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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 Nagation 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 estimatiorfabf2 values. The model
results were compared with both the International Reference lonosphere model
and the TE@o-foF2 conversion results to evaluate accuracy.

The International Reference lonospheMassSpectrometer Incoherent
Scatter Model and International Geomagnetic Reference Fielddels were
further integrated to compute the plasma and collision frequencies, as well as the
refractive index using the full AppletoHartree formulation, supporting a
realistic simulation of HF propagation under geomagnetically disturbed
conditions. Rsults show that higher TEC and foF2 values increased the
Maximum Usable Frequency, while daytimeldyer absorption significalyt
reduced signal strength. Including the geomagnetic field caused mode splitting
(O- and Xmodes), influencing wave refraction efficiency. The proposed regional
model demonstrated improved reliability in reproducing ionospheric conditions
and offers a ralbst framework for HF communication planning and space weather

monitoring in datesparse regions.



STATEMENT OF AUTHORSHIP

This thesis was completed as part of the MBledtrical Engineering) atthe
College of Engineering-University of Misan. It is my own unaided work.
Where the work of others has been used or drawit bas been fully attributed

to the relevant source.

Signature:
Name:Fatima Hikmat Ali

Date: [ 1202



SUPERVISOR CERTIFICATION

| certify that the preparation of this thesis entitlédpgfopagation Model
For High Frequency Communications Over Iraqi Territories" was presented
by "Fatima Hikmat Ali," and has beerpreparedand written under my
supervison at The University of Misan College of Engineerings a patrtial
fulfillment of the requirements dfie degree aheMaster of Science iElectrical

Engireering.

Signature:
SupervisorAssist Prof. Dr. Hasanain A.Hasan
Signature:

SupervisorAssist. Prof. Nsaif Jam Hadi

Date: /| [|2P5

In view of the available recommendations, | forward this thesis for

discussion by the examining committee.

Signature:
Name:Assist Prof. Dr. Mohammed Kh. Al-Nussairi
Head of ElectricaEngineering Department

Date: [ |2



CERTIFICATION OF THE EXAMINING COMMITTEE

We certify that we, the examining committee, have read the thesiqAtled
propagation Model for High Frequency Communications Over Iraqgi
Territories ) which is being submitted Hyatima Hikmat Ali , and examined the
student in its content and what is concerned with it, and that in our opinion, it
meets the standard of a thesis for the degree of Master of ScieBEtincal

Engineering

Signature: Signature:

Name:Assist. Prof. Dr. Hasanain A.Hasan Name:AssistProf. Nsaif Jasim Hadi

(Supervisor) (Supervisoy
Date: [/ /285 Date: [/ /285
Signature: Signature:

Name:AssistProf. Dr. Amgad Yousif Sahib Name:AssistProf. Dr. Thaar A.Kareem

(Member) (Member)
Date: [/ /205 Date: [/ /205
Signature:

Name:Assist Prof. Dr. Mohammed Kh. AFNussairi
(Chairman)

Date: [/ /285
Approval of the College of Engineering

Signature:
Name:Prof. Dr. Abbas OdaDawood
Dean of the College of Engineering

Date: [/ /25



DEDICATION

To Allah Almighty, my Creator and Sustainer, and the source of my guidance,
| dedicate this work with humility and gratitude.

To our Master Muhammad, the Seal of the Propheats, to his purified
household

It is with great honor that | dedicate this thesis to ImarMahdi.

To the one whose presence alone dispels the darkness of destiarone
who was my shield in hardship, my shade in journey, and my pride in every step
my beloved father.

To her whom Allah has placed Paradise beneath hemigadearest mother,
whose prayers were a gentle breeze during long and weary nights.

To my brothers and sisters)y companions on this path, the voice of
encouragement, and the hand of support.

To my friends, who believed in me when | doubted myself,
and stood by me when my steps grew heavy may Allah reward you the best of
rewards on my behalf.

To every teacher who taught me a wdadevery advisor who guided me to
good,and to every soul who offered support | dedicate this with appreciation and
gratitude.

And finally, to myself.

| ask Allah Almighty to make this a sincere act of worship for His sake,
to bring benefit through it, to blessatnd to make it a light for me in this life and
the next.



ACKNOWLEDG EMENTS

First and foremost, | express my deepest gratitude to Allah Almighty, who

granted me strength, guidance, and perseverance throughout this journey.
Special thanks go to:

| would like to extend my heartfelt gratitude to the University of Misan,

College of Engineering, and the Department of Electrical Engineering

Assistant Professor Dr. Hasanain A.Hagr his invaluable guidance,
continuous support, and profound scientific expertise that shaped the direction

and quality of this work.

Assistant Professor Nsaif siam Hadi, for his insightful feedback and

technical assistance in refining the analysis and methodology.

My family, for their endless love, patience, encouragement, and unwavering

belief in me.

My dear friends, who stood by me through challenges, shared laughter,

dreams, and motivation, and supported me at every stage.

Finally, | acknowledge that every success recorded here is not mingialone

Is the result of teamwork, mutual trust, and the power of human connection.

Vi



ABSTRACT I

STATEMENT OF AUTHORSHIP........coiii e e I
SUPERVISOR CERTIFICATION. ..ot eiieeeee e 1]
CERTIFICATION OF THE EXAMINING COMMITTEE.............coovvininnnnn. vV
DEDICATION Vv
ACKNOWLEDGEMENTS ... . e Vi

LIST OF TABLES X
LIST OF FIGURESXI

LIST OF abbreviations.......coo i XV

LIST OF SYMBOLS......uuiiiiiiiiie e eeeni s XVII

CHAPTERONE: INTRODUCTION ...cooviiiiiiiiiiiiiininss s smmeeeeeeriinnnnnn e 2
1.1 BaCKGrOUNG.........ouuuiiiiiiiiiiis ittt s eeeeennnnnes 2.
1.2 Radio Wave PropagatiQn..............ceeviiiiiiieemeeeeeeeiiiiee e e 3
1.2.1 Physical Characteristics and Generation...............cccccvvvemmeveennnnn, 3
1. 2. Radio Frequency SPeCIrUM.........ccoeviieiiieirriireiriinee e eeeeeiinne e e 3
1.3 History of the 1on0Sphere.........coooo i 4
1.3.1 Early ObServations...........ccoooooviiiiiiiieie e eree e 4
1.3.2 Appleton and Barnett EXperiment..............coouvviiiiceeiiieeeeeeeeeenns 5
1.4 Fundamental Parameter of The lonosphere..............ccccovvieeee. 9
1.5 SOlar ACHVITY...oeeeeeiee e rrer e 11
1.5.1 (€1=To] g g F=To] g 1=] (o30S (o] 1 1 o PP 13
1.6 Problem Statement...........cooooviiii e 17
1.7 Significance of Research...........ccoovvviiiiiicccei e 17
1.8 IMOTIVALION. ...ceeeeeeeeeeeeeeett et e e e e e e eneennnnnes 18
1.9 Aim and Objective of the TheSiS..........ccovviiiiiiiiiieee . 19
1.10 The ThesIS SIrUCIULE.........evvveeiii i e 21
CHAPTER TWO : Literature Review and Theoretical Backgraund........ 23
2.1 ] (o [ Tox 1o o 1 23
2.2 COMMUNICATIONS THROUGH THE IONOSPHERE............ 23
2.3 HF PROPAGATION MODKE............co oo eeiieeeeeeeee e, 25
2.4 HF prediCtion SYStEMS........ccooiiiiiiieeeeieeee e eeeeeeeeeeeenee s 27



2.4.1 Indices used for prediCtian.............couviiiiiiiceeeii e 28

2.5 lonospheric models...........coooiiiiii e 29
2.5.1 Chapman model..........oooriii e 31
2.5.2 InternationalReference lonosphere...........cccceeviiiiiiieeee i, 31
2.5.2.2 Modren IRI VErSIONS........ouuuuuuiiiiiiiimee e s 33
2 . 5. PreBous IRl StUAIES........uuiiiiiii e 34
2.5.3 VOACAP MODEL......cttiiiiiiiiiie e creeee et eeee e 39
2.6 Gaussian Process Regression (GPR)........cccooooevvviieeecceivinnnn. 43
2.6.1 The Role of the Kernel Functian...........ccccccvvviiiecciieeenneenn.. 44
2.7 Total Electron CONENL............uuueiiiiiii e 46
2.8 RESEAICN gap.....coeeeeiiii e 47
CHPTER THREE: Methodology and Models..........cccccovviiiivieene e, 50
O N | 01 (oo (8 [ox i [0 o N PRUPUPPPPTTRPRRRN 50
3.2 MethodolOogy.......coovviiiiie e 50
3.3 MEASUIEMENT.....coiiiiiiiii ettt n e 52
3.3.1 International GNSS ServiCe........cooooiiiiiiiiiiiic 54
3.3.2 Deriving foF2 from TEC.........coooiiii e e 55
3.3.3 The fOF2 from IR1......ooiiiiiii e 57
3.34 Regional MOdel..........cooooiiiiiii e 57
3.3.4.1 Polynomial REQIreSSION......ccoiviiiieieeeeii it 57
3.3.4.2  HyDId MOGEL....uueeiiiei e 59
3. 3. BMUF ESMALION. ...cciiiiiiiiiieeiiei e 62
3.3.5.1 MUF from VOACA ... eeee e 63

VIII



3.3.6 power CalCulation.............cooovuiiiii e 65

3.4 Concluding Remarks..........ccooouiiiiiiiiiieeen e 72
CHAPTER FOUR : Results & DISCUSSION............cciiiiiiiiiieneeeeeeeiiiceee e 74
4.1 INTRODUCTION. ... ..ottt eeeerer e e e e e e e e e e e e 74
4.2 Total electron density predictiQn..............cccovviiiiiieenee e 75
4.3 FOF2 PrediCtion........covveiiii e 80
4.4 MUF PrediCtion.........coouuiiiiieiceeeeece e 84
4. 6 Concluding ReMaArKS..........ccoeiiiiiiiiiiiiceie e eeee s 111
CHAPTER FIVE: Conclusion & Recommendations..............ccccuvveuueeee.. 114
St R O o ] o 111 [0 o PPN 114
5.2 RecoOmMmMENdatiONS.........uiiiiiiiieiiircr e eeeee e e 116
Reference eééeeceéeeceééeceeceéeéeeceéeéececlls

/////////////////////////



LIST OF TABLES

Tablel.1l Details the radio wave freQUENCY..........coevvvevviiiiicceeiiie e 3
Tablel-2: Summary of the main ionospheric layers..........ccccccveiieivceeeennn. 8
Tablel-3: Favorable and unfavorable ionospheric effects...........ccc......... 15

