29]. 
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1.6 Problem Statement   

Despite the critical role of high-frequency (HF) radio communication in 

defense, aviation, and emergency systems, its performance remains highly 

vulnerable to space weather disturbances, particularly during geomagnetic 

storms. These events induce significant changes in ionospheric electron density, 

leading to unpredictable variations in key propagation parameters, such as the 

critical frequency (foF2) and the maximum usable frequency (MUF). In regions 

like Iraq, where ground-based ionospheric monitoring infrastructure (e.g., 

ionosondes) is absent, there is a lack of real-time data to support reliable HF 

frequency management. This limits the ability to predict signal degradation or 

optimize frequency selection during storms. Therefore, there is a pressing need 

to develop a comprehensive, physics-based ionospheric assessment framework to 

enable more accurate prediction of signal behavior during geomagnetic storms 

and support robust communication planning in data-sparse regions like Iraq.  

1.7 Significance of Research 

This research holds significant scientific and practical value, particularly 

for regions with limited ionospheric monitoring infrastructure, such as Iraq and 

other parts of the Middle East. By leveraging GNSS-derived Total Electron 

Content (TEC) as a proxy for real-time ionospheric sensing. 

The integration of physical models, including the International Reference 

Ionosphere (IRI), the MSIS model for neutral atmosphere, and the IGRF model 
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for Earthôs magnetic field, enables a comprehensive assessment of ionospheric 

behavior during geomagnetic storms. This multi-model approach allows for the 

accurate computation of critical parameters such as the critical frequency (foF2), 

collision frequencies, and the refractive index using the Appleton-Hartree 

equation, offering a deeper understanding of HF wave propagation under 

disturbed conditions. 

1.8 Motivation  

¶ The Ionosphere is Critical acting as a natural mirror for long-distance HF 

radio communication. 

¶ Itôs Highly Dynamic, not Stable. Changes constantly due to solar activity, 

geomagnetic storms, and atmospheric conditions, sudden electron density 

spikes Ÿ signal absorption Ÿ HF links fail. 

¶ Iraq has no Real-Time Monitoring, no ionosondes, and cannot observe or 

predict space weather impacts in real time. 

¶ Ionospheric conditions critically affect HF radio wave propagation, 

especially during geomagnetic storms. 

¶ There is a pressing need for an improved predictive model using advanced 

data sources and AI techniques. 

¶ Ultimate Goal: 

- Strengthen HF communication reliability. 
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- Combine real-time GNSS observations with models: IRI 

(Ionosphere), MSIS (Thermosphere) and IGRF (Geomagnetism) 

- Build accurate, up-to-date simulations of ionospheric conditions.  

1.9 Aim and Objective of the Thesis 

1.9.1 Aim of the Thesis 

The primary aim of this thesis is to develop a comprehensive, physics-

based framework for assessing ionospheric behavior and its impact on high-

frequency (HF) radio wave propagation during geomagnetic storms, with a 

specific focus on Baghdad, Iraq, which lacks direct ionospheric monitoring 

infrastructure.  

This aim is achieved by integrating multi-source data and empirical models 

to reconstruct ionospheric conditions, compute key propagation parameters, and 

evaluate HF communication performance under disturbed space weather 

conditions. 

1.9.2 Objectives of the Study 

To accomplish the stated aim, the following specific objectives are pursued: 

1. To derive TEC from GNSS observations using data from the IGS station 

ISBA in Baghdad, and to analyze its temporal and spatial variations during 

selected geomagnetically disturbed days during 2012. 

2. To estimate foF2 from GNSS-TEC data in the absence of ionosonde 

measurements. 
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3. To compute MUF using the IRI model and elevation angle considerations, 

and to assess the upper limit for successful skywave communication. 

4. To model D-layer absorption by calculating electron-neutral collision 

frequencies using the MSIS (NRLMSISE-00) atmospheric model, and to 

evaluate its effect on HF signal attenuation during daytime hours. 

5. To account for the Earth's magnetic field's effect on wave propagation by 

utilizing IGRF model to compute the cyclotron frequency and integrate it 

into the Appleton-Hartree equation for refractive index calculation. 

6. To compute the refractive index (n) using the full Appleton-Hartree 

formulation within the HF link budget framework, based on IRI 2020 

model outputs, and to analyze the propagation characteristics of HF waves 

at different frequencies (e.g., 10 MHz and 15 MHz) under modeled 

ionospheric conditions. 

7. To evaluate HF communication performance by calculating received 

power (Pr) and signal-to-noise ratio (SNR) using propagation modeling, 

and to compare results with and without D-layer absorption. 

8. To validate the model outputs through physical consistency checks and 

comparative analysis with standard tools such as Voice of America 

Coverage Analysis Program (VOACAP), and to provide recommendations 

for Frequency of Optimum Transmission (FOT) during geomagnetic 

disturbances. 
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1.10 The Thesis Structure 

This thesis is organized into five comprehensive chapters, designed to 

present the research in a logical and coherent sequence. 

Chapter 1: Introduction, in this chapter a general overview has been 

presented  for the ionosphere and its layers. Also, the variations of these layers with 

time of day, the season, solar cycle and geomagnetic storm were given.  

Chapter 2: Literature Review and Theoretical Background, this chapter 

include: The structure and behavior of the ionosphere, Geomagnetic storms , TEC, 

foF2 and MUF, Literature Review of models: IRI, VOACAP.  

Chapter 3: Data and Methodology, this chapter details the data sources 

and analytical framework used in the study. 

Chapter 4: Results and Discussion, this chapter discusses the achieved 

charts from the comparison between observed and predicted results.     

Chapter 5: Conclusions and Recommendations, this chapter Includes 

some of the derived conclusion and future work. 
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CHAPTER TWO : LITERATURE REVIEW AND 

THEORETICAL BACKGROUND 

2.1 INTRODUCTION  

For many years, long-distance wireless communication has relied on the 

complicated but basic natural occurrence of HF waves propagating through the 

ionosphere. In order for signals to reach far beyond the line of sight, this process 

depends on the ionosphere's capacity to refract and reflect radio waves back to 

the Earth's surface. Designing and running dependable communication networks 

requires a deep comprehension of these propagation patterns and systems[7]. 

HF propagation wave is studied using physical and mathematical models that 

mimic the ionosphere's dynamic characteristics. The Chapman model, one of the 

most well-known of them, offers a theoretical framework for comprehending the 

distribution of electron densities inside the ionospheric layers[24]. Using the IRI 

model is also typical. A thorough and precise description of important 

ionospheric properties, like electron density, is provided by this empirical model, 

which combines data from satellites and ground-based observatories. 

2.2 COMMUNICATIONS THROUGH THE IONOSPHERE  

The ionosphere acts as a time- and frequency-dispersive medium in the HF 

region; therefore, it has been widely studied. The ionosonde is a transmitter 

operating across the HF range with vertical polarization, the main tool used to 
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characterize the ionosphere as a communication channel  [30]. Refraction occurs 

due to variations in electron density, as shown in Figure 2-1. When a radio wave 

passes through the ionosphere, free electrons oscillate and re-radiate energy, 

changing the waveôs propagation speed[6]. If the frequency is not too high, the 

refracted wave bends back toward the Earth.  In the absence of the geomagnetic 

field, the oscillating electrons would move parallel to the electric field vector of 

the incident wave, and thus the re-radiated waves would maintain the same 

polarization as the original signal. However, the Earthôs magnetic field modifies 

the electronsô trajectories, resulting in more complex orbital motions. The 

ionospheric layer can be modeled as a series of thin, homogeneous sub-layers, 

each possessing a slightly higher electron density than the one beneath it. This 

gradual variation in electron density causes progressive bending of the 

propagating ray, as shown in Figure 2-1. The refraction at each sub-layer 

boundary can be explained by Snellôs law[30]. 
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Figure 2-1: Refraction in a stratified substance [30]. 

ÎÓÉÎɲ ÎÓÉÎɲ Ễ ÎÓÉÎɲ    2-1 

Therefore, a ray that enters the ionosphere at angle of incidence  0 will be 

reflected at a height where ionization is so great that n has the value 

Î ÓÉÎɲ      2-2  

In the event where the Earth's magnetic field is not taken into consideration[31], 

the ionosphere refractive index n is determined by 

 Î ρ      2-3  

where Ὢn, the plasma frequency, is proportional to the square root of the 

electron concentration, and f is the wave frequency[32]. 

2.3 HF PROPAGATION MODE  

  Many data transmission systems operating in the HF range utilize 3-kHz 

channels. The current trend in the development of HF communication systems is 
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to increase data transmission rates without expanding the channel bandwidth. 

This trend promotes the rigorous development of advanced signal coding and 

processing techniques capable of maintaining performance under rapidly varying 

channel conditions [33]. After decades of serving the demand for low-cost, 

infrastructure-free, long-distance communication, HF radio has recently regained 

attention due to the emergence of the Wideband HF (WBHF) technology, which 

enables significantly higher data rates[34]. As illustrated in Figure 2-2, radio 

waves can propagate through several distinct mechanisms, each governed by 

different physical principles. These modes are generally classified as follows 

[35]: 

¶ Ground (Surface) waves  

¶ Space (Tropospheric) waves   

¶ Sky (Ionospheric) waves. 

Figure 2-2: Radio wave transmission across the ground, ionosphere, and space[ 29] . 
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Three unique propagation mechanisms can be distinguished between 2 MHz and 

30 MHz:  

¶ Line Of Sight (LOS) propagation happens when stations can see one 

another directly.  

¶ Radio waves need ground wave propagation to move over the surface of 

the Earth.  

¶ As skywaves propagate, ionosphere-derived signals are reflected. 

Medium and HF have special and distinct characteristics in this mode. Stations 

on opposite sides of the Earth can communicate with each other across the 

horizon due to skywave propagation [30]. HF radio waves are necessary for long-

distance communication because of their low power consumption, adequate 

transmission capacity, affordable terminal gear prices, and acceptable signal 

quality. 

2.4 HF PREDICTION SYSTEMS 

Many ionospheric models have been developed in response to the necessity 

for reliable radio signal prediction. These models are intended for both short-term 

and long-term projections [8]. 

¶ Long-term prediction  Models examine the ionosphere's monthly average 

properties. They aid in long-term forecasting of broad trends and 

circumstances pertaining to radio communication. 
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¶ Short-term prediction  in contrast, models make more accurate and timely 

predictions by concentrating on daily changes in the ionosphere. 

