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temperature, soil temperature at various depths were discussed. 
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ABSTRACT 
Dummy 

The Possibility of Earthquake Forecasting with Ionospheric Total Electron 
Content and Radon-222 Concentrations using Monte Carlo Simulations 

 
 Pishtiwan Akram Hama Rashid 

 
Doctoral Thesis 

 
FIRAT UNIVERSITY 

Graduate School of Natural and Applied Sciences 

Department of Physics 
      

June 2022,   Page:  xvii  + 117 
 

 
This study was handled and discussed in two different dimensions in order to make future earthquake 

forecasting. First, the role of Radon-222 inert gas as an earthquake prediction precursor is discussed, and the 

factors affecting soil Rn concentration are examined in a multidisciplinary context in physics, artificial 

intelligence, geology, and geophysical frameworks. Determining the seismo-ionospheric changes of soil Rn-

222 gas requires complex physical and mathematical calculations and forecasting. Secondly, the Total 

Electron Content (TEC), one of the ionospheric precursors of earthquakes, was discussed. Our aim here was 

to obtain solid physical evidence for earthquake-based gas and ion exchanges between the earth and the 

atmosphere; therefore, radon, atmospheric pressure, atmospheric temperature, soil temperature and their 

interactions were examined at various soil depths to see the physical changes in the journey of the above-

mentioned variables from the underground to the Earth's atmosphere (Ionosphere). For all variables, three 

Autoregressive Integrated Moving Average (ARIMA) models were proposed. Then, the main statistical 

characteristics of the data were determined and future values of the variables were predicted using Monte-

Carlo Simulations (MCSs). In addition to all these, Multiple Linear Regression and Multiple Artificial Neural 

Network models were obtained for Radon-222 using certain meteorological parameters. While obtaining all 

these models, as many variables as possible were used to increase the reliability of the calculations and the 

results were widely discussed within the framework of the relevant field. 

 
Keywords: Monte Carlo Simulation, Artificial Intelligence, Forecasting, Linear Regression, Radon time 

series, Total Electron Content, Earthquake.  
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ÖZET 

dummy 

Monte Carlo Simülasyonları Kullanılarak İyonosferik Toplam Elektron 
İçeriği ve Radon-222 Konsantrasyonları ile Deprem Tahmin İhtimaliyeti 

 
 Pishtiwan Akram Hama Rashid 

 
Doktora Tezi 

 
FIRAT ÜNİVERSİTESİ 
Fen Bilimleri Enstitüsü 

Fizik Anabilim Dalı 
      

Haziran 2022,   Sayfa:  xvii  + 117 
 

 
Bu çalışma, ileriye dönük olarak deprem öngörülerinde bulunmak için, iki farklı boyutta ele alındı ve 

tartışıldı. İlk olarak, Radon-222 asal gazının bir deprem kestirim öncüsü olarak rolü tartışıldı ve toprak Rn 

konsantrasyonunu etkileyen faktörler fizik, yapay zekâ, jeoloji ve jeofiziksel çerçevede çok disiplinli olarak 

incelendi. Toprak Rn-222 gazının sismo-iyonosferik değişimlerinin belirlenmesi, karışık fizik ve matematik 

hesaplamalar ve öngörüler gerektirir. İkincil olarak, depremlerin iyonosferik öncüllerinden biri olan Toplam 

Elektron İçeriği (TEC) ele alındı. Buradaki amacımız, deprem temelli yeryüzü ve atmosfer arasındaki gaz ve 

iyon değişimleri için sağlam bir fiziksel kanıt elde etmekti. Bu nedenle, yukarıda bahsi geçen değişkenlerin 

yeraltından dünya atmosferine (iyonosfere) olan yolculuğunun fiziksel değişimlerini görmek için çeşitli 

toprak derinliklerinde radon, atmosfer basıncı, atmosfer sıcaklığı, toprak sıcaklığı ve bunların etkileşimleri 

incelendi. Bütün değişkenler için, üç Otoregresif Entegre Hareketli Ortalama (ARIMA) modeli önerildi. 