Table 21: Literature Review of HF lonospheric Propagation Madels......30

Table 22: Comparative Review of IRI Model.............cccooooiiiiicccen e 38
Table 23: Previous studies M OACAP Model............cccvveveiiiiiiiiieeeeeeeee 42
Table 24: Previous Studies of Gaussian Process Regression................: 45

Table 3-1: Date, start time, end time, and types of geomagnetic storms in

P10k ] 74 IO SOOI 53
Table 3-2: Solar cycle Sunspot number progression (SNN) and solar flux
(F10.7) monthly value during 2012...........coooeiiiiiiiiiieeiee e 67
Table4-1: Solar and Geomagnetic Data (2012)........cccoeeevveevivicmeenennnnnnn. 77
Table4-2: performance Comparison of ionospheric models................... 81

Table4-3: Comparison of HF Propagation Models (Hybrid, GPR, VOACAP)
................................................................................................................. 87

Table4-4: Effect of Frequency on Wave Propagation................c.c.vvuuee... 98



LIST OF FIGURES

Figurel-1: The primary zones of the ionospheric[8]............ccccceeviiivieeen.n. 6
Figurel-2: lonosphere structure on a midddditude [9]..........ccoevvviiiiiiiininns 7

Figure 1-3: An illustration of the ionization zones in the Earth's N
ionosphere[14 é .8

Figurel-4: Yearly solar CYCle[20]........coiiiiiiiiiiiiiiii e 12
Figurel-5: Geomagnetic storm DST value for a few selected months in 2012[29].
................................................................................................................. 16
Figure 21: Refraction in a stratified substance [3Q]..........ccccooeeeiiiiiieee..e. 25

Figure 22: Radio wave transmission across the ground, ionosphere, andl space
12 ] RS 26

Figure 23: Distribution of URSI/COSPAR Working Group Members on the
International Reference lonosphere by Reddd...........ccoovveiiiiiiiiiiieeen, 33

Figure 24: The six ionosonde stations' foF2 (a) and hmF2 (b) readings
throughout geomagnetic storm occurrences on November 3rd and 4th,2021.

Figure 25: Signal reliability coverage map using VOACAR....................40
Figure 27: TEC conversion geometry from slant to vertical [ZQ]............. a7

Figure3-1: A Hybrid Model for HF Communication Forecasting: Integrating
GNSSTEC, IRI, @nd GPR........ouiiiiiiiiie e emeeenannnnnes 52

Figure3-2: ISBA station information[74]........ccccoevvviiiiiiiiiiieeeeie e 55
Figure3-3: Comparison of foF2 from (TEC and IRI) for Selected Dates. 58
Figure3-4: solar flux F10.7 radio flux propagatian...............cccevvvvvieemnnnn. 66
Figure3-5: solar flux F10.7 radio flux propagation during 2012[2Q]......... 66

Figure3-6: Solar cycle Sunspot number progression during 2012..........67

Xl



Figure4-1: Total Electron Content (TEC) variation over 366 Days(2012) from

[RI-2020.... et rrrr e 75
Figure4-2: Total Electron Content (TEC) variation over specific Days in 2012
frOM IRI-2020.....cceee e rrne e e e 76
Figure4-3: Geomagnetic Activity Indices (Kp and Ap)........cccoevveevveevvinnnces 78
Figure4-4: Total electron content from (IGS and 1{R)20)............................9
Figure 4-5: Comparison of Measured foF2 and Predictions from IRI, GPR,
and Hybrid MOEIS.........cooveiiiiii e 82
Figure 4-6: Hourly Percentage Error in foF2 Predictions from IRI,
Polynomial, and Hybrid Models............coooeiiiiiieee e 33
Figure4-7. Comparison of MUF Paths where (a) 9 March, (b)24 April, (c) 1
October, (d) 9 October, and (e) 14 November........ccccceeiiiievieeeni e 86
Figure4-8 Comparison of MUF from IRI..........cccoooiiiiiiiiiieece e, 88
Figure4-9: Comparison of MUF from VOACAP...........ccccooririiiiiiiceenn. 89

Figure4-10: Electron density profile from IRl and Chapman models....... 92

Figure4-11: Comparison of IRIPredicted Electron Density Profiles at 10:00

AM and 6:00 PM UTC.......coiiiiiiiiiiiiiiiiiiiimmme e eeeeeeeeeeaseasmnne e e e e e e e e eeeees 92
Figure4-12: Electron Density Profile and Plasma Frequency Distribution in
the lonosphere over Baghdad..............coooviiiiiriiie e 93
Figure4-13: Total Collision Frequency on 9 March...........cccccooveeviviieee.. 95

Figure4-14: AppletonHartree Equation (Ref)) at frequency : (a) 10 MHz
ANA (D) I5MHZ.......oeeiieee e e 98

Figure4-15. Comparison between SNR and received power with data from (a)
without theeffect of Dregion absorption(b) with the effect of Dregion
absorptionand (c) VOACAP on 9 March 2012.............coovviiiiiiiiiienne e, 100

Figure4-16: Comparison between received power and SNR (a) widfifadt
of D-region absorptiojb) With effect of Dregion absorptionand (c)
VOACAP 0N 24 APHl 2012.....cooeeeiiiiiiiiiiiii i s eeeees 103



Figure4-17: Comparison between SNR and received power (a) witsftert
of D-region absorption(b) With effect of Dregion absorptionand (c)
VOACAP, ON 1 OCIODEE....c.u e e rem e e e e 105

Figure4-18: Comparison between SNR and received power (a) without the
effect of Dregion absorption(b) with the effect of Bregion absorptionand
(C) VOACAP, 0N 9 OCIODEY......ue it eeeee e e 107

Figure4-19: Comparison between received power and SNR (a) widfifat
of D-region absorption(b) with effect of Dregion absorptionand (c)
VOACAP, 0N 14 NOVEMDET.......cco et 109

Xl



Abbreviation

LIST OF ABBREVIATIONS

Full Term

AH
Ap
B
CCIR
D-layer
dB-Hz
dBW
Dst
E-layer
el/ms
F-layer
F10.7
fc
foE
foF1
foF2
FOT
fp

GNSS

AppletonHartree Equation
Planetary Amplitude Index
Geomagnetic Field Strength
Comite Consultatif International des Radiocommunicati
D-region of the lonosphere
DecibelHertz
DecibelWatt
Disturbance Storm Time Index
E-region of the lonosphere
Electrons per cubic meter
F-region of the lonosphere
Solar Radio Flux at 10.7 cm
Electron Collision Frequency
Critical Frequency of the-lyer
Critical Frequency of the Flhyer
Critical Frequency of the Fayer
Frequency of Optimum Traffic
Plasma Frequency

Global Navigation Satellite System

XV



GPR
GPS
HF
hmF1
hmF2
1G12
IGRF
IGS
IRI
kernel
Kp
layers
MLR
MSIS

MUF

Ne
NeQuick
NmF2
O-mode

Pr

RBF

Gaussian Process Regression
Global Positioning System
High Frequency
Peak Height of the Flayer
Peak Height of the Flayer
12-Month Geomagnetic Index
International Geomagnetic Reference Field
International GNSS Service
International Reference lonosphere
Covariance Function in GPR
Planetary Kindex
Number of Layers in DNN
Multiple Linear Regression
MassSpectrometer Incoherent Scatter Model
Maximum Usable Frequency
Refractive Index
Electron Density
lonospheric Electron Density Model
Maximum Electron Density of the Hayer
Ordinary Wave Mode
Received Power

Radial Base Function

XV



RMSE
Rz12
SNR
SZA
STEC
TEC
TECU
URSI
uTC
VTEC
VOACAP
X-mode
X_test
X_train
y_test

y_train

Root Mean Square Error
12-Month Solar Activity Index
Signatto-Noise Ratio
Solar Zenith Angle
Slant Total Electron Content
Total Electron Content
Total Electron Content Unit
International Union of Radio Science
Coordinated Universal Time
Vertical Total Electron Content
Voice of America Coverage Analysis Program
Extraordinary Wave Mode
Testing Data Input Features
Training Data Input Features
Testing Data Target Values
Training Data Target Values
Collision Frequency
Electron Cyclotron Angular Frequency

Plasma Angular Frequency

XVI



LIST OF SYMBOLS

Symbol Description
B Magnetic field strength
C Speed of Ilight in vacuun
e El ectron charge (1.602
f Wave frequency (MHz)
fc Electron gyrofrequency (cyclotron frequency) (MHz)
fp Plasma frequency (MHz)
FOT Frequency of Optimum Transmission (MHz)
h Altitude or height (km)
hmF2 Height of the Faayer peak (km)
k Wave number (k = 27 /
o Wavel ength (& = ¢ [ |1
MUF Maximum Usable Frequency (MHz)
m_e Electron mass (9.109 I
N Refractive index
N e Electron density (el/m3)
NmF2 Peak electron density in the F2 layer (el/m3 or 101 el/cm?3)
Pr Received Power (dBW)
SNR Signatto-Noise Ratio (dBHz)
TEC Tot al El ectron Content (T
TECU TEC Unit (1 TECU = 1017
WBHF Wideband HF
X Ratio of plasma frequency squared to wave frequency squared (X =f_|
Y Ratio of electron gyrofrequency to wave frequency (Y =f_c /1)
Y L Longitudinal component o]
YT Transverse component of
d Angle of wave propagation (elevation or zenith angle)
3

Electron collision frequency (Hz)

XVII



(@)

Electronneutral collision frequency (Hz)
Electronion collision frequency (Hz)
Angul ar frequency (¥ =
Angle between magnetic field and wave vector (propagation angle
Pi (mat hemati cal constar

Vacuum permittivity (8.8

XVIII



LIST OF PUBLICATIONS

] F.H. AliiH.A H A-behadi I i, N . J. Hadi , and
High Frequency Propagation Wave Through The lonosphere Based on IRI