Electron density profiles are the fundamental component of these models, 

simulating the transmission of a radio signal between a transmitter and a receiver. 

Additionally, the models use a variety of indices to determine the constantly 

shifting state of the ionosphere, which is impacted by solar activity. Two 

important instances of this are the ionospheric index and the sunspot number 

index . 

2.4.1 Indices used for prediction 

In order to define the link between solar activity and ionospheric 

characteristics, indices were developed in response to the necessity for 

accurate HF forecast[8][36]. 

1. Solar Cycles: The Solar Cycle represents an approximately 11-year 

periodic variation in the Sunôs magnetic activity, alternating between 

minimum and maximum phases[37]. It serves as an indicator of solar 

activity intensity, influencing the ionosphere by increasing electron density 

and altering HF radio wave propagation conditions. 

2. R12: represents the 12-month smoothed sunspot number, used as an 

indicator of long-term solar activity[38]. It provides a stable measure by 
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reducing monthly fluctuations and is often used to assess the ionospheric 

response to solar variations. 

3. The Solar Radio Flux (F10.7): The Solar Radio Flux (F10.7) is a key 

index of solar activity that measures the intensity of solar radio emissions 

at a wavelength of 10.7 cm (frequency 2800 MHz). t reflects changes in 

the solar atmosphere and correlates strongly with extreme ultraviolet 

(EUV) radiation[38]. Therefore, it is widely used as a proxy for estimating 

ionospheric ionization levels and predicting variations in HF radio 

propagation. 

2.5 IONOSPHERIC MODELS  

  Any HF communication prediction system must have a solid electron-den

sity model in order to be designed. For this model to adequately replicate signal 

propagation, the ionospheric medium must be accurately represented. As a result

, numerous electron-density profiles, including both short-term and long-term fo

recasts, have been created and evaluated for a variety of ionospheric application

s. These models can be categorized in a variety of ways, such as physical, empir

ical, numerical (parameterized), or simply as basic and sophisticated models, acc

ording to Davies (1990)[1]. Large-scale ionospheric data are used to build empir

ical models, which are essential to many ionospheric prediction systems[39]. Ion

osondes, satellites, and geomagnetic observations are some of the sources of the

se measurements.  
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An empirical model's electron density profile serves as its cornerstone. The      

spatial distribution of electron density is defined by these models using importan

t ionospheric properties, such as the virtual height of peak density[13]. Either tim

e series of direct ionospheric observations or numerical mapping methods are us

ed to determine these crucial parameters. Several mathematical formulas have b

een established to express the electron density profiles employed in these empiri

cal models, while the fundamental methodology is data-driven. Table 2-1 shows 

a literature review of HF Ionospheric Propagation Models. 

Table 2-1: Literature Review of HF Ionospheric Propagation Models. 

Year Author(s) Reference  Region/Focus Model/Method 

Used 

Key Findings 

1975 Jones & Stephenson  [40] Global 3D Ray Tracing 

(Hamiltonôs 

equations) 

Developed the fundamental 

Hamiltonian formalism for 

ionospheric ray tracing; 

foundation for all later 3D 

models. 

2004 Reinisch and Bilitza 

2004 

[41] Global IRI Most widely used reference 

model for estimating NmF2 

and hmF2. 

2011 A et al. 2011 

 

[42] Japan (Wakkanai, 

Kokubunji, 

Yamagawa 

ionosondes) 

Empirical 

Orthogonal 

Function (EOF) 

analysis 

Modeled foF2 using EOF; A  

reflects solar cycle, higher-

order coefficients capture 

seasonal/irregular variations; 

missing data reconstructed. 

2021 Li et al. 2021 [43] China DNN for 

foF2/MUF 

Used deep learning for storm-

time predictions; achieved 

significant accuracy 

improvements over empirical 

models. 

2022 Tang et al. 2022 [44] Low Latitudes Data Assimilation 

(GNSS TEC + 

IRI) 

Improved representation of 

the equatorial ionosphere; 

showed the importance of 

GNSS TEC assimilation. 

2022 Lakshatha et al. 

2022 

[45] India NeQuick 

validation 

Highlighted need to calibrate 

NeQuick with local GNSS 

data. 

2024 Ilijeviĺ, Grekuloviĺ, 

and Todoroviĺ 

Drakul 2024 

[46] Middle East Hybrid IRI + 

GNSS TEC 

Adapted HF prediction to 

Iraq/Middle East where 

ionosondes are absent; 

improved storm-time 

accuracy. 

2025 Deng et al. 2025 [47] Asian data 
 

Gaussian Process 

Regression (GPR) 

GPR provided accurate foF2 

predictions with uncertainty 

estimation. 
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2.5.1 Chapman model  

A fundamental theoretical model for explaining the vertical structure of a 

basic ionospheric layer is the Chapman model[11]. 

. . ÅØÐρ Ú ÅØÐÚ    2-4 

      Ú      2-5 

Where ὔ  is the electron density at height Ὤ(electrons/cm³), ὔ is the maximum el

ectron density at the peak height Ὤ(electrons/cm³), Ὤ is the height at which the   

density is calculated (km), Ὤis the peak height of the layer (km), Ὄis the scale h

eight determining the vertical thickness of the layer (km), and ᾀ is a                               

dimensionless parameters. 

2.5.2 International Reference Ionosphere  

2.5.2.1 Overview of IRI  

                The International Reference Ionosphere is supported by the 

International Union of Radio Science (URSI) and the Committee on Space 

Research (COSPAR), a commonly used standard for characterizing ionosphere 

properties, on a global scale [18]. IRI has the benefit of being an empirical model, 

which eliminates the need for a theoretical comprehension of the mechanisms 

generating the ever-changing ionospheric plasma [48]. Unlike theoretical models, 

the IRl integrates accepted scientific data without relying on theoretical 
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presumptions to function as a helpful reference[49]. IRI provides monthly 

averages of the electron density see Appendix A, electron temperature, ion 

composition, ion temperature, and ion drift. Furthermore, an effort is being made 

to describe the monthly quartiles and deciles with a measure of the ionospheric 

variability during the month[17].  

         Empirical models have the drawback of being heavily reliant on the 

underlying database. The model's dependability will be reduced in areas and time 

periods that the database does not adequately cover [48]. Over the years, the IRI 

Working Group has expanded to 58 experts, as shown in Fig. 2-3, offering a 

global presence and balanced representation of the various satellite and ground 

methods used to collect ionospheric data. The IRI project has benefited 

technically and globally from this extensive coverage since it has made it easier 

to obtain all significant ionosphere ground and space data sets [50]. 
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Figure 2-3: Distribution of URSI/COSPAR Working Group Members on the  International 

Reference Ionosphere by Region [50]. 

2.5.2.2 Modren IRI Versions 

¶ IRI -2007: Introduced improved topside electron density models and updated 

ionosonde data assimilation. 

¶ IRI -2012: Enhanced bottomside profiles and incorporated extended satellite 

measurements for better accuracy. 

¶ IRI -2016: Added refined foF2 and hmF2 mapping and improved   

representation of storm-time behavior. 

¶ IRI -2020: Integrated the most recent GNSS, satellite, and global datasets, 

providing higher accuracy and updated climatology for modern applications. 
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2.5.2.3 Previous IRI studies 

     Several studies have investigated the performance and limitations of the 

IRI model under different geophysical conditions, providing valuable insights for 

improving its accuracy and application, Table 2-2 shows Comparative Review of 

IRI Model. The following are some of the key previous studies: 

In this paper [51], evaluated the accuracy of the IRI-2016 ionosphere prediction 

of foF2 values with the actual values during the 1989 geomagnetic storms at 

various latitudes. Depending on the variations in magnetic activity, the IRI-2016 

model's performance changed from season to season. computed the percentage 

deviations and root mean square errors (RMSE) between the IRI-2016 estimated 

foF2 values and the values obtained by ionosonde during disturbed periods. The 

scientists discovered that during times of geomagnetically disturbed conditions, 

the IRI-2016 foF2 projections differ considerably from those recorded by 

ionosonde stations. The biggest variations occur at high latitudes, and this 

variation fluctuates with the seasons and latitudes. There were the smallest 

variations during the June period and the biggest percentage deviations during the 

December period. 

       In this paper [52], the ground range and reflection height of HF ray 

pathways are examined using the numerical ray tracing method to examine the 

impact of various hmF2 and foF2 model options in 2016-IRI and their spatial 

variation. Because of the intricate nature of magnetized plasma and the impact of 
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magnetic fields on propagation, the research methodology entails ray tracing of 

high-frequency waves in the ionosphere. For ray tracing methods, spherical 

coordinates were employed in Hamiltonian equations. According to the data, 

there were significant variations in some areas in terms of ground range and 

reflection height. Variations in electron density, refractive index, magnetic field, 

and other factors caused variable values of R and h depending on the model 

settings. 

In this paper [25], the maximum frequency values that can be used for the 

F2 layer of the ionosphere are determined using ionosonde observations and 

compared with the estimated MUF for the same layer in the IRI_2016 model to 

improve the reliability of high-frequency communications during blackouts 

during times of strong geomagnetic storms. The study found that there is a poor 

correlation (a non-linear relationship) between the observed and forecasted MUF 

values during strong storms. The MUF values rise more during the day than at 

night because the ionosphere's ionization and electron density increase with 

decreasing atmospheric temperature. 

In this paper [53] The purpose of this work is to confirm the validity of 

the IRI-2020 model during strong geomagnetic storms in the region of Northeast 

Asia. investigated the vertical TEC data and the hmF2 and foF2 measurements 

from six Japanese and Korean stations. Additionally, the IRI-2020 model was 
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used to obtain GNSS receiver data from two sites in Japan and three places in 

Korea as shown in Fig.2-4. The model reliably determined that positive 

ionospheric storms had a bigger electron density than calm days, notably in values 

of vTEC, but it was unable to accurately compute the absolute fluctuations in 

foF2 that occurred during positive storms. Similarly, it predicted a lower electron 

density during negative storms than during calm days, but it was unable to capture 

the peaks of abrupt shifts that resemble waves. The model calculated coordinated 

values for both positive and negative storms for hmF2 values. IRI-cor2 and IRI-

2001 both performed better for negative  storms and positive storms, respectively, 

although both required considerable enhancements when absolute values were 

taken into account. 