Ardından verilerin temel istatistiksel özellikleri belirlendi ve Monte-Carlo Simülasyonları (MCS'ler) 

kullanılarak değişkenlerin gelecekteki değerleri öngörüldü. Bütün bunlara ilâveten, belirli meteorolojik 

parametreler kullanılarak Radon-222 için Çoklu Doğrusal Regresyon ve Çoklu Yapay Sinir Ağı modelleri 

elde edildi. Bütün bu modeller elde edilirken, hesaplamaların güvenirliliğini artırmak için elden geldiği kadar 

çok değişken kullanıldı ve sonuçlar ilgili alan çerçevesinde geniş bir şekilde tartışıldı.  

 
Anahtar Kelimeler: Monte Carlo Simülasyonu, Yapay Zekâ, Kestirim, Doğrusal Regresyon, Radon 
zaman serileri, Toplam Elektron İçeriği, Deprem. 
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1. INTRODUCTION 

The soil Rn-222 is formed in Earth’s crust by decay of 226Ra naturally, which is a product 

of 238U decay chain since its creation [1,2]. Radon is an invisible radioactive gas and it cannot be 

sensed by humans. Rn-222 and its short-lived daughters in the atmosphere are considered to be the 

second cause of lung cancer [3]. 

Soil Rn-222 utilized as a signifier for many applications of environmental geology for 

many decades. Environmental operations have a vital relationship with soil Rn-222, like eruptions 

of volcanic, tracing in atmospheric, hydro-geological and marine issues, it was investigated as a 

possible earthquake precursor that occurs when fault blocks move rapidly [4–13]. 

The journey of radon atoms starts as emanation from mineral grains that contain radium, 

transportation into soil intergranular pore spaces and exhaled to the atmosphere [14]. This journey 

has a lot of details due to crucial factors, for example the radon production rate; earth crust 

movements; the main influences on radon concentration levels include soil porosity, the number of 

tiny cracks on the surface of the soil, and meteorological variables like temperature, rainfall, and 

humidity as well. [15]. 

The Rn-222 is a subject of great importance in Türkiye where the mean of the annual Rn-

222 was 81 Bq/m3, higher than the worldwide mean of 40 Bq/m3 per year [16]. The radon sources 

were affected by many factors related to the transient geological tectonic progressions, ground soil 

characteristics, environmental and climatic variables, carrier gases, solar effect, tide, etc [17–25]. 

The multi-seasonal of the Rn-222 depicts the evidence of controlling factors, for example tidal 

forces or climate [26–29]. In all the studies, the behaviours of the controlling factors dealing with 

radon time series are not univocal and hence the influence of factors has been proposed to be site-

specific [30]. 

The anomalies in Rn-222 time series can play an important role for the purpose of 

earthquake prediction. There are many studies that conveyed anomalous Radon-222 behaviour in 

soil, groundwater, thermal spas, and atmosphere to earthquakes [31–39].  

 Other studies were presented that the fluctuations in radon time series were not only affected 

due to earthquakes but also from meteorological variables [40,41].  It is important to distinguish 

between Rn-222 anomalies produced due to earthquakes and those produced only through 

meteorological influences. There are a lot of researchers who have found that Rn-222 concentration 

depends upon meteorological variables [42–45]. 

 There is strong evidence that gas emanation (e.g., Radon, carbon dioxide methane, etc.) 

changes the conductivity of air by several days before major events, raises surface temperature and 

locally generated electrostatic fields occur. Ground-based and satellite sensors can indicate the 

abnormal fluctuation of different parameters during earthquakes. The findings of numerous 
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independent post-earthquake analyses of more than hundred strong earthquakes have been very 

encouraging and encourages us to extensively express the problem for the prediction of earthquakes 

with magnitudes M>5.5 [46–48]. According to [49], major correlated phenomena before large 

earthquakes have a common source, air ionization was produced by radon emanating from active 

tectonic faults.  

 Now, we can understand the need of introducing the ionosphere. Therefore, briefly we 

introduced ionosphere and ionospheric TEC precursors of the earthquakes. The ionosphere refers 

to the Earth's ionized upper atmosphere, ionized as a result of solar radiation and ranging from an 

altitude of 60-1000 kilometers. It has a significant contribution in the electricity production in the 

atmosphere and produces the magnetosphere's inner edge. 