ModelUsingRayT r aci ng T e ¢dma.l, ppusd85020%. o |

[2] Ali, F. H., Al-behadili, H. A. H., Hadi, N. J., & A.J. Stockéfemporal
Analysis of foF2 and MUF Variations over Irag Using 4820 during

geomagnetic stornas

XIX



CHAPTER ONE:
INTRODUCTION



CHAPTERONE INTRODUCTION

CHAPTER ONEINTRODUCTION

1.1Background

The ionosphere is one of the Earth's upper atmosphere's most important
layers, essential to many natural processes and technologicdlLlis&shigh
concentration of free ions and electrons characterizes the ionosphere, which
extends from roughly 60 to 1000 kilometgt$above the planet's surface. When
the sun's intense radiation ionizes atmospheric gas molecules, these charged
particles are producg]. The development of londistance 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 uniagiremical and physical
characteristig8]. The influence of the ionosphere extends beyond
communications. Geomagnetic storms and other intriguing phenomena are the
result of its interaction with Earth's magnetic f{dld 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 saentifi
knowledge is presented at the outset of the study. Al it describes its
different layers and the variables that affect their dynamics and formatien
last sectiondescribesthe relationships between Earth's magnetic field and

lonosphere beforloking 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
GHZ5]. These waves travel through space via oscillating electric and magnetic

fields and are produced by tirvarying electric currenf]

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 diffra over obstructions because of their
comparatively long wavelengths. Usually, oscillators are used to create them, and

antennas are used to both emit and receive[#]gth

1.2.2 Radio Frequency Spectrum

The radio frequency spectrum is defined by the International
Telecommunication Union (ITU) in the following bandg as shown in Table
1.1

Tablel.1: Details the radiavavefrequency

Band Name Frequency Range

VLF Very Low Frequencpgand (3i 30)kHz
LF Low FrequencyBand (301 300)kHz
MF Medium Frequencyand (300 3000kHz
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HF High Frequencyand (3 30)MHz
VHF Very High Frequencand (301 300) MHz
UHF Ultra-High Frequencyand (300 3000 MHz

Among these, theHF band is particularly crucial for longjstance
communication since the ionosphere may reflect its signals and send them back

to Earth, allowing for communication over horizdistant distancgg].

1.3 History of the lonosphere

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 ledigtance radio communicatidi6s.

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
atmosphen@]. These experiments enabled him to identify multiple ionospheric

layersk, F1, and F2nd for this groundbreaking discovery
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1.3.2 Appleton and Barnett Experiment
E. Appletonshowedthat transmissions may be picked up withounelof

sightanywhere on Earthy exploiting the reflection over an electrically charged
region of the atmosphdf[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 waveBhis region of Earth's outer
atmosphere, which begins at a height of roughly 60 km, contains components of
the mesosphere, exosphere, and thermogsjfieide ionosphere significantly
affects electromagnetic waves, especially those with frequency up to 300 MHz,
through refractive alteration and retardafgjn The International Reference
lonosphere (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 eaniifi
physical properties of the terrestrial ionosphere.

1.41onospheric 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

density3].
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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 inZigjlie ionospheric
layer is designated according to its maximum electron density, denoted by NmD,

NmE, NmF1, and NmF2, respectivigdy.

60°N

30°N

o
(o]

:
‘ g vl
Equatorla atitude N e

= ——— i‘—r}-—r e

30°s
Medium Ia&tﬁde L~/ p
60°S
o £
= iﬁ;-( /1-I|gh Iatltude £
=
1so° 120°vv 60° o° 60°E 120°E 180°W

Figurel-1: The primary zones of the ionosphésic

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 fofQ].

Photoionization and transport processes divide the ionosphere into three regions:
the D area (60 km), the E region (950 km), and the F region (150000
km)[1]. During the days shown in Fig-B, the F region is further separated into

the F1 region (15@®20 km) and the F2 region (22000 km)[10] .
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Figurel-2: lonosphere structure on a middiitude[9].

The Dlayer, |

ocated at the lowest altitudes, is primarily responsible for

signal absorption, especially at low and medium frequefidigsThe Elayer,

also called the KenneliyHeaviside layer, appears mainly during daytime and
occasionally exhibits sporadic behavior (ES), reflecting signals up to very high
frequenciefl]. Above these, the-Fegion plays the most crucial role in leng
distance HF communication, as it contains the highest electron densities and is

strongly controlled by solar activityhis region can be further divided into the

F1 and F2 layers,

determining MUF. Additionally, irregularities such as Spr€achn disrupt radio

links, particularly after sunset in equatorial regionBe characteristics of the

with the latter being the most variable and important for

ionospheric layers are summarized in Fgand Tablei12[3].
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Altitude

(approx.)

Figurel-3: ionospheic layer[12].

Table1-2: Summary of the main ionospheric layers

Electron
Density

Main Characteristics

Effect on Radio Waves

(N

D-layer | 6Gi 90 km Low - Lowest layer. - Absorbs/attenuates LF
- Two types: normal and and MF signals.
sporadic. - Effect decreases with

higher frequency.

E-layer | ~90/150km| ~ 1 O T T | - Present during the day. - Reflects signals up to
Controlled by solar zenith anglel 100 MHz.
and activity:- Sometimes shows | - Refracts radio waves
SporadieE (ESs). back to Earth.

- Some attenuation
effects.

F-layer | 150/600 km| Up to - Most important for long - Main region for HF

~10T7 j | distance HF.Splits into F1 and | reflection.
F2- Strongly influenced by solal - Determines MUF.
activity. - Strong day/night
variations.

Fl-layer | 150220km|~ 1 O T T | - Appears only during daytime. | - Supports daytime HF
Stronger in summer and communication.
ionospheric stormslonized - Disappears quickly afte
mainly by EUV. sunset.

F2-layer | 220/600 km| Up to - Most variable and critical. - Key layer for long

~1 07 | | Present day and nighShows distance HF.
equatorial anomaly around £209 - Defines foF2 and hmF2
dip latitude. - Correlates with sunspot
number.
SpreadF | Within F- Irregular | - Special disturbance inside F | - Causes HF signal
region (after region: Common in fading, disruption, and
sunset) equatorial/African longitudes. | scintillation.

Linked to atmospheric gravity

waves (AGWSs).

- Visible as spread echoe
on ionograms.
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1.4 Fundamental Parameter of The lonosphere

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 gf dad solar activity,
forming discrete layers referred to as the D, E, and F regions. The electron
density is usually maximum in the F2 lay&8].

1.4.2 Plasma Frequency (p): 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 denglig]:

£ — — (MHz) 1-1

where m is the electron mass, e is the elementary charger aisdthe

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

lonosphere.

1.4.3 The Critical Frequency of F2 Layer: The critical frequency of the F2
layer, the highest and densest layer of the ionosphere, i§ligFZhe
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 thpeak electron density (NmF2) in the F2 layer

determines foF2 in a direct proportion. The approximate formula is:
foF2=9x10°0 & '© (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 MUIS 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 betweenddt/F
foF2[16]:

- 5& ——  (MH2) 1-3

whered 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 dsincreasesand the transmission angle
becomes more horizontal, or a lower elevation angle from the transmitter.
1.4.5 lon Composition: A variety of positive ions and electrons make up the

lonosphere. As altitude changes, so do the dominating [(bfis For

10
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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 lon Temperatures {Te and Ti): lon and electron
temperatures can vary from one another as well as from the temperature of
the neutral g448]. 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 ene
squaremeter 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
systang19], TEC units (TECU), where 1 TECU = ¥®lectrons/m2, are

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

YOO | 0 Qi Qi 1-4

>v

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

11
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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
lonization processed.he 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 Ceie). Figure 14 illustrates the yearly variation

of the solar cycle.

200

Sunspot Number

(LD CLOORU OO AACURECCERERRREEERERRRREEELRRDOREEAARROR o eann

2010 2020 2030
Universal Time

1800 1900 “zooo R
| Il

-~ Monthly Values = — Smoothed Monthly Values = — Predicted Values
== Predicted Range
Space Weather Prediction Center

Figurel-4: Yearly solar cyclg0].

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, longterm EUV and Xray data are needed. According to Dabas et

12
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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 activit{15]. lonospheric measurements like total electron content
(TEC) and foF2 show saturation effects when solar activity is higlearlier
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-tengm sunspot number
measurement¥12, 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 indidesugh a
direct comparison of ionospheric data and a solar indexXOif@ndex (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 helif@phere

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 MMEsThey lead to
geomagnetic storms by disrupting Earth's magnetic field lines. Intense solar
activity can occasionally produce a highergy solar wind stream that strikes

Earth's magnetic fieldThis leads to geomagnetic storms that affect HF radio

13
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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 stf2&gtAmong
the phenomena associated with the solar wind and-dnghgy particles,
geomagnetic storms are arguably the most signifiCEmty 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 stegray¢h
Because they depict different facets of geomagnetic storms, their approaches
vary. Variations in electron conceation across a broad altitude range of around
200 km to 8001000 km are frequently the manifestation of an ionospheric storm
in the F2 layd6]. The behavior of TEC also reveals the main characteristics of
these stormsas observed from the satellti@ground radio wave transmission.
When observed from grourithsed 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 Tab[@1].

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-gicem activity (large storms are rarely

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

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

as longterm decreases in NmF2 and the TEC during the storm main phase,

14
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particularly at midlatitudeq428]. The night sector and the magnetic pole's
longitude exhibit the highest wind response. Increased ion-iddaged

dissipation on the dayside is the reason for this preference for the nighf2édctor

Table1-3: Favorable and unfavorable ionospheric effects

Category Effect Description

Favorable Effects 1 Tracking ionospheric disruptions that produce advantageous storm impacts
I advantages brought about by a modification in the thermosphere wind‘sdatge
circulation.

1 Equatorward displacement of the auroral ionization ring leading to three ber

Unfavorable 1 Disruption of the neutral gas composition.

Effects 1 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 iderfyi the start, intensity, and various phases of a geomagnetic
storm. Fig. 1-5 illustrates the Geomagnetic stor(iST) values for a specific

month in 2012.
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1.6 Problem Statement

Despite the critical role of higirequency (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 changesmospheric electron density,
leading to unpredictable variations in key propagation parameters, such as the
critical frequency (foF2) and thmaximum usable frequency (MUF). In regions
like Iraq, where groundbased ionospheric monitoring maktructure (e.g.,
lonosondes) is absent, there is a lack of-tiea¢ data to support reliable HF
frequency management. This limits the ability to predict signhal degradation or
optimize frequency selection during storms. Therefore, there is a pressthg nee
to develop a comprehensive, physi@sed ionospheric assessment framework to
enable more accurate prediction of signal behavior during geomagnetic storms

and support robust communication planning in ggtarse 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 lraq and
other parts of the Middle East. By leveraging GN&S®ived Total Electron
Content (TEC) as a proXgr reakttime ionospheric sensing.