In this paper [54] offers a novel approach to calculate the ionosphere's F2-

region peak electron density height (hmF2) using the physical relationship 

between propagation factors. Using a linear regression methodology, the strategy 

takes seasonal and diurnal fluctuations into account. The model was developed 

and validated using data from six ionosonde stations in East Asia.  With far lower 

relative error and root mean square error values than current IRI models, the 

suggested model exhibits more accuracy. This model is a helpful tool for HF 

communication design and ionospheric studies because of its accuracy and 

simplicity. 
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Figure 2-4: The six ionosonde stations' foF2 (a) and hmF2 (b) readings throughout 

geomagnetic storm occurrences on November 3rd and 4th, 2021. 

  In this paper, [19] examines the effects of strong geomagnetic storms on 

the ionosphere over Iraq. Researchers examined geomagnetic indices like as Dst 

and TEC data from the database with particular emphasis on the large storm that 

occurred from October 28 to 30, 2003. The results showed that TEC fluctuations 

and Dst index variations were strongly correlated, with daytime TEC values often 

being higher than nocturnal ones. When the storm lasted for several hours 

throughout the day, however, abnormalities were noted, suggesting intricate 

ionospheric reactions. These observations are essential for improving the region's 

satellite-based navigation and communication systems' dependability during 

geomagnetic disruptions. 
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In this paper [55] The accuracy of the IRI-2020 model in forecasting 

ionospheric parameters such as foF2 and MUF is assessed in this study using data 

from several global ionosonde stations. Consistent overestimations, location-

dependent accuracy, and the impact of solar activity are detected, highlighting the 

necessity of regional calibration to increase the model's dependability in HF 

communication applications. 

Table 2-2: Comparative Review of IRI Model. 

Reference Model Used Main Focus Methodology Key Findings 

Timoçin et al., 

2018 

IRI-2016 foF2 accuracy 

during 1989 storms 

RMSE & % 

deviation vs 

ionosonde 

Seasonal and latitude-specific 

variations made IRI-2016 less 

accurate in disturbed situations. 
 

Fagre et al., 2019 IRI-2016 + 

Ray Tracing 

HF ray path and 

reflection height 

Numerical ray 

tracing in spherical 

coordinates 

notable regional variations 

brought on by the model's 

parameters (refractive index, 

electron density) 
 

Al-Shallal & Al -

Ubaidi, 2020 

IRI-2016 MUF reliability 

during storms 

Comparison of 

observed vs. model 

MUF 

Low correlation, nonlinear 

relationship; ionization and 

temperature have an impact on 

MUF 
 

Kim & Kwak, 

2024 

IRI-2020, 

IRI-2001, 

IRI-COR2 

IRI model 

validation in NE 

Asia storms 

foF2, hmF2, vTEC 

analysis using 

GNSS & 

ionosondes 

IRI-2020 displayed patterns but 

failed to provide absolute values; 

COR2 for negative storms and 

IRI-2001 for positive storms 
 

Height, 2024 Custom 

Linear 

Model vs IRI 

Estimation of 

hmF2 using 

M(3000)F2 

Regression using 

East Asia ionosonde 

data 

The suggested model performed 

better than IRI models and was 

easier to use for HF planning. 
 

Ubaidi et al., 2024 Empirical + 

USTEC Data 

TEC variations 

during major 

storms over Iraq 

Analysis of TEC vs. 

Dst index 

Strong link between TEC and 

DST; intricate reactions during 

extended daylight storms 
 

Seba & Poedts, 

2025 

IRI-2020 Global accuracy of 

foF2 and 

MUF(3000)F2 

Comparison using 

multi-site ionosonde 

data 

IRI-2020 overestimation; 

location and solar activity affect. 
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2.5.3 VOACAP MODEL  

The Voice of America Coverage Analysis Program, or VOACAP, is a 

potent software program for forecasting how HF radio waves will spread. 

Planning HF lines, evaluating communication dependability, and identifying the 

best frequencies to employ are all made possible by this essential tool for radio 

engineers and communicators[56]. In order to predict the strength and quality of 

the signal at a receiving site, the computer models the intricate relationship 

between HF waves and the Earth's ionosphere. Propagation prediction software 

VOACAP developed from earlier models .  

Predicting the statistical probability of effective communication between a 

transmitter and a receiver is its main purpose rather than determining the signal's 

actual power in real time. It considers a number of physical factors that impact 

HF waves. Users can learn whether a link is viable and, if so, at what frequencies 

and times from the program's output[57]. For example, Fig.2-5 shown signal 

reliability coverage map from VOACAP on 9 March, 2012 with SSN 110 and 

400 Watts. 
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Figure 2-5: Signal reliability coverage map using VOACAP. 

The projections of VOACAP are based on several crucial factors: 

¶ Maximum Usable Frequency: This is the greatest frequency that may be 

utilized by a certain ionospheric layer to communicate between two places 

at a given moment. The radio wave will go through the ionosphere and be 

lost in space if the frequency is higher than the MUF[58].  

¶ Frequency of Optimum Transmission: The frequency that offers the 

most dependable communication is the FOT[37]. Usually, it represents a 

proportion of the MUF, usually 85%. Working at the FOT reduces the 

possibility that a signal will be lost as a result of slight ionosphere 

oscillations. 
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¶ Received Signal Power : This is the anticipated signal strength at the 

antenna of the receiver. VOACAP computes this important output by 

accounting for transmitter power, antenna gain, and route losses. 

¶ Signal-to-Noise Ratio : The signal quality at the receiver is gauged by the 

SNR. Better communication results from a stronger signal compared to 

background noise, which is shown by a greater SNR. 

2.5.3.1 Previous VOACAP studies 

Enhancing prediction accuracy and studying the propagation of HF waves 

are important and continuous research areas, shown in Table 2-3 Previous studie

s of VOACAP Model.. A large number of studies have examined how well tradi

tional prediction algorithms, such as VOACAP, perform in comparison to more 

recent models. 

In this paper [59], they looked at how solar activity affected the MUF 

parameter. In order to determine the MUF values for Baghdad and other receiving 

stations throughout Iraq, they used the international VOACAP model with the 

monthly observed sunspot numbers for the years 2000 and 2010. According to 

the study's findings, solar activity had a stronger effect on the MUF parameter in 

2000 than it did in 2010. 

In this paper [60], a study examined how well the models predicted hourly 

foF2 values for three Iraqi cities (Baghdad, Mosul, and Basra) during a high solar 
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activity period. According to the study's findings, both models' accuracy rises in 

the spring and summer and falls in the winter and fall, particularly during the 

hours surrounding sunrise. According to the study's findings, the accuracy of both 

models is equal, and the VOACAP model consistently predicts greater foF2 

values than the IRI-2012 model. 

In this paper [32], provided a thorough analysis of HF radio propagation 

prediction methods. The paper acknowledged that models such as VOACAP are 

still in use, but it also pointed out that the research community is constantly 

working to increase the models' accuracy by utilizing novel approaches. 

In this paper [58], compared the outcomes of the VOACAP model with 

the MUF forecasts of a new machine learning-based model. The findings 

demonstrated the greater prediction accuracy of the machine learning model, 

highlighting the shortcomings of traditional approaches and bolstering the case 

for their advancement. 

Table 2-3: Previous studies of VOACAP Model. 

Author(s) Year Region / Data Model / Method Key Findings Limitations  

Hadi & Aziz 

[52] 

2012 Iraq ï Baghdad & 

other stations 

(sunspot numbers 

2000 vs 2010) 

VOACAP 

(MUF 

prediction) 

Å MUF strongly affected 

by solar activity 

Å Stronger effect in 2000 

(high activity) vs 2010 

(low activity) 

Monthly averages only, 

limited storm-time 

analysis 
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Mohammed 

[53] 

2016 Iraq ï Baghdad, 

Mosul, Basra 

(high solar 

activity) 

VOACAP vs 

IRI-2012 

ÅAccuracy improves in 

spring/summer, 

decreases in winter/fall 

ÅVOACAP consistently 

predicts higher foF2 than 

IRI 

Both models show 

seasonal/diurnal errors, 

sunrise critical hours 

weakly captured 

Mudzingwa 

& Chawanda 

[54] 

2018 Global review VOACAP & 

other HF 

prediction 

methods 

Å VOACAP still widely 

used 

Å Research trend shifting 

to advanced/novel 

approaches 

Recognized limitations 

in storm prediction, need 

AI/data-driven models 

Ezzat & Hadi 

[55] 

2024 Solar cycle 24 

(2009 min vs 

2014 max) ï 

multiple HF links 

VOACAP & 

ASAPS (BUF, 

HPF, OWF 

indices) 

Å Polynomial regression 

(3rd-order) captures 

correlation wellÅ High 

statistical consistency 

with observations 

Requires calibration, 

focused more on long-

term indices than real-

time storms 

Zhigang et al. 

[51] 

2025 Global ï MUF 

prediction 

VOACAP vs 

Machine 

Learning 

model 

Å ML model significantly 

outperforms VOACAP 

Å Highlights need for AI-

based enhancement 

Shows VOACAPôs poor 

adaptability to storm-

time variability 

Mousa & 

Hadi [56] 

2025 Mid-latitudes 

(Athens, Pt. 

Arguello, Jeju) ï 

geomagnetic 

storms 

VOACAP vs 

ASAPS vs 

IRI-2020 

ÅASAPS best (å75% 

accuracy) 

Å IRI-2020 moderate 

(å22%) 

ÅVOACAP worst (å3%), 

failed to capture storm 

MUF changes 

Major 

underperformance of 

VOACAP in storm 

conditions 

 

2.6 GAUSSIAN PROCESS REGRESSION (GPR) 

 One of the most flexible, non-parametric models is the Gaussian Process 

Regression (GPR), model, which captures non-linear temporal data via a 

probabilistic framework built upon a mean and kernel function, and covariance 

function[61]. GPR has several benefits for ionosphere monitoring since it is quite 

robust and efficient to derive a grid model from data available in an irregular set 

of ionospheric pierce points. The central understanding of a Gaussian process lies 

in the multivariate normal distribution. Studies show that the GPR model is 
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suitable for ionospheric forecasts as it can represent moderately complex 

behavior and provide uncertainty bounds[62]. For example, in this paper [61], 

they used GPR along with multiple linear regression (MLR) to predict daily TEC 

for Turkey, and they found that GPR outperformed other models much more than 

expected during periods of higher volatility. Similarly, [63] also showed that GPR 

has a good capability to capture the spatial and temporal variability by applying 

GPR to estimate real-time regional ionospheric delay from GNSS data. 