 One of the most significant descriptive quantities of the ionosphere is ionospheric total 

electron content, well-defined as the entire number of electrons between two locations.  Its unit is 

TECU  and equivalent to (1016electrons/m2) [50].  

 Large earthquakes' ionospheric TEC precursors have been studied extensively, both as 

precursors and after effects [36,51,60,52–59]. Precursors of earthquakes in the ionospheric TEC 

are usually divided into two types: chemical and physical. Temperature, conductivity, and water 

level are examples of physical precursors. Gases and chemical elements, such as Rn-222 in Soils 

and underground water in a fault-zone, are chemical precursors that were verified to have a 

significant contribution in short-term earthquake prediction [61]. Pulinets presented a lengthy list 

of possible reasons, including Rn-222 eject [36], which cause lower electric fields in the atmosphere 

to penetrate along geomagnetic lines and into the ionosphere. 

 Unrelatedly of the precise reasons of earthquake-precursor TEC-anomalies, after excluding 

other causes of TEC disturbances, variations utilizing the TEC median values were used to show 

their earthquake relationship statistically, for example geomagnetic storm activity and solar flare 

[62,63]. 

 In recent years, important development has been achieved in the advancement of unique 

processing algorithms of ionospheric data for recognizing the ionospheric indicator of earthquakes. 

[36,64]. The first is dependent on the basic concept that a station nearer to the epicenter of an 

upcoming earthquake feels the occurrence more than a station faraway. It was understood by 

calculating the coefficient of cross-correlation between critical frequency data (daily) for stations 

of ionospheric [65]. 

 This thesis consists of eight chapters. The first Chapter devoted to the introduction of the 

scope and an in-depth literature review. It provides the basic knowledge of radon and ionospheric 

precursor, its forward improvements till this time. The second Chapter gives an idea about 

earthquakes, seismic activities in the world and Türkiye, prediction parameters in crustal 

movement. Chapter 3 and 4, describes radon and ionosphere as precursors of earthquakes, role of 
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radon in Seismo-ionospheric coupling. Chapter 5 describes the data and study area. The model 

description was concentrated in Chapter 6. It is concerned with the models for 222Rn concentration 

and TEC values time series. The results and discussion were given in Chapter 7. Finally, Chapter 

8 is devoted to conclusion.  

1.1. Problem Statement 

Studies have reported the effect of external disturbances into the ionosphere during 

seismicity [66–68] . The real description of how this disturbance occurs is yet to be clearly defined. 

On the other hand, Rn-222 has been an agent of seismic studies for decades [32,69]. There is a good 

chance of having radon’s contribution to ionospheric disturbance with its ionizing capability, and 

abnormality during seismic activities. How can this contribution be investigated? Approaching the 

problem using purely analytical methods is subject to mathematical constraints. And the limitation 

is always encapsulated in the assumptions made when modelling the system. On the other hand, 

statistical/stochastic approaches (e.g., ARIMA) gives only an estimated result, ignoring the true 

physical mechanisms involved. Another approach is to try the modern artificial intelligence 

(machine learning techniques), this will allow the inclusion of several parameters of interest in a 

single model. However, this has been criticized by some scholars as to have been too precise, and 

does not reflect reality. In this study, we are determined to study and understand the relationship 

between Rn-222 and TEC, especially during seismic activities in Türkiye (along Anatolian Fault 

Lines). 

1.2. Hypotheses 

In this study, we are determined to study and understand the relationship between Rn-222 

and TEC, especially during seismic activities. Having this relationship would pave the biggest way 

to understanding Seismo-ionospheric coupling.  Since the focus is to establish the impression that 

Rn-222 plays a great role in causing Ionospheric disturbance, then any suitable method mentioned 

would be employed. In this study, we shall present results which will support or refute the Seismo-

ionospheric phenomenon 

1.3. Motivation 

 Earthquakes have been a catastrophe throughout centuries; therefore, seismic studies are 

important, it is known from literature that the ionosphere can also be affected, making it one of the 

key areas leading to Seismo-ionospheric coupling. Since Rn-222 has been a key player in the 

seismicity discipline, and with the ionospheric effect. This study would be very significant to 

understanding this disaster. 
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1.4. Method 

Prior observations were collected and analyzed using time series modelling for 222Rn 

concentration and TEC values to design appropriate models. The models describe the series' 

characteristic structure. The models of the series were then used to predict its future values. 