The integration of physical modeiacluding the International Reference

lonosphere (IRI), the MSIS model for neutral atmosphere, and the IGRF model
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for Eart hos, enatdeg awmprebendive assessment of ionospheric
behavior during geomagnetic storms. This raltodel approach allows for the
accurate computation of critical parameters such as the critical frequency (foF2),
collision frequencies, and the refractive emdusing the Appletoiartree
equation, offering a deeper understanding of HF wave propagation under

disturbed conditions.

1.8 Motivation

1 The lonosphere is Criticalctingas a natural mirror for londistance HF
radio communication.

T 1tdés Hi g hnotyStableChamgas constantly due to solar activity,
geomagnetic storms, and atmospheric conditions, sudden electron density
spikes Y signal absorption Y HF 1| in

1 Iraghasno ReaiTime Monitoring noionosondes, and cannot observe or
predict space weather impacts in real time.

1 lonospheric conditions critically affect HF radio wave propagation,
especially during geomagnetic storms.

1 There is a pressing need for an improved predictive model using advanced
data sources and Al techniques.

1 Ultimate Goal:

- Strengthen HF communication reliability.

18
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- Combine reatime GNSS observations withmodels: IRI
(lonosphere)MSIS (ThermospherggndIGRF (Geomagnetism)
- Build accurate, wo-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 en high
frequency (HF) radio wave propagation during geomagnetic storms, with a
specific focus on Baghdad, Iraq, whichacks direct ionospheric monitoring
infrastructure.
This aim is achieved by integrating medtource 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 deriveTEC fromGNSS observationgsing data from the IGS station
ISBA in Baghdad, and to analyze its temporal and spatial variations during
selected geomagnetically disturbed ddysng 2012

2. To estimatefoF2 from GNSSTEC data in the absence of ionosonde

measurements.
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3. To compute MUF using the IRl model and elevation angle considerations,
and to assess the upper limit for successful skywave communication.

4. To model Dlayer absorption by calculating electroautral collision
frequencies using the MSIS (NRLMSISB) atmospheric model, and to
evaluate its effect on HF signal attenuation during daytime hours.

5. To account for the Earth's magnetic field's effactwave propagation by
utilizing IGRF model to compute the cyclotron frequency and integrate it
into the AppletorHartree equation for refractive index calculation.

6. To compute the refractive index (n) using the full Applektartree
formulation within the HF link budget framework, based on IRl 2020
model outputs, and to analyze the propagation characteristics of HF waves
at different frequencies (e.g., 10 MHz and 151 under modeled
lonospheric conditions

7. To evaluate HF communication performance by calculating received
power (Pr) and signdb-noise ratio (SNR) using propagation modeling,
and to compare results with and withoutdyer absorption.

8. To validate the model outputs through physical consistency checks and
comparative analysis with standard tools suchVage of America
Coverage Analysis PrografdOACAP), and to provide recommendations
for Frequency of Optimum TransmissidirOT) 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 Backgrouttds 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 Methodologyhis chapter details the data sources
and analytical framework used in the study.

Chapter 4: Results and Discussipthis chapter discusses the achieved
charts from the comparison between observed and predicted results.

Chapter 5: Conclusions and Recommendatiptisis 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, londistance wireless communication has relied on the
complicated but basic natural occurrence of HF waves propagating through the
lonosphere. In order for signals to reach far beyond the line of sight, this process
depends on the ionospleés 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[3}stems
HF propagatiorwaveis studied using physical and mathematical models that
mimic the ionosphere's dynamic characteristics. The Chapman model, one of the
most weltknown of them, offers a theoretical framework for comprehending the
distribution of electron densities insidesttonospheric layej24]. Using the IRI
model is also typical A thorough and precise description of important
lonospheric properties, like electron density, is provided by this empirical model,
which combines data from satellites and grebaded observatories.

2.2 COMMUNICATIONS THROUGH THE IONOSPHERE

The ionosphere acts as a tiaad frequencydispersive medium in the HF

region; therefore, it has been widely studied. Té@osondeis a transmitter

operating across the HF range with vertical polarizatioe main tool used to
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characterize the ionosphere as a communication chi@jeRefraction occurs

due to variations in electron density, as shown in Figtkte\®hen a radio wave

passes through the ionosphere, free electrons oscillate aadiage energy,
changing t he wav|@]6lkthefreqoepcs ig aot toochigh, thep e e d
refracted wave bends back toward the Edrtlthe absence of the geomagnetic

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

the incident wave, and thus theresliated waves would maintain the same

pol arization as the ori gi niafieldmodiies al . |
the electronsd trajectories, resul tir
lonospheric layer can be modeled as a series of thin, homogeneedayesh

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 Figurel2 The refraction at each sidyer

boundary can be explainedByn e | |[f0s | aw
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Figure 21: Refraction in a stratified substan@g].
I OBT 1T OBT E 1 ORI 2-1
Therefore, a ray that enters the ionosphere at angle of incidénad! be
reflected at a height where ionization is so great that n has the value
I OBl 2-2
In the event where the Earth's magnetic field is not taken into considgation

the ionosphere refractive index n is determined by
T p - 2-3
where'Q, the plasma frequency, is proportional to the square root of the

electron concentration, and f is the wave frequiBitjy

2.3 HF PROPAGATION MODE
Many data transmission systems operating in the HF range utikitz 3

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 conditiong33]. After decades of serving the demand for dowst,
infrastructurefree, longdistance communication, HF radio has recently regained
attention due to the emergence of the Wideband HF (WBHF) technology, which
enables significantly higher data rd84. As illustrated in Figure 2, radio
waves can propagate through several distinct mechanisms, each governed by
different physical principles. These modes are generally classified as follows
[35]:

1 Ground (Surface) waves

1 Space (Tropospheric) waves

1 Sky (lonospheric) waves.

Communication satellite

Space wave
lonosphere

e e

Los

Ground wave

/,—\V

Sky wave

Earth

Figure2-2: Radio wave transmission across the ground, ionosphere, anfl 2pjce
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Three unique propagation mechanisms can be distinguished between 2 MHz and
30 MHz:
1 Line Of Sight (LOS) propagation happens when stations can see one
another directly.
9 Radio waves need ground wave propagation to move over the surface of
the Earth.
1 As skywaves propagate, ionosphdexived signals are reflected.
Medium and HF have special and distinct characteristics in this rstakoons
on opposite sides of thEarth can communicate with each other across the
horizondueto skywave propagatidB0]. 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 bothishmort
and longterm projection$8].
1 Long-term prediction Models examine the ionosphere's monthly average
properties. They aid in loagerm forecasting of broad trends and

circumstances pertaining to radio communication.
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1 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 theonosphere, which is impacted by solar activity. Two
important instances of this are the ionospheric index and the sunspot number
index .
2.4.1Indices used forprediction
In order to define the link between solar activity and ionospheric
characteristics, indices were developed in response to the necessity for
accurate HF forecd8{[36].

1. Solar Cycles The Solar Cycle represents an approximatelyyddr
periodic variation in the Sunodés ma
minimum and maximum phagd83]. 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 1@onth smoothed sunspot number, used as an

indicator of longterm solar activitj38]. 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) radiation38]. Therefore, it is widely used as a proxy for estimating
lonospheric ionization levels and predicting variations in HF radio

propagation.

2.5 IONOSPHERIC MODELS

Any HF communication prediction system must have a solid eledian
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
, humerous electredensiy profiles, including both sheterm and longerm 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 simpls basic and sophisticated models, acc
ording to Davies (199(1)]. Largescale ionospheric data are used to build empir
ical models, which are essential to many ionospheric prediction sy3&nien
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 dgr$itizither 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 malels, while the fundamental methodology is edtiaen. Table 21 shows

a literature revievof HF lonospheric Propagation Models

Table2-1: Literature Reviewof HF lonospheric Propagation Models

Year Author(s) Reference Region/Focus Model/Method Key Findings
Used
Jones & Stephenso 3D Ray Tracing Developed the fundamental
( Hami | t o Hamiltonian formalism for
equations) ionospheric ray tracing;
foundation for all later 3D
models.
2004 | Reinisch and Bilitza) [41] Global IRI Most widely used reference
2004 model for estimating NmF2
and hmF2.
20 1| Aetal 2011 [42] Japan (Wakkanai| Empirical Model ed foF2
Kokubuniji, Orthogonal reflects solar cycle, higher
Yamagawa Function (EOF) order coefficients capture
ionosondes) analysis seasonal/irregular variations;
missing data reconstructed.
2021 | Lietal. 2021 [43] China DNN for Used deep learning for stosrr
foF2/MUF time predictions; achieved
significant accuracy
improvements over empirica
models.
2022 | Tang et al. 2022 [44] Low Latitudes Data Assimilation | Improved representation of
(GNSS TEC + the equatorial ionosphere;
IRI) showed the importance of
GNSS TEC assimilation.
2 0 2| Lakshatha et al. [45] India NeQuick Highlighted need to calibrate
2022 validation NeQuick with local GNSS
data.
2024 |1 1 i jevi I ,|[46] Middle East Hybrid IRI + Adapted HF prediction to
and Todor GNSS TEC Irag/Middle East where
Drakul 2024 ionosondes are absent;
improved storrtime
accuracy.
2 0 2| Deng et al. 2025 [47] Asian dat: Gaussian Process| GPR provided accurate foF2
Regression (GPR)| 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 mddél

Agbp U AgbU 2-4

u —— 2-5

Where is the electron density at heigt#electrons/cm3)) is the maximurrel
ectron density at the peak heigd(electrons/cm3)Qs the height at which the
density is calculated (kmQis the peak height of the layer (kiQis the scale h
eight determining the vertical thickness of the layer (km), and a
dimensionlesparametes.
2.5.2 International Reference lonosphere
2.5.2.1 Overview of IRI

The International Reference lonosphere supported by the
International Union of Radio Science (URSI) and the Committee on Space
Research (COSPARa commonly used standard for characterizing ionosphere
properties, on a global scdli8]. IRl has the benefit of being an empirical model,
which eliminates the need for a theoretical comprehension of the mechanisms
generating the evaathanging ionospheric plasrf#8]. Unlike theoretical models,

the IRl integrates accepted scientific data without relying on theoretical

31



CHAPTERTWO LITERATURE REVIEW
AND THEORETICAL BACKGROUND

presumptionsto function as a helpful referend®]. IRl provides monthly
averages of the electron densgge 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 mon{i7].

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 pi8jeOver the years, the IRI
Working Group has expanded to 58 expess shown in Fig2-3, offering a
global presence anghlanced representation of the various satellite and ground
methods used to collect ionospheric data. The IRl project has benefited
technically and globally from this extensive coverage since it has made it easier

to obtain all significant ionosphere ground and space daticeéts
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IRI Working Group Members
Figure2-3: Distribution of URSI/COSPAR Working Group Members on the International

Reference lonosphere by Regi60].
2.5.2.2 Modren IRI Versions

1 IRI-2007 Introduced improved topside electron density models and updated

ionosonde data assimilation.