2.6.1 The Role of the Kernel Function 

The kernel function k(x,xǋ) is a key part of GPR. It determines the 

relationship between different points. The choice of kernel determines how well 

the model generalizes to unseen data[64]. Some common kernel functions are:  

¶ Radial Basis Function (RBF) (Gaussian Kernel)[62]:  

   ËØȟØ ÅØÐ    2-6 

- Smooth and widely used. 

- Controls how much influence nearby points have on each other. 

¶ Linear Kernel: 

    ËØȟØ ØØ    2-7 

- Assumes a linear relationship. 

¶ Periodic Kernel: 



CHAPTER TWO                                                              LITERATURE REVIEW 

AND THEORETICAL BACKGROUND 

  

45 

     ËØȟØ ÅØÐ 
Ⱦ

   2-8 

- Used for periodic data (e.g., daily or seasonal patterns). 

Where x and x are the input vector with dimension, (x,x') is the covariance 

function of GPR, which determines the shape of prior and posterior of the model, 

and l is the length scale[64]. 

2.6.2 Literature Review 

Several studies have investigated the performance and limitations of 

Gaussian Process Regression as illustrated in Table 2-4. 

Table 2-4: Previous Studies of Gaussian Process Regression. 

Study Goal / What was 

Modeled 

Data / Region Key Outcomes 

Nonlinear dynamic 

systems modeling using 

Gaussian processes: 

Predicting ionospheric 

total electron content 

over South Africa [65] 

Estimate vertical 

TEC using GP vs 

Neural Networks 

GPS dual-frequency data 

from Sutherland, South 

Africa  

GP had advantages: fewer free 

parameters; model gives 

uncertainty estimates; better 

interpretability; superior 

performance over neural nets in 

that data/region.  

Machine learning 

algorithm to forecast 

ionospheric time delays 

using GNSS 

observations [66] 

Forecast GNSS 

ionospheric time 

delays 

Data from a single 

station in Bengaluru, 

India, over 8 years 

(2009-2016)  

GPR provided promising results; 

better than ARMA and 

comparable / better than ANN in 

some periods; good accuracy in 

the low-latitude region. 

Ionospheric TEC 

forecasting using GPR 

& MLR in Turkey 

(2020) [67] 

Forecast daily 

TEC values 

GNSS TEC data from 2 

stations in Turkey (2015-

2017)  

GPR outperformed multiple 

linear regression for 1-2 days 

ahead forecasts; better precision 

in forecasting daily TEC.  

Double-Difference 

Ionospheric 

Interpolation based on 

Gaussian Process 

Regression  

[68] 

Interpolation of 

ionospheric delay 

under long 

baseline GNSS 

network 

Strong baseline/network 

GNSS stations; using 

geographic and subsolar 

point features in the input 

kernel  

Showed that GPR interpolation 

using those additional inputs 

improves delay estimation under 

baselines where direct 

differences (double differences) 

are weak; better interpolation 

performance.  

Gauss process 

regression for real-time 

ionospheric delay 

estimation from GNSS 

observations 

[69] 

Near-real-time 

regional 

ionospheric delay 

model using GPR 

GNSS observations from 

permanent stations; 

regional model (likely in 

Europe / Asia)  

The GPR method achieved TEC 

accuracy around ±2 TECu; it 

works efficiently with irregular 

pierce-points, useful for real-

time/near-real-time applications.  
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2.7 TOTAL ELECTRON CONTENT  

High-precision, continuous GNSS data is provided by the internationally 

renowned International GNSS Service (IGS).[14]. The IGS, which was founded 

in 1994 as a result of cooperation between worldwide scientific and research 

organizations, runs a global network of hundreds of top-notch, continuously 

operational GNSS monitoring stations. Real-time and post-processed GNSS data, 

which are extensively utilized in geodetic studies, atmospheric monitoring, space 

weather research, and ionospheric investigations, are gathered, processed, and 

disseminated by it. Since the IGS data are regarded as a worldwide benchmark 

for precision and dependability, they are a vital tool for determining important 

ionospheric characteristics like the TEC[70].  Eq. (2-9) and (2-10) represent the 

basic trigonometric relationship under a plane-parallel ionospheric 

approximation, which is valid only for high satellite elevation angles. However, 

the IGS employs the more realistic spherical geometry model Eq. (2-11), which 

accounts for the Earthôs curvature and the true propagation path of the GNSS 

signals through the ionosphere. 

     ὺὝὉὅ ίὝὉὅ ὧέίὼ    2-9 

    ίὝὉὅ      2-10   

       ίὝὉὅ     2-11 
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where sTEC is the total number of electrons along the slanted path between a 

GPS satellite and a ground receiver, vTEC is the total number of electrons in a 

column of the ionosphere per square meter, projected vertically from the Earthôs 

surface up to the top of the ionosphere (typically ~1000 km), see Fig.2-7 show 

TEC conversion geometry from slant to vertical, E is the satellite elevation, h is 

the pierce point height (250ï400 km), RE is the Earth radius (RE=6371), and x is 

the satellite zenith angle, which is the angle between a vertical line and the radio 

ray's path from the sun. The intersection of a spherical shell that surrounds the 

Earth at a height h and the slant ray-path that the slant TEC is measured along is 

known as the pierce point. 

Figure 2-6: TEC conversion geometry from slant to vertical [70]. 

2.8 RESEARCH GAP  

Iraq Lacks Infrastructure for Observation 

¶ No ionospheric monitoring stations on the ground or ionosondes. 
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¶ Real-time data for HF frequency management is lacking. 

Excessive Dependence on Global/Empirical Frameworks 

¶ Global datasets serve as the foundation for models like NeQuick and IRI. 

¶ Local ionospheric phenomena over Iraq are not well captured by them, 

particularly during geomagnetic storms. 

Not Enough Research on Localized HF Propagation 

¶ Most investigations on the effects of HF storms are carried out in North 

America or Europe. 

¶ There is a dearth of scholarship on the Middle East, especially Iraq. 
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CHPTER THREE: METHODOLOGY  AND 

MODELS  

3.1  Introduction  

The development of a reliable HF propagation model requires accurate 

specification of the ionospheric state. In many regions, ionosonde measurements 

provide the most direct source of ionospheric parameters such as foF2 and the 

propagation factor M(3000). However, in Iraq no operational ionosonde network 

is available, which imposes a major limitation for direct observational input[1]. 

To overcome this challenge, the required ionospheric parameters have been 

derived indirectly from GPS measurements of TEC. The use of GPS-TEC allows 

for the estimation of the ionospheric electron density profile and, consequently, 

the derivation of critical frequencies and maximum usable frequencies (MUF) 

[71]. 

3.2 Methodology 

This study focuses on calculating foF2, which is a key factor in ionospheric 

radio propagation over Iraq. The foF2 values were derived from TEC and 

combined with empirical models to enhance the ionospheric representation. Then, 

the MUF and FOT were calculated based on foF2 and the elevation angle. 

To improve the accuracy of foF2 estimation, two statistical regression 

techniques were applied: Polynomial Regression and GPR to model the nonlinear 

behavior under varying geomagnetic conditions. Both models were trained using 
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GNSS data from the ISBA station, and their results were compared with the IRI 

model and TEC-to-foF2 converted values. The overall workflow of the proposed 

methodology is shown in Fig. 3-1. 

Several reference models were integrated to construct a realistic physical 

model: the IRI model for electron density, the MSIS model for neutral 

atmospheric composition, and the IGRF model for the Earthôs magnetic field. 

This integration enabled the computation of the refractive index using the 

AppletonïHartree equation and allowed for the simulation of HF wave 

propagation while considering ionospheric absorption effects on received power. 
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Figure 0-1: A Hybrid Model for HF Communication Forecasting: Integrating GNSS-

TEC, IRI, and GPR. 

3.3  Measurement 

To determine basic ionospheric features and their influence on the 

propagation of HF radio waves in Iraqi territory due to is situated at intermediate 

geomagnetic latitudes and longitude approximately 29°N to 37°N (Latitude) and 

from 38°E to 48°E (Longitude), placing it in a transition zone between equatorial 
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and mid-latitude ionospheric behavior. This makes it sensitive to both equatorial 

plasma instabilities and mid-latitude disturbances, offering a rich environment to 

analyze complex ionospheric phenomena such as spread-F, irregularities, and 

storm-time effects. 

The approach taken is based on two widely recognized and scientifically 

validated models, the International Reference Ionosphere IRI-2020 model, the 

VOACAP model [19]. A globally consistent representation of the electron 

density, temperature, and composition of the ionosphere as a function of altitude, 

latitude, longitude, time of day, season, and solar/geomagnetic activity is 

provided by the IRI-2020 model. While IRI provides detailed ionospheric 

structure, VOACAP is specifically designed to predict HF radio signal 

propagation paths. A specific period in 2012 which includes the 9th of March, 

24th of April, 1st, 9th of October, and 14th of November, these days were 

specifically chosen due to the occurrence of strong geomagnetic storms, 

providing an ideal opportunity to study their effects on the magnetosphere and 

ionosphere, the data, time and type of this geomagnetic storm [72], are illustrate 

in Table 3-1. These dates were selected to capture various seasonal changes and 

different levels of ionospheric activity. The data is analyzed for 24 hours on each 

of the chosen days at one-hour intervals, allowing for the capture of the daily 

cycles of the ionospheric parameters. 

Table 0-1: Date, start time, end time, and types of geomagnetic storms in 2012[72]. 

Year Day Month Hour Begin Hour End Type 
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2012 9 3 8 16 Strong 

2012 24 4 4 6 Strong 

2012 1 10 3 7 Strong 

2012 9 10 6 10 Strong 

2012 14 11 6 9 Strong 

 

3.3.1 International GNSS Service 

IGS is a global collaboration of over 400 institutions and tracking stations 

dedicated, plays a pivotal role in delivering ionospheric products such as TEC.  