The (ARIMA) model is the most often used stochastic model for time series [70–72]. As 

well, MCSs techniques which are efficient in stochastic evaluations [73] to forecast radon 

concentration and TEC values. The combination of ARIMA and MCSs together in the scope is a 

new method, and recently was used by [74]. 

 To build an appropriate model to the actual time series, great care was taken. It is obvious 

that good model fitting is required for successful time series forecasting. Efforts have been made 

in this direction for the efficient models such as multi-regression and multi-ANN to improve the 

forecasting accuracy. 

1.5. Social Benefits 

 Forecasting the earthquake’s parameters may serve humanity to be ready for facing the 

earthquake disasters at least. For example, if the number and magnitude of the earthquake is 

determined (forecasted) in a specific place then people of that region should take it into their 

consideration while they construct houses. As well, the statistics of the earthquake occurrences may 

give us an idea about the increasing number of earthquakes with time. For this purpose, the average 

number of earthquakes for the magnitude (M ⩾ 4.5) per year, according to the statistics of the 

United States Geological Survey (USGS) was plotted which indicates a positive trend in the number 

of earthquake occurrence in the world wide. 

1.6. Literature Review 

In this section of the study, we focused on two main scopes. The first topic is soil radon 

concentration and its possible connection with underground seismic activities; the second topic is 

TEC values and its relation with earthquakes. Nowadays, both of the mentioned scopes are hot 

topics and the researchers dealt in a high-level. Therefore, this section gives review of some 

research that has been done about these subjects. 

1.6.1. Literature Review on Radon Precursor  

Many studies have suggested that anomalies in radon time series data could be linked to 

pre-seismic activities and meteorological parameters. Before a certain period of time, the possibility 

of an anomalous increase in radon concentrations as a result of underground seismic activities had 
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been determined [75–78]. Changes in the meteorological variables have been significant such as 

temperature, pressure, and precipitation certainly influence the soil radon emanation [79–81]. 

Depending on the laboratory investigations, Iskandar et al. discovered that as soil temperature rises, 

radon emission rises as well  [82]. The radon emission falls at times of high air pressure [83]. Radon 

emanation and transport in the soil are influenced by parent isotope composition, rock porosity, 

grain size, rock fracture distribution, soil moisture, permeability, and meteorological conditions. 

There are possibilities of soil permeability and soil moisture under atmospheric pressure, 

which influence Rn-222 emanation [80]. The emanation of Rn-222 can be considered as a 

complicated and non-linear stochastic process depending on potential chaotic variables such as soil 

temperature, pressure and humidity [84–87]. The existence of dependable soil radon and spring 

water anomalies have been indicated before earthquakes in Marmara by [80]. The empirical mode 

decomposition method can be used to detect and remove diurnal fluctuations in Rn-222 emanation 

data [88,89]. Seasonal variations in Rn-222 time series shown by [81]. In Western Türkiye, 

regardless of soil properties, Rn-222 emanation is low from November to April and generally high 

from May to October [81]. 

Several theoretical and empirical algorithms have been suggested for studying radon 

earthquake precursory behaviour, such as extracting radon anomalies caused by seismic activity 

[90,91,100,92–99]. Changes in strain inside the crust are thought to cause positive anomalies prior 

to earthquakes [93,101,102]. 

In the literature, several studies have been found in Türkiye which show the radon's 

significance and earthquake precursory. Some researchers place great importance on research 

around the North Anatolian fault [103,104,113–115,105–112]. 

There are many reasons for the interest of Anatolia. The development of Anatolia's 

neotectonics is mostly characterized by three geodynamic processes [116], (1) the Arabian-Eurasia 

plate collision caused right directional movement alongside the Bitlis-Zagros Suture Zone during 

Oligocene-early Miocene, (2) As a result of the due west movement of the Anatolian-block left 

from the Arabian-Eurasia plate impact area sideways the EAF and NAF Systems, the Anatolian 

block is able to get away from the Arabian-Eurasia plate collision area [117,118], and (3) Since the 

early Miocene, the African plate has been subducted beneath Eurasia along the Hellenic [117]. 