1 IRI-2012 Enhanced bottomside profiles and incorporated extended satellite

measurements for better accuracy.

1 IRI-2016 Added refined foF2 and hmF2 mapping and improved

representation of stortime behavior.

1 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
IRl model under different geophysical conditions, providing valuable insights for
improving its accuracy and applicatidrable 22 showsComparative Review of
IRl Model. Thefollowing are some of the key previous studies:
In this paper [51], evaluated the accuracy of the {R)16 ionosphere prediction
of foF2 values with the actual values during the 1989 geomagnetic storms at
various latitudes. Depending on the variations in magnetic activity, th20Ea
model's performance changed from sea® season. computed the percentage
deviations and root mean square errors (RMSE) between t&01l estimated
foF2 values and the values obtaineddryosondeduring disturbed periods. The
scientists discovered that during times of geomagnetically disturbed conditions,
the IRF2016 foF2 projections differ considerably from those recorded by
lonosonde stations. The biggest variations occur at high latitudesthand
variation fluctuates with the seasons and latitudes. There were the smallest
variations during the June period and the biggest percentage deviations during the
December periad

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 2(Rl6and their spatial

variation. Because of the intricate nature of magedtmasma 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 veations 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 rtwodel
improve the reliability of higHrequency communications during blackouts
during times of strong geomagnetic storms. The study found that there is a poor
correlation (a notinear relationship) between the observed and forecasted MUF
values during strongtorms. The MUF values rise more during the day #tan
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 IRF2020 model during strong geomagnetic storms in the region of Northeast
Asia. investigated theertical TEC data and the hmF2 and foF2 measurements

from six Japanese and Korean stations. Additionally, the2(RD 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-Z. The model reliably determined that positive
lonospheric 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 storrBamilarly, it predicted a lower electron
density during negative storms than during calm days, but it was unable to capture
the peaks of abrupt shifts thateesble waves. The model calculated coordinated
values for both positive and negative storms for hmF2 valuesdR2land IR1

2001 both performed better for negatsterms 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 facktJsing 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\Wglafar lower
relative error and root mean square error values than current IRl models, the
suggested model exhibits more accuracy. This model is dauh&bol for HF
communication design and ionospheric studies because of its accuracy and

simplicity.
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Figure2-4: 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 Irag. 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. Theuttss 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, suggestitcate
ionospheric reactions. These observations are essential for improving the region's
satellitebased navigation and communication systems' dependability during

geomagnetic disruptions.

37



CHAPTERTWO LITERATURE REVIEW

AND THEORETICAL BACKGROUND

In this paper [55] The accuracy of the IRR020 model in forecasting
lonospheric parameters such as foF2 and MUF is assessed in this study using data
from several global ionosonde stations. Consistent overestimations, lecation
dependent accuracy, and the impact of solaviictire detected, highlighting the

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

communication applications

Table2-2: Comparative Review of IRl Model

Reference ‘ Model Used Main Focus Methodology Key Findings
Timogin et al., IRI-2016 | foF2 accuracy RMSE & % Seasonal and latituekpecific
2018 during 1989 stormg deviation vs variations made IRR016 less
ionosonde accurate in disturbed situations.
Fagre et al., 2019 | IRI-2016 + | HF ray path and Numerical ray notable regional variations
Ray Tracing | reflection height tracing in spherical | brought on by the model's
coordinates parameters (refractive index,
electron density)
Al-Shallal & Al - IRI-2016 | MUF reliability Comparison of Low correlation, nonlinear
Ubaidi, 2020 during storms observed vs. model| relationship; ionization and
MUF temperature have an impact on
MUF
Kim & Kwak, IRI-2020, | IRl model foF2, hmF2, vTEC | IRI-2020 displayed patterns but
2024 IRI-2001, | validation in NE analysis using failed to provide absolute value:
IRI-COR2 | Asia storms GNSS & CORZ2 for negative storms and
ionosondes IRI-2001 for positive storms
Height, 2024 Custom Estimation of Regression using | The suggested model performe
Linear hmF2 using East Asia ionosondq better than IRl models and was
Model vs IRl | M(3000)F2 data easier to use for HF planning.
Ubaidi et al., 2024 | Empirical + | TEC variations Analysis of TEC vs.| Strong link between TEC and
USTEC Data| during major Dst index DST,; intricate reactions during
storms over Iraq extended daylight storms
Seba & Poedts, IRI-2020 | Global accuracy of| Comparison using | IRI-2020 overestimation;
2025 foF2 and multi-site ionosondg location and solar activity affect
MUF(3000)F2 data
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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 madegible by this essential tool for radio
engineers and communicatf®&8]. In order to predict the strength and quality of
the signal at a receiving site, the computer models the intrredéd&onship
between HF waves and the Earth's ionospHen@pagation 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. Usersan learn whether a link is viable and, if so, at what frequencies
and times from the program's outfsnt]. For example, Fig-5 shown signal
reliability coverage map from VOACAP on 9 March, 2012 with SSN 110 and

400 Watts.
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TX: LM23FD (33.16N, 44.44E) e Mar, 12 UTC, SSN:110, 18.1 MHz e 400 W, Mode: CW
TX Ant: D6OM.ANT, -1.0°, RX Ants: D60M.ANT. Noise: -153 dBW
Made in www.voacap.com, 2025-08-12

Figure2-5: Signal reliability coverage map using VOACAP

The projections of VOACAP are based smrveralcrucial factors:

1 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 83

1 Frequency of Optimum Transmission The frequency that offers the
most dependable communication is the F&EYT. 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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1 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.

1 Signakto-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 arga®wvn inTable 23 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], theylooked at how solar activity affected the MUF
parameter. In order to determine the MUF values for Baghdad and other receiving
stations throughout Irag, they used the international VOACAP model with the
monthly observed sunspot numbers for the years 200®@h0. 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

41



CHAPTERTWO LITERATURE REVIEW
AND THEORETICAL BACKGROUND

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 isequal, and the VOACAP model consistently predicts greater foF2

values than the IR2012 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 byaitif novel approaches.

In this paper [58], compared the outcomes of the VOACAP model with
the MUF forecasts of a new machine learAaged model. The findings
demonstrated the greater prediction accuracy of the machine learning model,
highlighting the shortcomings of traditional approaches anistéring the case

for their advancement

Table2-3: Previous studiesf VOACAP Model

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

Hadi & Aziz | 2012| Iraqi Baghdad &| VOACAP A MUF st r on Monthly averages only

[52] other stations (MUF by solar activity limited stormtime
(sunspot numberg prediction) |A Stronger analysis
2000 vs 2010) (high activity) vs 2010
(low activity)

42



CHAPTERTWO LITERATURE REVIEW
AND THEORETICAL BACKGROUND
Mohammed | 2016 | Iraqi Baghdad, VOACAPvs |AAccur acy i|Both models show
[53] Mosul, Basra IRI-2012 spring/summer, seasonal/diurnal errors
(high solar decreases in winter/fall | sunrise critical hours
activity) AVOACAP ¢ o] weakly captured
predicts higher foF2 tha
IRI
Mudzingwa | 2018 | Global review VOACAP& |A VOACAP s { Recognized limitations
& Chawanda other HF used in storm prediction, nee(
[54] predicion |A Resear ¢ h | Alldatadriven models
methods to advanced/nove
approaches
Ezzat & Hadi | 2024 | Solar cycle 24 VOACAP& |A Pol ynomi g Requires calibration
[55] (2009 min vs ASAPS (BUF, | (3rd-order) captureg focused more on long
2014 max) HPF,OWF (corr el at i on|term indices than real
multiple HF links indices) statistical consistenc) time storms
with observations
Zhigang et al. | 2025 | Globali MUF VOACAPvs |A ML model Shows VOACA
[51] prediction Machine outperforms VOACAP | adaptability to storm
Learning Hi ghl i g h-] time variability
model based enhancement
Mousa & 2025 | Mid-latitudes VOACAPvs |AASAPS best|Major
Hadi [56] (Athens, Pt. ASAPS vs | accuracy) underperformance o
Arguello, Jeju)i IRI-2020 A 12620 moderate VOACAP in storm
geomagnetic (&a22%) conditions
storms AVOACAP wor
failed to capture storm
MUF changes

2.6 GAUSSIAN PROCESS REGRESSION (GPR)

One of the most flexible, neparametrianodels isthe Gaussian Process
Regression (GPR), modeWhich captures nchnear temporal data via a
probabilistic framework built upon a mean and kernel function, and covariance
function61]. 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 piescess

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

behavior and provide uncertainty bouf&y. For examplein this papef61],

theyused 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 volatilii mi ,[| a8l o showed th
has a good capability to capture the

GPR to esttiimemtree giear al l onospheric del

2.6.1 The Role of the Kernel Function

The kernel function KkK(x, xNj I's a |
relationship between different poinihe choice of kernel determines how well

the model generalizes to unseen fith Some common kernel functions are:

1 Radial Basis Function (RBF) (Gaussian Kerje2l):
Edw Aob— 2-6

- Smooth and widely used.
- Controls how much influence nearby points have on each other.
1 Linear Kernel:
Eadp OO0 2-7
- Assumes a linear relationship.

9 Periodic Kernel:
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Eaw A@b
- 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 GPRwhich determines the shape of prior and posterior of the model,

andl is thelengthscalg64].

2.6.2 Literature Review

Several studies have investigated the performance and limitations of

Gaussian Process Regressaanllustrated in Table-2.

Table2-4: Previous Studiesf@saussian Process Regression

Goal / What was
Modeled

Data / Region

Key Outcomes

Nonlinear dynamic
systems modeling using
Gaussian processes:
Predicting ionospheric
total electron content

Estimate vertical
TEC using GP vs
Neural Networks

GPS duafrequency datal

from Sutherland, South
Africa

GP had advantages: fewer fr

parameters; model give
uncertainty estimates; bett
interpretability; superior

performance over neural nets

over South Africd65] that data/region.
Machine learning Forecast GNSS | Data fromasingle GPR provided promising result:
algorithm to forecast ionospheric time | station in Bengaluru, better than ARMA and

ionospheric time delays

delays

India, over 8 years

comparable / better than ANN i

using GNSS (20092016) some periods; good accuracy
observation$66] the lowlatitude region.
lonospheric TEC Forecast daily GNSS TEC data from 2 | GPR  outperformed  multiple

forecasting using GPR
& MLR in Turkey

TEC values

stations in Turkey (2015
2017)

linear regression for -2 days
ahead forecasts; better precisi

(2020)[67] in forecasting daily TEC.
DoubleDifference Interpolation of Strongbaseline/network | Showed that GPR interpolatio
lonospheric ionospheric delay| GNSS stations; using using those additional input

Interpolation based on
Gaussian Process
Regression

[68]

under long
baseline GNSS
network

geographic and subsola
point features itheinput
kernel

improves delay estimation undt
baselines where direc
differences (double difference:
are weak; better interpolatio
performance.