In this thesis, IGS-provided ionospheric products were utilized to obtain the 

vertical total electron content (vTEC) over the selected days that were 

significantly affected by geomagnetic storms. The IGS routinely processes dual-

frequency GNSS data from its global network of stations to derive ionospheric 

parameters, including both sTEC and vTEC values  as shown in Fig.2-7 in 

Chapter 2 [73]. These computations are performed automatically within the IGS 

analysis centers using precise satellite orbits and clock corrections. Of particular 

relevance to this study, within the city of Baghdad see Fig.3-2, only one 

operational IGS station (ISBA), is currently active; therefore, the VTEC data 

generated by IGS for the ISBA station were incorporated into the analysis to 
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assess ionospheric behavior over the Baghdad region during geomagnetic 

disturbances. 

Figure 0-2: ISBA station information[74]. 

3.3.2 Deriving foF2 from TEC 

It should be noted that the foF2 values used in this work are derived 

estimates, acquired indirectly through GNSS data rather than direct 

measurements. The lack of ionosonde stations throughout Iraq, which are the 

main tools for precise and direct measurement of ionospheric critical frequencies, 

led to the adoption of this indirect approach.  

For the estimation of important ionospheric parameters, such as foF2, 

GNSS-based techniques offer a viable and generally accepted alternative in the 

absence of ground-based ionospheric sounding infrastructure. Therefore, instead 

of using actual observations in this work, foF2 values were obtained from GNSS-

derived TEC data. 
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 Even though these estimations are based on modeling approximations and 

physical assumptions, they provide a plausible depiction of ionosphere temporal 

fluctuations, especially in areas with little observational coverage. This method 

is frequently employed in regions without direct ionospheric monitoring, 

allowing for the investigation of ionospheric dynamics during geomagnetic 

disturbances even in the absence of traditional instrumentation. 

To investigate the ionospheric response during geomagnetic storms, TEC 

was used to estimate the foF2, which corresponds to the maximum electron 

density in the F2 layer of the ionosphere. This conversion is based on the 

relationship between TEC and the peak electron density (NmF2)  [75]. The 

following formula is used to estimate the peak electron density NmF2 from TEC 

values: 

                     ὔάὊς
Ȣ

ὝzὉὅzρπ      3-1  

Where NmF2 for peak electron density[73], TEC stands for total electron content,  

and heff is the effective height å0.7 *hmF2, hmF2 (peak height of the F2 layer) 

taken from IRI-2020.When taking real value with modeling value becomes proxy 

measured value.  Following the acquisition of NmF2, foF2 is calculated using[75] 

[60]: 

                      ÆÏ&ς
Ȣ ᶻ

   (MHz)   3-2 
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3.3.3 The foF2 from IRI  

The IRI model is frequently used to discuss the status of the ionosphere, 

but because its traditional approach is based on empirical climatological averages, 

it might not account for short-term fluctuations, particularly during geomagnetic 

storms. To give a climatological baseline for ionospheric conditions above 

Baghdad, foF2 was retrieved using the IRI-2020 model, as depicted in Fig.3-3. 

Using conventional geophysical inputs, such as solar activity (F10.7 index) and 

geomagnetic conditions, the model was run for five chosen days in 2012: March 

9, April 24, October 1, October 9, and November 14. The IRI model accounts for 

location, time of day, season, and solar cycle influences when calculating foF2 

using actual ionospheric estimates.  

3.3.4 Regional model  

3.3.4.1 Polynomial Regression 

  Polynomial Regression is a statistical modeling technique[76] that aims 

to represent the non-linear relationship between a dependent variable (such as the 

critical frequency foF2) and independent variables (such as time or coordinates), 

by expanding the variables into multiple powers within a model that is linear in 

its coefficients[77]. 
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Figure 0-3: Comparison of foF2 from (TEC and IRI) for Selected Dates. 

In the context of this study, Polynomial Regression was used to model the general 

daily trend of foF2 variations based on the temporal variables: the Day of the 

Year (tday) and the Hour of the Day (thour). 
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Where foF2poly is the predicted value of foF2 from the polynomial model, ɓ is 

the model coefficients that are estimated from the data and tday,  thour is the 

independent time variables (day and hour). 

 The coefficients (ɓ) were determined using the least squares regression method, 

implemented in the Python programming environment[64]. Polynomial terms of 

tday and thour up to the fifth order were generated using the PolynomialFeatures 

function from the scikit-learn library to construct the design matrix. 

Subsequently, the LinearRegression algorithm was applied to fit the model to the 

observed foF2 values. This procedure automatically estimates the optimal 

coefficients (ɓ) by minimizing the sum of squared differences between the 

measured and the predicted foF2 values, ensuring the best statistical fit of the 

polynomial surface to the ionospheric data. 

3.3.4.2 Hybrid Model  

     The hybrid model combines the strengths of both models. It uses 

Polynomial Regression to model the repetitive and regular pattern (the general 

trend) and GPR to model the irregular errors or remaining fluctuations in the data. 

Non-parametric models and methods have become more and more 

prominent in the field of machine learning during the past 10 years. In particular, 

the Bayesian framework for Gaussian Process (GP) models has been receiving a 

lot of attention [61]. GPR, a full Bayesian learning algorithm, has been utilized 

in various applications such as experiment design, multivariate regression, model 
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approximation and forecasting [62]. The primary advantage of GPR over other 

machine learning techniques is that it integrates many machine learning tasks, 

including model training, uncertainty estimates, and hyperparameter 

estimation[63]. Prediction of the Mean of a GPR Model can be expressed by : 

  Æ&ςÔz Ëz + ʎ   (MHz) 3-4  

Where foF2(t )z is the predicted value of foF2 at a new time point t ,z k  zis the vector 

of covariance between the new test point t  zand all training points, K: matrix of 

the covariance for all training points, ů2
noise is the noise variance, y is the vector 

of foF2 values from the training data, while I is the identity matrix. 

GPR model was implemented in the Python programming environment using the 

GaussianProcessRegressor function from the scikit-learn library. The covariance 

(kernel) function was defined as a combination of the Radial Basis Function 

(RBF) kernel and a White Kernel, representing both the smooth temporal 

variations of foF2 and the observational noise. The hyperparameters of the kernel, 

including the length scale and noise level, were automatically optimized by 

maximizing the log marginal likelihood of the training dataset. Once the model 

was trained on the observed foF2 values, predictions for new time points were 

computed using the predictive mean and variance according to the Gaussian 

Process formula. This approach allows the model to account for correlations 

between training points while providing both the predicted foF2 and the 

associated uncertainty at each new input. 
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The modeling process proceeds in the following steps: 

¶ First, a Polynomial Regression model is trained on the available data to 

obtain an initial prediction: 

 Æ ȟ 0ÏÌÙÎÏÍÉÁÌ2ÅÇÒÅÓÓÉÏÎ8  (MHz)               3-5 

   

¶ After that, the residuals are calculated by subtracting the initial prediction 

[78]from the actual values: 

   Å Æ&ς Æ&ς              (MHz) 3-6 

   

 A GPR model is trained specifically on these residuals to model any remaining 

variances. 

¶ The final prediction for the hybrid model is obtained by summing the 

results of the two parts: 

  Æ&ς Æ&ς Å  (MHz)  3-7  

This approach provides a more accurate and stable model, as each type of 

variance in the data is handled with the most suitable modeling method[78]. 

Root Mean Square Error (RMSE) can be expressed by : 

 2-3% В &&ς &&ς      3-8 
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Where N is the quantity of data points, foF2 derived is each data point's i derived 

frequency value, and foF2predicted is the predicted frequency value for each data 

point i. 

3.3.5 MUF Estimation  

To extend the analysis of critical frequency foF2 predictions, the MUF is 

defined as the highest radio frequency that can be used for transmission between 

two points via ionospheric reflection[58]. Calculate MUF to : 

¶ avoid using frequencies too high that would pass through the ionosphere 

without reflection. 

¶ maximize communication range and reliability. 

¶ Helps operators choose the best frequency for HF radio links. 

MUF depends primarily on the foF2 and the wave's incidence angle. In this 

thesis, the MUF was estimated for multiple Iraqi provinces relative to 

Baghdad[25]. This section describes the procedures used to compute MUF values 

from predicted and measured foF2, considering geographic distances and 

elevation angles. 

To compute the ground distance between Baghdad and each province, the 

Haversine formula was employed[8]. This formula calculates the distance 

between two points on the Earth's surface: 

      ῳ• • •     3-9 
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    ῳ‗ װ‗װ   3-10     װ‗װ

  ὥ ίὭὲ ὧέί•ὧέί•ίὭὲ   3-11 

  

      Ὠ ςὙÁÒÃÓÉÎЍὥ            3-12 

 

Where:ű1, ű2 and ɚ1, ɚ2 are the latitudes and longitudes of the two locations (in 

radians), Re=6371 km is the Earth's radius and d is the ground distance in 

kilometers. 

The MUF for a given propagation path was calculated from the critical frequency 

foF2 and the elevation angle ɗ using the relation [58]: 

   ὓὟὊ   (MHz)  3-13  

This relationship accounts for how the usable frequency increases with more 

oblique propagation (lower elevation angles), The elevation angle ɗ for oblique 

ionospheric propagation was estimated from the geometry between the effective 

height of the F2 layer (hmF2) and the ground distance d, ʃ ÁÒÃÔÁÎ , 

Where hmF2 is taken from IRI-2020 model.  

3.3.5.1 MUF from VOACA  

     MUF calculations were performed for many propagation paths in Iraq, 

For VOACAP, MUF values were obtained directly from the model for each path, 

accounting for transmitter and receiver parameters, takeoff angles, and circuit 
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reliability, and relying on empirical ionospheric data to provide MUF under both 

real-time and climatological conditions. The input system parameters were[60]: 

1. Level of man-made noise, Noise level caused by humans at 3 MHz in 

dBW/Hz  

 1= 140.4 = - 27.7 Log (F) + 76.8= industrial   3-14 

   2= 144.7 = - 27.7 Log (F) + 72.5= residential   3-15  

   3= 150 = - 27.7 Log (F) + 67.2 = rural    3-16                                                         

 4= 164.1 = - 28.6 Log (F) + 53.6 = remote    3-17  

 5= 138.7 = - 37.5 Log (F) + 83.2 = noisy    3-18  

           6= 152.7 = - 29.1 Log (F) + 65.2 = quiet    3-19                                                         

    ὖὲ Ὂ ὄ ςπτ dBW    3-20  

Where Pn (available power, W): 

        Pn = 10 log pn (10)     3-21 

     B = 10 log b      3-22 

             Ὂ ρπÌÏÇὪdB     3-23 

 

Fa is the external noise figure, äa is the external noise factor defined as  

       Ὢ      3-24 

Where pn is comparable lossless antenna's available noise power, The T0 

reference temperature (K) is assumed to be 290 K, b is the noise power 

bandwidth (Hz) of the receiving system, and k is Boltzmann's constant = 1.38* 

10-23 J/K. 
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2. The major lobe's minimum takeoff angle is 0.1 degrees.  