1.6.2. Literature Review on Ionosphere Precursor  

 After the 1964 "Good Friday" Alaska earthquake, ionospheric influences on earthquakes was 

published as the first study [119–124]. The wave motions were viewed as being initiated by ground 

movements prior and post to the earthquake, similar to how seismology views them. As a result, 

the mechanism of seismo-ionospheric coupling that was observed was the ionosphere coupling of 

acoustic-gravity waves [125]. The after-earthquake influence was illustrated through a direct 
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seismograms comparison and ionosonde observations of Doppler shift, which describe the vertical 

oscillation of the ionospheric layer caused by the earthquake's acoustic vibrations [125]. But it 

should be declared that the effects before the earthquake were identified as well [121,122]. 

 Global ionosphere maps (GIMs) comprising vertical TEC grid data have recently been used 

to explore ionospheric phenomena [126–128]. In addition, GIMs were considered as a source of 

data to investigate TEC fluctuations caused by earthquakes [62, 85, 156, 158-162]. 

 In this thesis, the statistical characteristics of the data were determined which were collected 

for Reşadiye along the Fault Zone of North Anatolian (NAFZ) in Türkiye. Subsequently, ARIMA 

models were recommended to fit both Rn-222 concentration and TEC values, as well, Monte Carlo 

simulations techniques were used which are efficient in stochastic evaluations [73] to forecast radon 

concentrations and TEC values. The combination of ARIMA and MCSs together in the scope is a 

new method. The purpose of this research was to learn more about the correlations of 222Rn and 

TEC values with earthquakes and also, correlations between radon and atmospheric pressure, dry 

thermometer temperature, soil temperature at various depths were discussed. Also, radon time 

series are modelled by multi-regression and multi-ANN methods using the meteorological 

parameters. Finally, the obtained Rn-222 concentrations and TEC values were analyzed to see 

anomalies in the time series, and correlated with seismic events in the study area. 

 

 

 
 

 



2.  EARTHQUAKE 

In this chapter, an introduction was given to earthquake occurrence and earthquake 

parameters, including equation of magnitude scales, prediction parameters in crustal movement. 

Important earthquakes in the World and Türkiye were mentioned. 

2.1. Occurrence of Earthquakes 

An earthquake is a discontinued shift through weak zones, which are known as faults in the 

Earth’s crust. According to [129], an earthquake is the result of elastic recoil. Elastic deformation 

of compression or stretching of the crust happens as a result of the slow flow of substances, 

produced by thermal and gravitational convection in the mantle [129]. 

 

Figure 2.1. The earthquakes annual number for (M ⩾ 4.5) from 1973 to 2021, according to statistics of the 
USGS. 

Figure 2.1 illustrates the annual number of earthquakes for 1973-2021 worldwide. and the red 

dotted line shows the increase in the number of earthquake occurrence for the magnitude (M ⩾ 4.5). 

The average number of earthquakes per year, according to the archived data of the United States 

Geological Survey (USGS) was shown in Figure 2.2, 
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Figure 2.2. The average annual number of earthquakes (x-axis), magnitude (left axis) and energy in 
trinitrotoluol similar (right axis) produced annually as a result of earthquake shaking [130]. 

Strong earthquakes have significantly more energy than lots of small earthquakes altogether. For 

example, the energy of one powerful earthquake with a magnitude of 9.0 is equivalent to the energy 

released as a result of 1 million earthquakes with a magnitude of 5.0, or equivalent to 32000 

earthquakes with a magnitude of 6.0. 

2.2. Parameters of Earthquake  

2.2.1. Focus/Hypocenter 

 The focus is the location where seismic energy initially starts to flow at the occurrence of an 

occurrence. The focus can be obtained from the earliest arrival times unrelatedly of the eventual 

size and length of the occurrence since the velocity of rupture is smaller than the velocity of P-

wave. The epicenter is the (x, y) point on the surface of Earth directly over the focus, whereas the 

hypocenter is the (x, y, z) point on the surface of Earth directly over the epicenter [131]. 