Gauss process
regression for redime
ionospheric delay
estimation from GNSS
observations

[69]

Nearreattime
regional
ionospheric delay
model using GPR

GNSS observations fron
permanent stations;
regional model (likely in
Europe / Asia)

The GPR method achieved TE
accuracy around =2 TECu;

works efficiently with irregular
piercepoints, useful for real
time/neasreattime applications.
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2.7 TOTAL ELECTRON CONTENT

High-precision, continuous GNSS data is provided by the internationally
renowned International GNSS Service (IGH)]. The IGS, which was founded
in 1994 as a result of cooperation between worldwide scientific and research
organizations, runs a global network of hundredgogfnotch continuously
operational GNSS monitoring stations. Reale and posprocessed 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 precisionand dependability, they are a vital tool for determining important
lonospheric characteristics like the TEQ]. Eq. (2-9) and @-10) represent the
basic trigonometric relationship under a plgaeallel ionospheric
approximation, which is valid only for high satellite elevation angles. However,
the IGS employs the more realistic spherical geometry moddgREdL), which
accounts for the Earthdéds curvature an

signals through the ionosphere.

0 YOO8 i "YQdE 6 2-9
i "YO6— 2-10
i YOO 2-11
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wheresTECIs the total number of electrons along the slanted path between a
GPS satellite and a ground receiwefEC is te total number of electrons in a
column of the i1 onosphere per square me
surface up to the top of the ionosphere (typically ~1000 ke® Fig.2/ show

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

the pierce point height (25800 km), RE is the Earth radius (RE=6371), and x is

the satellite zenith angle, wdh 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-pth that the slant TEC is measured along is

known as the pierce point.

Thirn shell

Figure2-6: TEC conversion geometry from slant to vertiigd].

2.8 RESEARCH GAP

Iraq Lacks Infrastructure for Observation

1 No ionospheric monitoring stations on the ground or ionosondes.
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1 Reattime data for HF frequency management is lacking.
Excessive Dependence on Global/Empirical Frameworks
9 Global datasets serve as the foundation for models like NeQuick and IRI.
9 Local ionospheric phenomena over Iraq are not well captured by them,
particularly during geomagnetic storms.
Not Enough Research on Localized HF Propagation
1 Most investigations on the effects of HF storms are carried out in North
America or Europe.

9 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 suofraand the
propagation factov(3000. However, in Iraq no operational ionosonde network
Is available, which imposes a major limitation for direct observational [thjput
To overcome this challenge, the required ionospheric parameters have been
derived indirectly from GPS measurements of TEC. The use of T&ESallows
for the estimation of the ionospheric electron density profile and, consequently,
the derivation of crital frequencies and maximum usable frequencies (MUF)

[71].

3.2Methodology

This study focuses on calculating foF2, which is a key factor in ionospheric
radio propagation over lraq. The foF2 values were derived from TEC and
combined with empirical models to enhance the ionospheric representation. Then,
the MUF and FOT were calcuéd 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 TE&o-foF2 converted values. The overall workflow of the proposed
methodology is shown in Fi§-1.

Several reference models were integrated to construct a realistic physical
model: the IRl model for electron density, the MSIS model for neutral
at mospheric composition, and the | GRF
This integration enabled the comptibn of the refractive index using the
Appletori Hartree equation and allowed for the simulation of HF wave

propagation while considering ionospheric absorption effects on received power.
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IRI-2020 Model

Y
GNSS .
[(Glabal Navigation Satellite System)j (Peak —— hszj

\ l

(Tmal Electron Content (TEC)J Gng?SE%HXEI:gWthJ

N,

( NmF2 Estimation
N

mF2 = (0.9 / h_eff) x TEC x 101}

Critical Freguency foF2 Polynomial Regression Gaussian Process Regression (GPR)
foF2 = sqri(NmF2 [ 1.24)<101} Input: day, hour, year Input: day, hour, year

foF2 from Models

MUF =foF2 / cos(8) (Model Output)

N

[Comparison of Maximum Usable Frequency (MUF))

[Maximum Usable Frequency (MU F)) (VOACAP MUF)

[HF Link Budget Analysisj

LN

(Power Receiver (Sr}] [Signal—to—N oise Ratio (SN R}j

Figure0-1: 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 wavesliraqgi territory due tas situated at intermediate
geomagnetic latitudeand longitudeapproximately 29°N to 37°N (Latitudend

from 38°E to 48°E (Longitude), placing it in a transition zone between equatorial
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and midlatitude ionospheric behaviorhis makes it sensitive to both equatorial
plasma instabilities and midtitude disturbances, offering a rich environment to
analyze complex ionospheric phenomena such as spreackgularities, and
stormtime effects.

The approach taken is based two widely recognized and scientifically
validated modelsthe International Reference lonosphere-2820 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 IRR020 model.While IRI provides detailed ionospheric
structure, VOACAP is specifically designed to predict HF radio signal
propagation pathsA specific period in 2012 which includes the 9th of March,
24th of April, 1st, 9th of October, and 14th of Novemlbese days were
spedfically chosen due to the occurrence of strong geomagnetic storms,
providing an ideal opportunity to study their effects on the magnetosphere and
lonospherethe data, time and type of this geomagnetic s{@gmare illustrate
in Table 31. 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 cheur intervals, allowing for the capture of the daily

cycles of the ionospherarameters.

TableO-1: Date, start time, end time, and types of geomagnetic storms ifi72012

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
dedicatedplays 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 contentvTEC) over the selected days that were
significantly affected by geomagnetic stormibe IGS routinely processes dual
frequency GNSS data from its global network of stations to derive ionospheric
parameters, including boteTEC andvTEC valuesas shown in Fi@-7 in
Chapter 473]. These computations are performed automatically within the IGS
analysis centers using precise satellite orbits and clock correc@ibparticular
relevance to this study, within the city of Baghdseke Fig.2, only one
operational IGS station (ISBA)s 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.

FigureO-2: ISBA station informatiofv4].

3.3.2 Deriving foF2 from TEC

ISBAOOIRQ

Latitude, Longitude: 33.341, 44.438
Elevation: 72.4 m
Country/Region: Palestine Street, Iraq

Last Data Available: m

Receiver: TRIMBLE NETRS
Antenna: TRM57971.00
Satellite System: GPS+GLO

Station Info

Iran

It should benoted that the foF2 values used in this work are derived
estimates, acquired indirectly througBNSS 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 parameteush as foF2,
GNSSbased techniques offer a viable and generally accepted alternative in the
absence offroundbased 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 employedn 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 stbEGs
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 (Nf#=2) The
following formula is used to estimate the peak electron density NmF2 from TEC

values:

8

0a© Z"'YOép 3-1
Where NmF2 for peak electron den§ity], TEC stands for total electron content,
andhes is the effective height 0 . 7 * h mF 2 , heightof the FQ layara k
taken from IR12020.When taking real value with modeling value becomes proxy

measured valu€ollowing the acquisition of NmF2, foF2 is calculated uibg

[60]:

£l &c¢ — (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,
butbecausds traditionalapproachs based on empirical climatological averages,
it might not account for sheterm fluctuations, particularly during geomagnetic
storms. To give a climatological baseline for ionospheric conditions above
Baghdad, foF2 was retrieved using the-BRR20 model as depicted ifrig.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 NovemberTl#k IRI model accous 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 techififfijehat aims

to represent the neimear 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 coefficient§/7].
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Figure0-3: 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 (tay) and the Hour of the Dayn{t,).

E

BCpii ol B P Bén g e Qav @i OéE (MHz) 3-3
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Where fFpolyi s t he predicted value ofisf oF2
the modelcoefficients that are estimated from the data agdti. is the
independentime variables (day and hour).
The coefficientsff) were determined using the least squares regression method,
implemented in the Python programming environrf@tjt Polynomial terms of
tqay andthour Up to the fifth order were generated using the PolynomialFeatures
function from the scikit-learn library to construct the design matrix.
Subsequently, the LinearRegressabgorithm was applied to fit the model to the
observed foF2 values. This procedure automatically estimates the optimal
coefficients (Db) by minimizing the s
measured and the predicted foF2 values, ensuring the besticiahfit of the
polynomial surface to the iaspheric data.
3.3.4.2 Hybrid Model

The hybrid model combines the strengths of both models. It uses
Polynomial Regressioto model the repetitive and regular pattern (the general

trend) andsPRto 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

59



CHAPTERTHREE Methodology and Models

approximation and forecastif§2]. 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

estimatiof63]. Prediction of the Mean of a GPR Model can be expressed by :
ARcQ E + K (MHz) 3-4

Where fF,(t:) is the predicted value of foF2 at a new time pbirk is the vector
of covarianceébetween the new test poiatand all training points, K: matrigf
the covariance for all training point®niseis the noise variance,is the vector

of foF2 values from the training datahile | is the identity matrix.

GPR model was implemented in the Python programming environment using the
GaussianProcessRegressor function fronsthiat-learnlibrary. 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 ofoF2and 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 tramgi dataset. Once the model
was trained on the observém2 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 predicte&2f and the

associated uncertainty at each new input.

60



CHAPTERTHREE Methodology and Models

The modeling process proceeds in the following steps:

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

obtain an initial prediction:
£ oTTUlTTTEATI 8 AMH2AOOET 135

9 Atfter that, the residuals are calculated by subtracting the initial prediction

[78]from the actual values:

A ARG ARG (MHz) 3-6

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

variances

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

results of the two parts:

ARG ARG A (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 mé&jod

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

2-3% -B && & & 3-8
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WhereN is the quantity of data pointgF, derivedis each dataoint's iderived
frequency valugand fF.predicteds the predicted frequency value for each data

pointi.

3.3.5 MUF Estimation

To extend the analysis of critical frequency fgs2dictions, the MUF is
defined as the highest radio frequency that can be used for transmission between
two points via ionospheric reflectif8]. CalculateMUF to :

1 avoid using frequencies too high that would pass through the ionosphere
without reflection.