3. 90% is the required circuit dependability.  

4. The necessary ratio of SNR is 73 dB. The necessary signal-to-noise ratio 

to provide the type and quality of service The hourly median signal power to 

noise ratio in a 1 Hz bandwidth is necessary. Range: -30 to 99 dB; the default 

is 73 dB.  

5. Model of absorption = normal. Transmitter antenna parameters, or Tx 

antenna: 500 kW is the Tx power (transmit power = 0.001 to 9999.99 kW).  

3.3.6 power calculation 

All relevant solar and geomagnetic indices, including F10.7, Rz12, SNN, 

and other parameters, were obtained from the GFZ Potsdam database and the 

NASA OMNI database [20][79][80] and these indices were incorporated into the 

calculations to properly account for ionospheric conditions affected by solar and 

geomagnetic activity, solar flux F10.7 and SSN is shown in Fig.3-4,Fig.3-5, 

Fig.3-6 and Table 3-2 from NOAA database.  
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Figure 0-4: solar flux F10.7 radio flux propagation. 

Figure 0-5: solar flux F10.7 radio flux propagation during 2012[20]. 

During periods of solar minimum, SNN typically ranges from 0 to 20, 

while the solar flux (F10.7) generally lies between 65 and 70 sfu. Conversely, 

during periods of solar maximum, SNN can reach 100ï200 or higher, and F10.7 

may rise to 200 sfu or more. 
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Figure 0-6: Solar cycle Sunspot number progression during 2012 . 

 

Table 0-2: Solar cycle Sunspot number progression (SNN) and solar flux (F10.7) 

monthly value during 2012. 

Month Sunspot number Solar flux 

Jan [1] 94.4 134.79 

Feb [2] 47.8 106.86 

Mar[3] 86.6 115.71 

Apr [4] 85.9 113.26 

May [5] 96.5 121.4 

Jun [6] 92 120.4 

Jul [7] 100.1 137.61 

Aug [8] 94.8 115.86 

Sep [9] 93.7 123.4 

Oct [10] 76.5 123.07 

Nov [11] 87.6 121.15 

Dec [12] 56.8 108.26 

     ὲό   
     

    ό  ό   ό
   3-25 
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This is the Appleton-Hartree equation to calculate refractive index (n), where 

YL and YT are the longitudinal and transverse components of Y relative to the 

magnetic field [31],X is the Plasma term, Y is the Magnetic field term and Z is 

the Collisional term 

       ὢ  ό     3-26 

       ὣ       3-27 

      ὤ       3-28 

The plasma frequency fp is calculated as  

fp = 9 ὔὩ    (MHZ) 3-29 

The electron gyrofrequency, fc, is expressed as 

      Ὢὧ  
 
     (MHZ) 3-30 

Where Ne is the electron density in electrons per cubic meter[14], e is the 

electron charge, B is the geomagnetic field intensity, and me is the electron mass. 

The electronïneutral collision frequency ɜ is obtained using neutral densities of 

O, N2, and O2 from the MSIS model combined with electronïion collisions and 

the electron temperature Te from IRI-2020. The propagation characteristics are 

described by the AppletonïHartree dispersion relation and are calculated in (HZ) 

by:  
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ʉ ʉ ʉ ʉ ʉ ʉ ʉ      3-31 

ʉ στψȢσφ ὰέὫ
Ȣ

       3-32 

Ö ςȢσσρπρρẗÎ.ςẗρ ρȢςρρπτẗ4Åẗ4Å  3-33 

Ö ρȢψςρπρπẗÎ/ςẗρ σȢφ ρπςẗ4Åẗ4Å   3-34 

ʉ ψȢω ρπρρẗÎ/ẗρ υȢχ ρπτẗ4Åẗ4Å    3-35 

ʉ τȢυ ρπωẗÎ( ẗρ ρȢσυρπτẗ4Åẗ4Å   3-36 

ʉ τȢφ ρπρπẗÎ(Åẗ4Å       3-37 

Where n(N2), Î/ς, Î/, Î(  is .ÅÕÔÒÁÌ ÓÐÅÃÉÅÓ ÄÅÎÓÉÔÉÅÓ Íϖύ  ÆÒÏÍ 

MSIS model.  

Operating frequency f is chosen such that FOT < f < MUF, where the Frequency 

of Optimum Transmission 

  ὊὕὝ  πȢψυ  ὓὟὊ  (MHZ)      3-38 

The imaginary part of the refractive index n gives the attenuation constant Ŭ, 

which is then used to compute the ionospheric absorption loss, as  

 

      ὒ   ψȢφψφ ‌ ὒ    3-39                                                                                                     

L is the effective path length  , ς È , where d is the ground distance 

between transmitter and receiver (km) and h is the height of the reflecting layer 
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å300 Km. The free space loss is given by 

 

     ὒὪί  ςπ ὰέὫρπ     3-40  

where f is the frequency in Hz, and c is the speed of light.  

The received power is calculated using the link budget equation. The effect of 

D-region absorption is included in the model. It includes three principal 

mechanisms: Firstly, solar UV diurnal absorption relies on the sunspot number, 

zenith angle, position, and the frequency of transmission, which is shown in the 

equation below: 

   ί Ὠὄ

Ȣ Ȣ  Ȣ

Ȣ
 ‍ π

Ȣ

Ȣ Ȣ
            ‍ π

  3-41 

Where: 

¶ ɓ: This term represents the cosine of the zenith angle of a radio ray. The 

zenith angle (ɢ) is the angle between a vertical line and the path of the 

radio ray from the sun. ɓ is defined as cos(0.881ɢ)     

… ὥὶὧὧέίίὭὲ‰ẗίὭὲ‏ὧέί‰ẗὧέί‏ẗὧέίὌ    3-42 

‏ ςσȢττẗίὭὲ ẗςψτὲ       3-43 

( ρυẗÌÏÃÁÌ ÈÏÕÒρς       3-44 

Where  ◖ : latitude of the location in degrees, ŭ: solar declination in 
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degrees, n is the day of the year, and H: hour angle in degrees representing 

the sun position relative to local noon 

¶ R12: This is the smoothed sunspot number, an indicator of solar activity. 

Higher sunspot numbers generally correlate with increased solar radiation 

and, thus, higher ionospheric absorption. 

¶ f: This is the frequency of transmission in megahertz (MHz). 

¶ fc: This is the electron gyrofrequency, which is the natural frequency at 

which electrons spiral in the Earth's magnetic field. This value depends 

on the local magnetic field strength. 

ὖὙ  ὖὝ  ὋὝ  ὋὙ  ὒὪί  ὒὥὦίὒͺ Ὠὄ    3-45 

where PT is the transmitted power in dBW, GT and GR are the 

transmitting and receiving antenna gains in dB[81], The noise spectral 

density is expressed as 

      ὔπ  ρπ ὰέὫρπὯὝὩ     3-46                                                                              

     ὛὔὙ  ὖὙ  ὔπ  ρπ ὰέὫὄ    3-47 

where B is the receiver bandwidth in Hz, Te is the electron temperature in 

Kelvin, and k is Boltzmann's constant. 
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3.4  Concluding Remarks 

 This thesis compensates for the lack of local ionosonde data by presenting a 

workable method for simulating HF wave propagation throughout Iraqi territory 

using GPS-derived TEC measurements. MUF and foF2 are obtained straight from 

TEC, giving accurate ionospheric conditions. The IRI model, Earth's magnetic 

field, and electron density profiles including the impact of D-layer absorption are 

all integrated into the model. This approach provides a strong basis for 

nowcasting HF propagation and acts as a platform for future extensions, including 

real-time applications and 3D ray tracing. 
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CHAPTER FOUR : RESULTS & DISCUSSION 

4.1  INTRODUCTION   

A major disruption to the ionosphere's structure and a change in the way radio 

waves propagate, especially in the high-frequency (HF: 3-30 MHz) band, are two 

of the most significant effects of geomagnetic storms on the near-Earth space 

environment. Since HF communications depend on the reflection of skywaves 

from ionospheric layers, particularly the F-region, they are extremely sensitive to 

variations in ionization levels and electron density.  

By using the VOACAP model to calculate the Pr and SNR, which took into 

account important propagation parameters such as path loss, ionospheric 

reflection efficiency, and antenna gains. Analysis was done on how geomagnetic 

storms affected the ionosphere's ability to absorb waves, especially during the day 

when stronger signal attenuation, especially at lower frequencies, is caused by 

greater ionization in the lower layers. This chapter attempts to evaluate the ways 

in which geomagnetic activity deteriorates the quality of HF communication, spot 

departures from typical diurnal behavior, and offer helpful suggestions for 

choosing the FOT in dynamic space weather environments by contrasting results 

under ideal conditions (without absorption) and realistic conditions (with actual 

physical effects). This study facilitates the creation of more precise prediction 

models in areas with inadequate observational infrastructure and is a useful tool 

for comprehending how space weather affects radio systems. 
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4.2  Total electron density prediction  

 Computed predictions based on TEC values with a regional propagation 

model and the IRI-2020 model, for Baghdad station during the year 2012 under 

geomagnetic storm conditions. Fig. 4.1  shows the TEC data from the IRI model 

for 2012, with one value for each day of the year (366 days). To improve the 

presentation of the data and understand the overall trend, used Gaussian 

smoothing. The original daily values are shown as red dots, while the blue curve 

represents the smoothed values, which illustrate the overall trend of TEC change 

over the year. 

Figure 0-1: Total Electron Content (TEC) variation over 366 Days(2012) from IRI-

2020. 

 

TEC data showed clear variations throughout the year, with values rising 

significantly in spring and fall. This natural increase is associated with the sun's 

perpendicularity to the equator during the equinoxes, which increases solar 

radiation and enhances ionization in the ionosphere. However, the occurrence of 

geomagnetic storms affected the ionosphere, causing sudden and irregular 
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increases in TEC values. Conversely, observed a decrease in TEC values during 

the summer, from June to August. These changes illustrate how TEC is affected 

by seasonal factors and directly interacts with any geomagnetic disturbances. 