2.2.2. Epicenter 

The epicenter was a projection of the hypocenter on the surface of earth that was located on 

the surface using geographic coordinates. Seismic waves carry the mechanical energy released at 

the focal through the crustal medium. Epicenter is the point where the earthquake was felt the most 

and this is also the region where the earthquake caused the most damage. 
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2.2.3. Focal Depth  

The shortest distance from earth’s surface to the point (hypocenter) where the energy 

released during the earthquake can be defined as the depth of the earthquake. This distance is also 

in the middle of the epicenter region. One of the ways of classification of tectonic earthquakes is 

according to depth of hypocenter (focus). The earthquakes in each region were classed using the 

following ranges based on their focal depths: 

1. Shallow earthquakes (0 to 70 km) 

2. Intermediate earthquakes (71 to 300 km) 

3. Deep earthquakes (301 to 700 km) 

In Türkiye, the focal depths range from 0 to 60 km which were classified as shallow earthquakes. 

Deep and Intermediate earthquakes generally occur in supra-subduction zones. The damages 

caused by deep earthquakes are not much, but they were felt in very large areas. On the other hand, 

although shallow earthquakes were felt in a narrow area, the damage and destruction effects it 

creates are quite high. 

2.3. Earthquakes Types  

Tectonic, collapse, volcanic, and explosion are the four different categories of earthquakes. 

2.3.1. Tectonic Earthquake 

When the earth's crust splits as a result of geological pressures acting on rocks and plates 

nearby, physical and chemical changes happen [132]. 

2.3.2. Volcanic Earthquake 

A volcanic earthquake is defined as an earthquake that happens as a result of tectonic forces 

related with volcanic activity [132]. 

2.3.3. Collapse Earthquake 

Small earthquakes in underground caves and mines are generated by seismic waves created 

by rock explosions on the surface, causing collapse earthquakes [132]. 

2.3.4. Explosion Earthquake 

An earthquake that occurs as a consequence of the blast of a nuclear or chemical explosion 

is known as explosion earthquake [132]. 
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2.4. Focal Mechanism of Earthquake 

There are numerous types of crustal blocks’ relative movement in the moment of an 

earthquake which are called the focal mechanism. For example, normal faulting, strike slip, thrust 

or reverse faulting, oblique-slip (combination of mechanisms) could take place as well. The type 

of slip was determined semi-automatically from the seismic waveforms, and mathematically in the 

form of the seismic moment tensor was expressed. Visual representation of the focal mechanism 

was shown by the so-called beachball diagram.  

 The focal sphere might also be used to show how focal mechanisms worked. To create the 

old beach ball illustration, the lower hemisphere was designed and the compressional quadrants 

were shaded. For several forms of focal mechanisms, see Figure 2.3. 

 

Figure 2.3. Focal spheres and associated fault geometries. With the compressional quadrants shaded, the 
focal sphere-lower half is on the left. The primary and auxiliary fault planes are depicted in block diagrams 

on the right [131]. 

The shaded regions in these graphs depict P waves leaving the source downward with outward first 

movements, which will cause upward initial movements at the receivers. The sections that aren't 

shaded will provide downward initial movements at the receivers. The tension axis is located in the 

shaded area. The pressure axis is located in an unshaded area. In beach ball plots, normal and 

reverse faulting can be identified by noting whether the plot's center is white or black. A normal 

fault and a probable extension region are represented by the white in the middle with black edges. 

A reversal fault and tensional region are shown by the dark in the middle and white margins. 

[131,133]. 

 

An example of plotting focal 

mechanism 

  

 

 

Strike Slip    

 

 

Normal    

 

 

Reverse    

 

 

Oblique    
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2.5. Types of Faults  

A fault is a region of cracks that separates two rock blocks. Faults allow the blocks to transfer 

around in terms of one another. This motion may happen suddenly, like the moment of an 

earthquake, or slowly, in the form of creep. Faults might be a few of millimeters long or thousands 

of kilometers elongated. In the moment of an earthquake, the rock along one-side of the fault slips 

quickly in relation to the other. The surface of fault can be upright, plane, or at slant angle in 

between. Faults are classified based on how the two blocks move. There are three or four types of 

main faults [130,132]. 

2.5.1. Normal Fault 

When the hanging wall falls towards the foot wall, it is called a dip slip. This form of faulting 

occurs as a result of an extension [130,132], example of normal fault is shown in Figure 2.4. 

 

Figure 2.4. Normal fault [134]. 