1 maximize communication range and reliability.

1 Helps operators choose the best frequency for HF radia links

MUF depends primarily on the folghd the wave's incidence angle. In this
thesis the MUF was estimated for multiple Iragi provinces relative to
BaghdagR5]. This section describes the procedures used to compute MUF values
from predicted and measured fqQF2onsidering geographic distances and

elevation angles.

To compute the ground distance between Baghdad and each province, the
Haversine formula was employ&fl. This formula calculates the distance

between two points on the Earth's surface:
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W_ 1Lnon 3-10
O i QeE—  OEéel wée | QE— 3-11
Q c¢YAOA Qi@ 3-12

Where(l, G 2anda- la- &re the latitudes and longitudes of the two locations (in
radians), Re6371km is the Earth's radius andl is the ground distance in
kilometers.

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

foF2 and the elevation angtéusing the relatiof58]:

0 YO — (MHz) 3-13

This relationship accounts for how the usable frequency increases with more
oblique propagation (lower elevation angléf)e elevation angld for oblique

lonospheric propagation was estimated from the geometry between the effective
height of the F2 layerhfnF2 and the ground distanck] A OA G-A— |

Where hmF2 is taken from IRA020 model.

3.3.5.1 MUF from VOACA
MUF calculations were performed for many propagation paths in lraq,
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
reattime and climatological conditions. The input system parameter$6@gre

1. Level of manmade 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.Z quiet 3-19

~

ve O 0 ¢mdBW 3-20

WhereP, (available power, W)

P,= 10 log p (10) 3-21
B=10log b 3-22
O pnl CQdB 3-23
Fa i s the external noi se figure, &aa
Q. — 3-24

Where p is comparable lossless antenna's available noise pdwer,TO
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*

1023 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 o5NRis 73 dB.The necessary signtid-noise ratio
to provide the type and quality of servi€ae hourly median signal power to
noise ratio in a 1 Hz bandwidth is necess&ange-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 databas§?0][79][80] and these indices were incorporated into the
calculations to properly account for ionospheric conditions affected by solar and
geomagnetic activitysolar flux F10.7and SSN isshown in Fig.24,Fig.3-5,

Fig.3-6 and Table & from NOAA database.
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Figure0-4: solar flux F10.7 radio flux propagation.
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Figure0-5: solar flux F10.7 radio flux propagation during 2{AQ].

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 reachi 200 or higher, and F10.7

may rise to 200 sfu or more.
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Figure0-6: Solar cycle Sunspot number progression during 2012

Table0-2: Solar cycle Sunspot number progression (SNN) and solar flux (F10.7)

monthly value during 2012.

Mont h Sunspot nu Sol ar f 1
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
£6 — 3-25
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This is the AppletofHartree equation to calculate refractive index {where
YL and YT are the longitudinal and transverse components of Y relative to the
magnetic field31],X is thePlasma termY is theMagnetic field termand Z is

the Collisional term

A —0 3-26
W — 3-27
0w — 3-28

Theplasma frequency, fs calculated as

f,=9 0 Q (MHZ)  3-29

The electron gyrofrequency, fc, is expressed as

~

0 —— (MHZ)  3-30

Where Ne is the electron density in electrons per cubic rfietgre is the

electron charge, B is the geomagnetic field intensity, and me is the electron mass
Theelectronrneut ral collision frequency 3 i s
O, N2, and O2 from the MSIS model combined with eledtimmcollisions and

the electron temperature Te from {R020. The propagation characteristics are

described by the Agletori Hartree dispersion relati@nd are calculated {(iHZ)

by:
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o d d o o o d 3-31
8
g4 OT (& @ € 'Q— 3-32

O cwopmpdl.cip p&p pmtid Ai4A 333

O p&¢c prtpTil / ctp o pm cid At4 A 3-34

u B prtpdl/ tp v& prmtid At4 A 3-35
’d ® prnwtl (tp p®duv prm 1id A4 A 3-36
u @ pmprtl (At4 A 3-37

Where n(N2)] / ¢, 1/ ,7( is. AOOOAI OPAAEAO AAT OEC(
MSIS model

Operating frequency fis chosen such that FOT < f < MUF, wihederequency

of Optimum Transmission
o0 Y m@uv 0 YO (MH2) 3-38

The i maginary part of the refractive

which is then used to compute the ionospheric absorptigndes

0 U Yied 3-39

L isthe effective path length ¢ - E , where d is thground distance

between transmitter and receiver (kamdh is the height of the reflectintayer
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a 3 0 0 THerfree space loss is given by

0"QI ¢ épZE— 3-40
where f is the frequency in Hand c is the speed of light.

The received power is calculated using the link budget equdtieneffect 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 transmissibithis shown in the

equation below:

8 8 8
o g room
i Q0 . 3-41
8 8 rom
Where:
1 b: This term represents the cosine
zenith angle (6) I's the angle bet wk
radio ray from the sun. b is define
M1 W EQE %QE 10 € T8 iToé i O 3-42
1 c@ i Qetquyte 3-43
( pdl i EAIOQC 3-44
Where « : latitude of the location in degrees : sol ar decl i

70



CHAPTERTHREE Methodology and Models
degrees, nis the day of the yeardH: hour angle in degrees representing
the sun position relative to local noon

1 Rz 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.

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

1 fe 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.
0'Y 0°Y "OY 'OY 0°Qf 0 dwid ‘ Qo 3-45
where PT is the transmitted power in dBW, GT and GR are the

transmitting and receiving antenna gains if&iB, The noise spectral

density is expressed as
Ot p T £pAQYQ 3-46
YOY 0Y Om pmhé D 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 Iraqgi territory
using GP&derived TEC measurements. MdRd foF2 are obtained straight from
TEC, giving accurate ionospheric conditions. The IRl model, Earth's magnetic
field, and electron density profiles including the impact daiger absorption are

all integrated into the model. This approach provides angtrbasis for
nowcasting HF propagation and acts as a plafor future extensions, including

reattime applications and 3D ray tracing.
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CHAPTER FOUR : RESULTS & DISCUSSION
4.1INTRODUCTION

A major disruption to the ionosphere's structure and a change in the way radio
waves propagate, especially in the higggquency (HF: 330 MHz) band, are two
of the most significant effects of geomagnetic storms on theEesdn space
environment. Since H communications depend on the reflection of skywaves
from ionospheric layers, particularly ther€gion, 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 sashpath 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 frequencieaused by
greater ionization in the lower layers. This chapter attempts to evaluate the ways
in which geomagnetic activity deterioraths 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 cat(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 IRR020 model, for Baghdad station during the year 2012 under
geomagnetic storm conditions. F§1 shows the TEC data from the IRl model
for 2012, with one value for each day of the year (366 )ddysimprove 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 thetbieend of TEC change

over the year.

Total Electron Content (TEC) Over 366 Days

—— Smoothed TEC
+  Daily TEC

45 +

TEC (TECU)
] ]

w
-}

25+

: r r r T r r T
] 50 100 150 200 250 300 350
Day of the Year

FigureO-1: Total Electron Content (TEC) variation over 366 Days(20ddh 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 enhancemization 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 Augushese changes illustrate how TEC is affected
by seasonal factors and directly interacts with any geomagnetic disturbances

Figure4.2illustratesthis variation for geomagnetic storm days.
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Figure0-2: Total Electron Content (TEC) variation over specific Days in Z84r2
IRI1-202Q

Hour (UTC)
TEC (TECU)

N
[=]

wn
o

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 disturbednditions, 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
lonospheric activity brought on by geomagnetic storngmnificantly, 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 bydays with higher TEC than icalm conditions. As a result, each of
the chosen days illustrates the regional reaction to geomagnetic activity by

representing perturbed ionospheric conditions.

The Kand Kp indicesare 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 effectivaelgdicates 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 thrdeurly Kp readings. Kp values range from 0 to 9, while
ap values vary &m 0 to 400. Figure-3 illustrates the variation of Kp with time,

and Table 41 presents the corresponding daily Ap index values.

Table0O-1: Solar and Geomagnetic Data (2012)

STORM MIN AP | KP_MAX  F10.7 MAX TEC (TECU)

PERIOD (UT) DST

(NT)
9 Mar 0816 -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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Figure0-3: Geomagnetic Activity Indices (Kp and Ap)

The ionospheric response to geomagnetic storms varied significantly across
different datesas illustrated in Fig. 4, underscoring the limitations of the
conventional IRl model in simulating extreme space weather events. On October
1, 2012 despite a moderate storm (DstEH9 nT) the observed TEC peaked at

approximately 50 TECU, while the IRl model underestimated this enhancement,
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reaching only ~40 TECU. This discrepa
capture the pronounced ionization augmentation associated with the equatorial
lonization anomaly (EIA) during autumn, when Iraq lies directly under its

northern crest.
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In contrast, on March 9, 201fhe most intense storm (Dst-#31 nT) the
observed TEC peaked at ~30 TECU, while the IRl model significantly
overestimated the peak, reaching ~40 TECU. This suggests that during severe
storms, the model does not adequately account for increased elessaates

or spatial redistributioat mid latitudes
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4.3 foF2 prediction

When foF2 values derived from GNS&C observations are compared
with those predicted by empirical and ddtaven models, the hybrid approach
combining GPR with a fiftkdegree polynomiademonstrates superior accuracy
in capturing the critical frequency during geomagnetic storms, as illustrated in
Figure4-5.

The fifth-degree polynomial effectively represents the overall diurnal trend
of foF2; however, it lacks the flexibility to model rapid, steimduced
deviations. In contrast, GPR provides greater adaptability to nonlinear
lonospheric dynamics but may exiiblight overfitting in certain intervals. By
integrating the strengths of both methods, the hybrid model achieves a
significantly reduced RMSE of 0.1104 MHthe 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® which presents the hourly
percentage error analysis. The IRl model exhibits large ewtien 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 degtated factors contributing to these residual

errors are detailed in Table4

Table0-2: performance Comparison of ionospheric models

Average Error Reason
Rate
IRI 20-40% Does not take into account storms or dynamic changes.
Polynomial 5-15% Captures the diurnal trend via mathematical fitting but lack:

physical basis.