Figure 4.2 illustrates this variation for geomagnetic storm days.  

Figure 0-2: Total Electron Content (TEC) variation over specific Days in 2012 from 

IRI-2020. 

The TEC variation contour map for the chosen days in 2012 shows a distinct 

diurnal pattern, with minimum values at night and maximum values around local 

noon. On the other hand, every day that was chosen fell within intervals of 

geomagnetically disturbed conditions, suggesting that space weather events had 

an impact on the observed TEC changes. TEC values range from 2 to 38 TECU 

on the color scale, with yellow and dark green areas signifying increased 

ionospheric activity brought on by geomagnetic storms. Significantly, the events 

of October 1 and 9, 2012, showed the highest TEC values (up to 38 TECU), 

indicating severe ionospheric disruptions. Different levels of storm impact are 
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indicated by days with higher TEC than in calm conditions. As a result, each of 

the chosen days illustrates the regional reaction to geomagnetic activity by 

representing perturbed ionospheric conditions. 

The K and Kp indices are the most commonly used indicators of geomagnetic 

activity. The Kp index is derived from the K index by averaging values from 

several observatories and is reported every three hours. Since Kp is based on 

direct geomagnetic measurements, it effectively indicates whether a day is 

geomagnetically quiet or disturbed. 

Another related index is the Ap index, which represents a linear scale derived 

from Kp values. The Ap index is calculated as the sum of individual ap values 

corresponding to the three-hourly Kp readings. Kp values range from 0 to 9, while 

ap values vary from 0 to 400. Figure 4-3 illustrates the variation of Kp with time, 

and Table 4-1 presents the corresponding daily Ap index values. 

 
Table 0-1: Solar and Geomagnetic Data (2012). 

DATE STORM 

PERIOD (UT) 

MIN 

DST 

(NT) 

AP KP_MAX F10.7 MAX TEC (TECU) 

9 Mar  08-16 -131 87 8.0 145.5 30 

24 Apr  04-06 -108 41 6.7 133.6 25 

1 Oct  03-07 -119 32 6.7 128.1 38 

9 Oct  06-10 -105 46 6.7 106.2 30 

14 Nov  06-09 -108 37 6.3 142.1 22 
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Figure 0-3: Geomagnetic Activity Indices (Kp and Ap). 

The ionospheric response to geomagnetic storms varied significantly across 

different dates as illustrated in Fig. 4-4, underscoring the limitations of the 

conventional IRI model in simulating extreme space weather events. On October 

1, 2012, despite a moderate storm (Dst = -119 nT) the observed TEC peaked at 

approximately 50 TECU, while the IRI model underestimated this enhancement, 
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reaching only ~40 TECU. This discrepancy highlights the modelôs failure to 

capture the pronounced ionization augmentation associated with the equatorial 

ionization anomaly (EIA) during autumn, when Iraq lies directly under its 

northern crest. 

Figure 0-4: Total electron content from (IGS and IRI-2020). 

In contrast, on March 9, 2012, the most intense storm (Dst = -131 nT)  the 

observed TEC peaked at ~30 TECU, while the IRI model significantly 

overestimated the peak, reaching ~40 TECU. This suggests that during severe 

storms, the model does not adequately account for increased electron loss rates 

or spatial redistribution at mid latitudes.  
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4.3      foF2 prediction  

When foF2 values derived from GNSS-TEC observations are compared 

with those predicted by empirical and data-driven models, the hybrid approach, 

combining GPR with a fifth-degree polynomial, demonstrates superior accuracy 

in capturing the critical frequency during geomagnetic storms, as illustrated in 

Figure  4-5. 

The fifth-degree polynomial effectively represents the overall diurnal trend 

of foF2; however, it lacks the flexibility to model rapid, storm-induced 

deviations. In contrast, GPR provides greater adaptability to nonlinear 

ionospheric dynamics but may exhibit slight overfitting in certain intervals. By 

integrating the strengths of both methods, the hybrid model achieves a 

significantly reduced RMSE of 0.1104 MHz, the lowest among all evaluated 

approaches. 

In stark contrast, the standard IRI model shows substantial deviations from 

observed foF2 values, particularly during storm peaks, underscoring its 

limitations under disturbed space weather conditions. 

Further validation is provided in Figure 4-6, which presents the hourly 

percentage error analysis. The IRI model exhibits large errors, often exceeding 

30%, during geomagnetic disturbances. The polynomial fit shows moderate 

performance, with errors typically ranging between 5% and 15%. Remarkably, 

the hybrid prediction model maintains errors consistently below 5% across all 
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storm events. The physical and data-related factors contributing to these residual 

errors are detailed in Table 4-2. 

Table 0-2: performance Comparison of ionospheric models 

Model Average Error 

Rate 

Reason 

IRI  20-40% Does not take into account storms or dynamic changes. 

Polynomial 5-15% Captures the diurnal trend via mathematical fitting but lacks 

physical basis. 

Hybrid  < 5% Combines data with physical models, resulting in high accuracy. 

 

These results confirm that integrating machine learning techniques with 

physical or mathematical representations of ionospheric behavior significantly 

enhances forecasting accuracy. For regions like Iraq, located under the dynamic 

influence of the equatorial ionization anomaly, the hybrid model offers a robust 

framework for real-time space weather monitoring and GNSS error mitigation. 
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Figure 0-5: Comparison of Measured foF2 and Predictions from IRI, GPR, and Hybrid 

Models 
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Figure 0-6: Hourly Percentage Error in foF2 Predictions from IRI, Polynomial, and 

Hybrid Models 
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4.4    MUF  prediction  

   The first step was to compare various models in order to identify the most 

accurate way to forecast the MUF between Baghdad and neighboring cities. The 

hybrid model produced the best accuracy, according to the results during peak 

and daytime hours, especially for the BaghdadïBasra and BaghdadïMosul 

routes, as shown in Figs. 4-7. This is because the hybrid model can better capture 

dynamic ionospheric changes. On the other hand, the polynomial model 

performed reasonably well in forecasting the overall diurnal trend of MUF. 

However, it occasionally overestimated the peak and underestimated the 

maximum value during strong geomagnetic storms. Furthermore, external 

influences such as penetrating electric fields and nonlinear changes are not taken 

into consideration in this model. As a result, the hybrid model is thought to be the 

best option when high precision is needed, but the polynomial model can be used 

as a preliminary tool when there is a lack of data. 

  

(a) 
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(b) 

 

( c )  

 

(d) 
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(e) 

Figure 0-7: Comparison of MUF Paths where (a) 9 March, (b)24 April, (c) 1 October, 

(d) 9 October, and (e) 14 November. 

The VOACAP model was incorporated into the comparison to assess its 

performance relative to the other models, as shown in Fig. 4-7. VOACAP is one 

of the most conventional physical models for predicting HF radio propagation.   

The  results, however, demonstrated that VOACAP was less accurate than the 

hybrid model on all days that were chosen, clearly deviating from the actual 

values, particularly during the midday peaks. VOACAP's shortcomings in 

modeling dynamic ionospheric conditions during geomagnetic storms were also 

noted, as it typically tends to underestimate MUF values. In capturing quick 

ionospheric responses, data-driven models outperform traditional physical 

models  .Hybrid models, which combine physical modeling and observational 

data, are therefore more successful in forecasting MUF in space weather-affected 

scenarios. 
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Table 0-3: Comparison of HF Propagation Models (Hybrid, GPR, VOACAP) 

Aspect Hybrid Model  GPR  VOACAP  

Accuracy Highest accuracy in MUF 

prediction 

Good, but less 

than Hybrid 

Low, underestimates MUF 

Consistency Stable across different days and 

conditions 

Acceptable 

consistency 

Too conservative, flat 

curves 

Peak 

Prediction 

Captures daytime peaks and 

rapid ionospheric changes 

Smooth trends, 

adaptive 

Fails to detect peaks 

Practical Use Best suited for real-time HF 

communication forecasting 

Reliable as a 

backup model 

Not suitable for high-

accuracy applications 

Overall Role Main model for future systems Secondary 

support 

Should be replaced by 

modern models 

 

To evaluate the reliability of the IRI model in predicting HF propagation 

conditions over Iraq, its MUF outputs were compared with those generated by 

VOACAP, as shown in Fig. 4-8 and 4-9. 

Each pair shown in Fig. 4-8 and Fig. 4-9 corresponds to the same propagation 

path (BaghdadïMosul and BaghdadïBasra) and date, enabling a direct 

assessment of model agreement in terms of diurnal behavior, seasonal variation, 

and path-dependent differences. Both models reproduce the expected diurnal 

pattern: MUF increases after sunrise (~06:00 UT), peaks around 10:00ï13:00 UT, 

and declines during the evening hours, reaching minimum values at night (~5ï8 

MHz). This reflects the solar-driven ionization cycle in the F-layer of the 

ionosphere. 
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Figure 0-8 Comparison of  MUF from IRI. 
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Figure 0-9: Comparison of  MUF from VOACAP. 

However, a significant discrepancy is observed in absolute MUF values. The IRI 

model predicts much higher MUFs (up to 35ï37 MHz) than VOACAP 

(maximum ~15 MHz). For example, on April 24, IRI shows peak MUFs near 33 

MHz, while VOACAP predicts only ~17 MHz. This difference persists across all 
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dates and paths, indicating that IRI tends to overestimate ionospheric electron 

density under typical solar conditions. This overestimation may stem from IRI 

reliance on climatological averages and the lack of integration of  real-world 

propagation losses such as absorption, multipath fading, and noise, which are 

explicitly accounted for in VOACAP. 

Both models show higher MUFs in spring, reflecting increased solar radiation 

and equinoctial enhancements. However, VOACAP exhibits less seasonal 

variation, likely due to built-in smoothing or statistical averaging, whereas IRI 

reflects a stronger dependence on the solar cycle. 

4.5 HF Link Budget  

After comparing the MUF values, these parameters were used as inputs to 

a physics-based propagation model to simulate HF communication performance 

along the BaghdadïMosul path. The model is based on the numerical solution of 

the Appleton-Hartree equations, which describe the propagation of 

electromagnetic waves in a magnetized, collisional plasma, accounting for key 

effects such as electron-neutral collisions, magnetic field orientation, and 

polarization modes (O-mode and X-mode). 

The Appleton-Hartree equations, which describe the fundamental physics of 

wave propagation in a magnetized plasma, are compatible with the observed 

fluctuations in TEC and foF2 across the chosen geomagnetically disturbed days. 