2.5.2. Reverse Fault 

The hanging wall moves up or thrust over the footwall in a dip-slip fault. This form of 

faulting happens in compressive areas, and a reverse fault is usually expressed as a thrust fault once 

the dip angle is shallow [130,132], example of reverse fault is shown in Figure 2.5. 

 

Figure 2.5. Reverse fault [134]. 

2.5.3. Strike Slip Fault 

Due to a fault, the two blocks glide past with one another. The San Andreas fault, for 

example, is a type of a right-lateral-fault. 
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Strike Slip Fault- Left lateral 

If you were on the fault, looking sideways its extent, and the left-block moved to you. When 

the right-block travels away then it is a strike slip fault of the left lateral [130,132], example of fault 

with left lateral strike-slip is shown in Figure 2.6. 

 

Figure 2.6. Fault with left lateral strike-slip [134]. 

Strike Slip Fault- Right lateral 

If you were on the fault and looking sideways its extent, you'd see where the right-block is 

traveling to you. When the left-block travels faraway then it is a strike slip fault of right lateral 

[130,132], example of right lateral strike-slip fault is shown in Figure 2.7. The NAF is an 

active strike slip fault of right lateral that extends along the transform border among the Eurasian 

and Anatolian plates in the north of Anatolia. 

 

Figure 2.7. Right lateral strike-slip fault [134]. 

2.6. Fault of North Anatolian (NAF) 

Fault region of north Anatolia (NAF) was described by Ketin in the late 1940s [135]. The 

NAF is one of the world's largest (1500 km long) active continental strike-slip faults at this moment. 

Reşadiye geothermal area located on the line of NAF [136]. The town of Reşadiye also was 

surrounded by places where surface ruptures formed during the 1939 Erzincan Earthquake (MS = 

7.8). The North Anatolian Fault Zone is known for the highest seismicity region in the world, and 

has been caused by many large and destructive earthquakes as illustrated in Table 2.1.  
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Table 2.1. List of recorded earthquakes with MS ≥ 6.0 in NAFZ [137]. 

Location Date Latitude Longitude MS 

Saroz Gulf 09.08.1912 40.60 27.20 7.3 
 08.10.1912 40.60 27.10 6.3 

Marmara Sea 22.05.1766 40.80 29.10 7.3 

 10.07.1897 40.60 28.70 7.0 

 18.09.1963 40.71 29.09 6.4 

Sakarya-İzmit  17.08.1999 40.70 29.99 7.8 

Duzce-Sakarya  20.06.1943 40.83 30.48 6.4 

 26.05.1957 40.80 30.80 6.0 

 12.11.1999 40.74 31.21 7.2 

 23.08.2000 40.71 30.75 6.3 

NAF's Southern Branch 04.01.1935 40.30 27.45 6.3 

 04.01.1935 40.30 27.49 6.4 

 26.05.1957 40.58 31.00 7.0 

Marmara's Southern 
Region 

18.11.1919 39.26 26.71 7.0 

 10.06.1944 39.48 26.56 6.8 

 18.03.1953 40.01 27.49 7.2 

Tosya-Duzce  26.11.1943 40.97 33.22 7.3 

 01.02.1944 41.10 33.20 7.3 

 13.08.1951 40.86 32.68 6.9 

 07.09.1953 40.94 33.13 6.1 

Erbaa-Tosya 25.06.1910 41.00 34.00 6.2 

 20.12.1942 40.66 36.35 7.1 

Erzincan-Tokat 09.02.1909 40.00 38.00 6.3 

 18.05.1929 40.20 37.90 6.1 

 26.12.1939 39.80 39.38 7.9 

 08.11.1941 39.74 39.50 6.0 

 13.03.1992 39.72 39.63 6.7 

Erzincan's east 19.08.1966 39.17 41.56 6.8 

 26.07.1967 39.54 40.38 6.0 

 27.01.2003 39.48 39.77 6.0 
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2.7. Seismic Waves 

During an earthquake, the Earth's crust breaks down., different types of seismic waves were 

generated: volumetric (longitudinal P-waves of compression and lateral shear S-waves), and 

surface waves (Love waves are polarized upright to the incidence plane, while Rayleigh waves are 

polarized in the plane of incidence) [129]. 