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

These results confirm that integrating machine learning techniques with
physical or mathematical representations of ionospheric behavior significantly
enhances forecasting accuracy. For regions like loaqted under the dynamic
influence of the equatorial ionization anomdlye hybrid model offers a robust

framework for reatime space weather monitoring and GNSS error mitigation
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Figure0-5: Comparison of Measured foF2 and Predictions from IRI, GPR, and Hybrid
Models
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Figure0-6: 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 MBEtween Baghdad and neighboring cities. The
hybrid model produced the best accuracy, according to the results during peak
and daytime hours, especially for the Baghdiakra and BaghdatVosul
routes as shown in Figel-7. This is because the hybrid model can better capture
dynamic ionospheric change®n 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 suclhspenetrating electric fields and nonlinear changes are not taken
into consideration in this model. As a result, the hybrid model is thought to be the
bestoption when high precision is needed, but the polynomial model can be used

as a preliminary tool when there is a lack of data.
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MUF Comparison on April 24
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MUF Comparison on November 14

Basra Mosul Al Amarah
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Figure0-7: 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 FigVADACAP 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 condit®during geomagnetic stormsere also
noted, as it typically tends to underestimate MUF vallresapturing quick
lonospheric responses, dalaven models outperform traditional physical
models Hybrid models, which combine physical modeling and observational
data, are therefore more successful in forecasting MUF in space wafitioeed

scenarios.
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Table0-3: Comparison of HF Propagation Models (Hybrid, GPR, VOACAP)

Aspect | Hybrid Model GPR VOACAP

Accuracy Highest accuracy in MUF Good, but less Low, underestimates MUI
prediction than Hybrid

Consistency | Stable across different days ar Acceptable Too conservative, flat
conditions consistency curves

Peak Captures daytime peaks and | Smooth trends, | Fails to detect peaks

Prediction rapid ionospheric changes adaptive

Practical Use | Best suited for redime HF Reliable as a Not suitable for high
communication forecasting backup model accuracy applications

Overall Role | Main model for future systems| Secondary Should be replaced by

support modern models

To evaluate the reliability of the IRl model in predicting HF propagation
conditions over Iraq, its MUF outputs were compared with those generated by

VOACAP, as shown iffrig. 4-8 and 49.

Each pair shown in Fig.-8 and Fig. 499 corresponds to the same propagation
path (BaghdaoMosul and Baghdddasra) and date, enabling a direct
assessment of model agreement in terms of diurnal behavior, seasonal variation,
and pathdependent difference®oth models reproduce the expected diurnal
pattern: MUF increases after sunrise (~06:00 UT), peaks around 13:00 UT,

and declines during the evening hours, reaching minimum values at nig8t (~5
MHz). This reflects the soladriven ionization cyclen the Flayer of the

lonosphere.
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Figure0-8 Comparison of MUF from IRI
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MUF Comparison for Baghdad-Basra and Baghdad-Mosul Paths
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Figure0-9: Comparison of MUF from VOACAP

However, a significant discrepancy is observed in absolute MUF values. The IR
model predicts much higher MUFs (up t&i37 MHz) than VOACAP
(maximum ~15 MHz)For example, on April 24, IRl shows peak MUFs near 3

MHz, while VOACAP predicts only ~ALMHz. This difference persists across all
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dates and paths, indicating that IRI tends to overestimate ionospheric electron
density under typical solar conditionBhis overestimation may stem from IRI
reliance on climatological averages att@ lack of integration ofrealworld
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, VOAC@khibits less seasonal
variation, likely due to buitin 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 physicsbased propagation model to simulate HF communication performance
along the Baghdad/osul path. The model is based on the numerical solution of
the AppletonHartree equations,which describe the propagation of
electromagnetic waves in a magnetized, collisional plasma, accounting for key
effects such as electrareutral collisions, magnetic field orientation, and
polarization modes (node and Xmode).
The AppletorHartree 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 demonstrateatlelectron 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.G} the electron density profile
from IRl and Chapman models, the square root of electron density (fp
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{&20, 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 AMuring the peak of a severe geomagnetic
stoomand 6: 00 PM two hours after the st
profile shows a sharp peak in electron density at approximately 270 km altitude,
reflecting enhanced ionization due to both solar radiation and -stoven
dynamics. In contrast, by @0PM, the peak density has dropped significantly,
and the | ayer has shifted upward to a
transition into the recovery phase. This decline is attributed to increasedrelec
loss rates and thermospheric cooling following the stakithough 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 propagatioharacteristics under disturbed

conditions

Electron Density Profile (IRl vs Chapman)
le12 9 March 2012, 10:00 AM UTC, Baghdad
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Figure0-10: Electron density profile from IRl and Chapman models

lel8 IRI Electron Density Profile - Baghdad (9 March 2012)
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Figure0-11: Comparison of IRPredicted Electron Density Profiles at 10:00 AM and
6:00 PM UTC
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Full recovery could take several hours, depending onstbem's severity,
latitude, and season

As a crucial step in comprehending ionospheric physjc&at calculated by
derivingtheNe using the IRl model in the ionospheiiéne vertical profiles of,f

and Ne are shown in Fig-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 severdaler alsorption, increased
density raises fp and MUF, which may imprd¥E transmission.

Electron Density vs Plasma Frequency and Altitude
9 March 2012, 10:00 AM UTC, Baghdad L6
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Figure0-12: Electron Density Profile and Plasma Frequency Distribution in the lonosphere

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. |t I S accessible t hr ot
Modeling Center (CCMC) af82]. The next crucial step is to compute the
collision frequency (v), which isssential for estimating wave absorption in the
lower ionosphere and is shownFig. 413. This is done after measuring the fp
and proving its direct reliance on electron density. The MSIS nodeides
altitude profiles of temperature, pr e
O, Ar) as a function otime of day solar activity (F10.7 index)season,
geomagnetic conditions (Ap index), and geographic locationthe lower
lonosphere (0150 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 evaluationlajeD
absorption and HF wave propagation during geomagnetic storms.

Fig. 4-13 illustrates the altituddependent collision frequencies in the
lonosphere above Baghdad, highlighting the contributions of elentotnal
(Ven), electrorion (Vei), and total (v total) collisions. At lower altitudes (< 150
km), electronneutral cdlisions 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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Total Collision Frequencies v(h) - Baghdad
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Figure0-13: Total Collision Frequency on 9 March.

Thev totd transitions from being primarily governed by Ven at low altitudes to
being dominated by Vei above 200 Kimreflecting the shift from the Hegion

to the Fregion dynamics. This behavior is critical for understanding how the
lonosphere responds to exterdalers such as geomagnetic storms

3.Eart hdés magnetic field components we
IGRF model, which provides a precise representation of the geomagnetic field
and its secular variatio[83]. Following calculations of electron density and
collision frequency using the IRl 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 alagdgy IGRF makes it possible

to depict the geomagnetic environment realistically.
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The AppletonHartree 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 Fi¢g-14. HF wave propagation is physically
consistendueto 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:

1 Re(n2) has a distinct transition through zero and ranges from-t1 to

1 This behavior suggests that the wave is strongly reflected and refracted in
the F2 layer.

1 Evanescent wave areas, where the wave amplitude rapidly decays, are
indicated by negative values of Re(n2); this is a sign of reflection.

1 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).

1 The complete oscillation between positive and negative values attests to
the spread of skywaves.

At 15 MHz:
1 Re(n2) does not have any negative values; it stays between 0 and +1.

1 This shows that the wave enters the ionosphere rather than reflecting.
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1 Since Re(n2) ipositive there is no area where the wave becomes reflected
or evanescent.

1 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.

1 Consequently, there is no useable skywave return as the signal escapes into
space.

At any frequency :

1 Re(n2)>0: The real refractive index indicates that a wave is propagating.
1 Re(n2) <0: An evanescent wave is one that decays exponentially,
signifying reflection.

1 Re(n2) = 0: Point of reflection (where f=ffgee Table 4.

Appleton-Hartree Re(n?) vs Altitude
for Baghdad at 10 MHz
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Appleton-Hartree Re(n?) vs Altitude
for Baghdad at 15 MHz
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Figure0-14: AppletonHartree Equation (Ref)) at frequency : (a) 10 MHz and (b)
15MHz.

Table0-4: Effect of Frequency on Wave Propagation

FREQUENCY Fvs Fp WAVE BEHAVIOR Re(n2) RANGE
10 MHz f<fp Refracted and returneq 1to +1
15 MHz >fp Penetrates and lost Oto+1

For direct comparison with the industsyandard VOACAP model, HF
link budget outputs were generated for specific days during geomagnetic

disturbancessuch as March 9, 2013s illustrated in Figd-15.

The analysis focuses on the Baghidddsul path and presents two key

performance metrics: Pr in dBW and SNR indB, both plotted against time
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and frequency. The MUF is indicated by a solid black line, while FOT = 0.85

x 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 soladriven enhanement of electron density in the F2 layer, which
Il ncreases the i1 onosphereds ability toc
hours. Crucially, the highest values of both Pr and SNR consistently occur near
the FOT, confirming that operating at approximat&§% of the MUF
represents the most practical and reliable choice for HF system design under

normal conditions.

However, during the severe geomagnetic storm (G600 UTC),
significant deviations emerge. ScenariowWa&hout D-region absorption yields
an overly optimistic prediction of uniformly high signal quality, failing to
capture the realorld degradation caused by enhanced eleateariral
collisions in the lower ionospheré contrast, scenario (b) with-Egion
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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Figure0-15. Comparison between SNR and received power with data from (a)
without the effect of D-region absorption(b) with the effect of Dregion absorptiorand (c)
VOACAP on 9 March 2012.
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These findings underscore the critical role efdgion 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 computaialy intensive, the VOACAP model
provides the most realistic and operationally relevant assessment of HF link
behavior under disturbed conditignmarticularly in regions like Iraq, where
equatorial ionization anomaly effects further amplify the impact of

geomagnetic storms.

Following the severe geomagnetic disturbance of March 9, 201®hich
revealed the critical limitations of empirical models that negleatedion
absorptiord a comparative analysis was extended to subsequent storm events to
assess the consistency and esaabmodulation of HF propagation degradation.

On April 24, 2012, despite a moderate storm (Disi@8 nT, 04:0006:00 UTC),
significantly improved HF conditions were observed during daytime hours,
driven by elevated solar activity (SSN = 134) that enhdmtectron density in

the F2 layer. MUF reached approximately 30 MHz around middayl@OTC),
enabling reliable longlistance communication on high frequenciesi 2B
MHz). Fig. 4-16 to 419 represent ther and SNRvaluesfor 24 April, 1,9 October

and 14 November.
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Signal Strength (dBW)
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Figure0-16. Comparison between received poweadSNR (a) without effect of D-region
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Signal Strength (dBW)
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Figure0-18: Comparison between SNR and received power (a) witheatffect of
D-region absorption(b) with the effect of Dregion absorptiorand (c) VOACAP, on 9
October.
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