These formulas demonstrate that electron density and its relationship to Earth's 
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magnetic field are the main factors influencing the ionosphere's refractive 

characteristics. Specifically, as illustrated in Fig. 4-10, the electron density profile 

from IRI and Chapman models, the square root of electron density (fp  θ

sqrt{Ne}) scales with the plasma frequency and, consequently, the ionosphere's 

capacity to reflect HF radio waves. 

To ensure physical accuracy, the model integrates data from established 

models: 

1. Electron density profiles were obtained from IRI-2020, the standard reference 

for ionospheric electron distribution. 

Fig. 4-11 compares the electron density profile over Baghdad at two critical 

times on March 9, 2012: 10:00 AM, during the peak of a severe geomagnetic 

storm, and 6:00 PM two hours after the stormôs conclusion. At 10:00 AM, the 

profile shows a sharp peak in electron density at approximately 270 km altitude, 

reflecting enhanced ionization due to both solar radiation and storm-driven 

dynamics. In contrast, by 6:00 PM, the peak density has dropped significantly, 

and the layer has shifted upward to around 300 km, indicating the ionosphereôs 

transition into the recovery phase. This decline is attributed to increased electron 

loss rates and thermospheric cooling following the storm.  Although IRI does not 

dynamically respond to geomagnetic activity, it provides a physically consistent 

electron density profile that, when combined with IGRF and MSIS, enables a 
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first-principles calculation of wave propagation characteristics under disturbed 

conditions. 

Figure 0-10: Electron density profile from IRI and Chapman models. 

Figure 0-11: Comparison of IRI-Predicted Electron Density Profiles at 10:00 AM and 

6:00 PM UTC. 
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Full recovery could take several hours, depending on the storm's severity, 

latitude, and season 

As a crucial step in comprehending ionospheric physics, fp was calculated by 

deriving the Ne using the IRI model in the ionosphere. The vertical profiles of fp 

and Ne are shown in Fig. 4-12. This relationship shows that the ionospheric 

reaction to geomagnetic storms involves a direct alteration of radio wave 

propagation properties rather than merely a change in the number of electrons. 

Although it is frequently accompanied by severe D-layer absorption, increased 

density raises fp and MUF, which may improve HF transmission.  

 

Figure 0-12: Electron Density Profile and Plasma Frequency Distribution in the Ionosphere 

over Baghdad. 
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2. Neutral atmospheric density and temperature were extracted from the MSIS- 

00 model, a widely used empirical model based on satellite and radar 

observations. It is accessible through NASAôs Community Coordinated 

Modeling Center (CCMC) at [82]. The next crucial step is to compute the 

collision frequency (v), which is essential for estimating wave absorption in the 

lower ionosphere and is shown in Fig. 4-13. This is done after measuring the fp 

and proving its direct reliance on electron density. The MSIS model provides 

altitude profiles of temperature, pressure, and neutral species densities (N , O , 

O, Ar) as a function of time of day, solar activity (F10.7 index), season, 

geomagnetic conditions (Ap index), and geographic location. In the lower 

ionosphere (0ï150 km), where considerable HF absorption occurs, the adoption 

of the MSIS model guarantees good accuracy because collision frequency is 

directly proportional to neutral density. The IRI model's electron density profiles 

were integrated with these data to produce a realistic evaluation of D-layer 

absorption and HF wave propagation during geomagnetic storms. 

Fig. 4-13 illustrates the altitude-dependent collision frequencies in the 

ionosphere above Baghdad, highlighting the contributions of electron-neutral 

(Ven), electron-ion (Vei), and total (v total) collisions. At lower altitudes (< 150 

km), electron-neutral collisions dominate due to the high density of neutral 

particles. As altitude increases, Ven decreases rapidly, while Vei rises to a peak 

around 250 km before declining gradually. 
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Figure 0-13: Total Collision Frequency on 9 March. 

The v total transitions from being primarily governed by Ven at low altitudes to 

being dominated by Vei above 200 km ð reflecting the shift from the E-region 

to the F-region dynamics. This behavior is critical for understanding how the 

ionosphere responds to external drivers such as geomagnetic storms.  

3. Earthôs magnetic field components were computed using the  

IGRF model, which provides a precise representation of the geomagnetic field 

and its secular variation [83]. Following calculations of electron density and 

collision frequency using the IRI and MSIS models, the IGRF model was used to 

account for the influence of Earth's magnetic field. By giving precise values for 

the magnetic field components at every time and place, IGRF makes it possible 

to depict the geomagnetic environment realistically.  
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The Appleton-Hartree equation determines the real component of the 

square of the refractive index, Re(n2), as a function of height in the ionosphere 

over Baghdad, as shown in Fig. 4-14. HF wave propagation is physically 

consistent due to the model's realistic inputs from IRI (electron density), MSIS 

(collision frequency), and IGRF (geomagnetic field). Two cases are contrasted: 

10 MHz and 15 MHz signals, respectively. 

At 10 MHz: 

¶ Re(n2) has a distinct transition through zero and ranges from +1 to -1. 

¶ This behavior suggests that the wave is strongly reflected and refracted in 

the F2 layer. 

¶ Evanescent wave areas, where the wave amplitude rapidly decays, are 

indicated by negative values of Re(n2); this is a sign of reflection. 

¶ In terms of physics, this happens when the wave encounters enough 

electron density at 10 MHz to be bent back toward Earth because it is below 

the crucial frequency (foF2 = 10.5 MHz). 

¶ The complete oscillation between positive and negative values attests to 

the spread of skywaves. 

At 15 MHz: 

¶ Re(n2) does not have any negative values; it stays between 0 and +1. 

¶ This shows that the wave enters the ionosphere rather than reflecting. 
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¶ Since Re(n2) is positive, there is no area where the wave becomes reflected 

or evanescent. 

¶ This happens as a result of the electron density in the F2 layer being 

inadequate to refract the wave back to Earth at 15 MHz being higher than 

foF2. 

¶ Consequently, there is no useable skywave return as the signal escapes into 

space. 

At any frequency :  

¶ Re(n2)>0: The real refractive index indicates that a wave is propagating. 

¶ Re(n2) <0: An evanescent wave is one that decays exponentially, 

signifying reflection. 

¶ Re(n2) = 0: Point of reflection (where f=fp), see Table 4-4. 

(a) 
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(b) 

Figure 0-14: Appleton-Hartree Equation (Re(n2)) at frequency : (a) 10 MHz and (b) 

15MHz. 

 

Table 0-4: Effect of Frequency on Wave Propagation 

FREQUENCY F vs Fp WAVE BEHAVIOR Re(n²) RANGE 

10 MHz f<fp Refracted and returned 1 to +1 

15 MHz f>fp Penetrates and lost 0 to +1 

 

For direct comparison with the industry-standard VOACAP model, HF 

link budget outputs were generated for specific days during geomagnetic 

disturbances, such as March 9, 2012, as illustrated in Fig. 4-15.  

The analysis focuses on the BaghdadïMosul path and presents two key 

performance metrics: Pr in dBW and SNR in dB-Hz, both plotted against time 
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and frequency. The MUF is indicated by a solid black line, while FOT = 0.85 

× MUF is shown as a dashed white line. 

The results reveal consistent diurnal trends across all modeling scenarios: 

Pr and SNR begin to rise after sunrise, reach their peak between 10:00 and 

14:00 UTC, and then gradually decline through the evening. This behavior 

reflects the solar-driven enhancement of electron density in the F2 layer, which 

increases the ionosphereôs ability to reflect HF radio waves during daytime 

hours. Crucially, the highest values of both Pr and SNR consistently occur near 

the FOT, confirming that operating at approximately 85% of the MUF 

represents the most practical and reliable choice for HF system design under 

normal conditions. 

However, during the severe geomagnetic storm (08:00ï16:00 UTC), 

significant deviations emerge. Scenario (a) without D-region absorption yields 

an overly optimistic prediction of uniformly high signal quality, failing to 

capture the real-world degradation caused by enhanced electron-neutral 

collisions in the lower ionosphere. In contrast, scenario (b) with D-region 

absorption and scenario (c) VOACAP both exhibit pronounced signal 

attenuation at frequencies below 15 MHz during daytime, aligning with the 

increased neutral density and collision rates characteristic of storm conditions. 
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(a) 

(b)

(c) 

Figure 0-15. Comparison between SNR and received power with data from (a) 

without the effect of D-region absorption, (b) with the effect of D-region absorption, and (c) 

VOACAP on 9 March 2012. 
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These findings underscore the critical role of D-region absorption in HF 

propagation during space weather events and highlight the necessity of 

incorporating this mechanism into predictive models to avoid overestimating 

system performance. While computationally intensive, the VOACAP model 

provides the most realistic and operationally relevant assessment of HF link 

behavior under disturbed conditions, particularly in regions like Iraq, where 

equatorial ionization anomaly effects further amplify the impact of 

geomagnetic storms.  

Following the severe geomagnetic disturbance of March 9, 2012 ð which 

revealed the critical limitations of empirical models that neglect D-region 

absorption ð a comparative analysis was extended to subsequent storm events to 

assess the consistency and seasonal modulation of HF propagation degradation. 

On April 24, 2012, despite a moderate storm (Dst = ï108 nT, 04:00ï06:00 UTC), 

significantly improved HF conditions were observed during daytime hours, 

driven by elevated solar activity (SSN = 134) that enhanced electron density in 

the F2 layer. MUF reached approximately 30 MHz around midday (10ï14 UTC), 

enabling reliable long-distance communication on high frequencies (15ï25 

MHz). Fig. 4-16 to 4-19 represent the Pr and SNR values for 24 April, 1,9 October 

and 14 November.  
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(a) 

(b) 
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(c) 

Figure 0-16: Comparison between received power and SNR (a) without effect of D-region 

absorption,(b)  With effect of D-region absorption, and (c) VOACAP on 24 April 2012. 
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(a) 

(b) 
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(c) 

Figure 0-17:  Comparison between SNR and received power (a) without effect of D-

region absorption, (b) With effect of D-region absorption, and (c) VOACAP, on 1 October. 
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(a) 

(b) 
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(c) 

Figure 0-18: Comparison between SNR and received power (a) without the effect of 

D-region absorption, (b) with the effect of D-region absorption, and (c) VOACAP, on 9 

October.  
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(a) 

(b) 

 

 

 




