2.7.1. Body Waves/Volumetric 

It propagates within the earth's interior and reaches before the surface waves caused as a 

result of an earthquake. These waves frequency is higher than of surface waves [138]. 

P-waves 

P-waves, or primary waves, are the first category of body wave. It is the fastest type of 

earthquake. The P-wave can travel within fluids and solid rock, forming earth layers. P-waves pull 

and push-on rock. The primary waves of a seismic event are sometimes heard by animals. For 

example, just before an earthquake 'hits,' dogs start barking hysterically. (Or before the arrival of 

the surface waves). People can usually only hear the bumps and rattles of these waves. Because of 

the pulling and pushing that primary wave do, they are categorized as compressional waves. The 

particles travel in the same path as the wave and energy, or direction of wave propagation [138]. 

S-waves 

The S-wave or the secondary wave, is the second body wave that may be felt during a seismic 

event. Secondary waves are slower than primary waves and able to travel within solid rock rather 

than liquid. Secondary waves make rocks to move upward and downward, vertical to the wave's 

traveling direction [138]. 

2.7.2. Surface Waves 

Surface waves move within the crust. It has a lower frequency compared to body waves, 

making them easily distinguishable on a seismogram. They reach after body waves. They are in 

charge of the destruction that ends up with seismic events. In deeper earthquakes, the strength of 

the surface waves was attenuated [138]. 

Love Waves 

A Love wave is the fastest surface wave, and it causes the ground to shift from side to side. Its 

motion is fully horizontal [138]. 
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Rayleigh Wave 

It travels across the ground in the way a wave travels across a lake. It causes the ground to 

shift down and up, as well as side to side, in the wave's direction. It may be significantly greater 

than the other waves which is accountable for the most of the vibrations felt in the time of a seismic 

event [138]. 

2.8. Magnitude Scales 

An earthquake is a major source of energy releasing those changes into thermal energy, 

energy of plastic deformation and energy of seismic waves. Only the seismic waves were used to 

evaluate earthquake energy. 

The decimal logarithm of the highest amplitude is the local magnitude. At a distance of 100 

kilometers from the epicenter, it was recorded by a standard Wood-Anderson seismograph. Local 

magnitude ML might be calculated as shown in Equation (2.1) [131]: 

where A (μm) stands to the amplitude of waveform; Δ (km) is the path between the epicenter to the 

seismograph. The equation is valid for values of (10 < Δ < 600 km). 

The energy of each wave is different. It is some part of the total energy of the earthquake, 

hence the magnitude was determined on the basis of seismic waves which changes, depending on 

the kind of wave that was used (Equation (2.1)–(2.4)) [131]. 

The determination of magnitude based on body waves’ recording was given by the Equation 

(2.2) [131]: 

where A (μm) stands to the amplitude; T (s) stands to the wave period; Δ (km) is the path between 

the epicenter to the seismograph. The calibration function is Q(h, Δ) which depends on the focal 

depth h (km) and distance Δ, Geometric waves’ divergence and attenuation due to absorption was 

considered. 

To calculate the magnitude of an earthquake by surface waves Equation (2.3) is used [131]:  

Magnitude MS is identified in the period of 20 seconds. Magnitude mb is identified in the duration of (0.3-3 s). 

Magnitude scales mb and MS for strong earthquakes produce lower values for magnitude. This 

phenomenon was called the saturation of magnitude scales. With the intention of avoiding errors 

in measuring the strength of an earthquake, Kanamori suggested to determining the magnitude 

using the seismic moment M0 (Nm) or moment magnitude[139]. Instantaneous magnitude is shown 

by MW and calculated by using Equation (2.4): 

10 10log 2.56log 1.67LM A= + −  (2.1)  

10log ( / ) ( ,Δ)bm A T Q h= +  (2.2) 

10 10log ( / ) 1.66 log Δ 3.3SM A T= + +  (2.3) 
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where M0 = μDA; μ is the shear modulus of rocks (about 30 HPa); A denotes the fault's area; D is 

the fault's average displacement. 

2.9. World and Türkiye Earthquake 

Considering the effects of earthquakes in the world, there are two main earthquake belts. 

They are the Pacific earthquake zone and Alpine - Himalayan earthquake zone. About 81% of the 

earthquakes occurring in the world were in the Pacific earthquake zone and 17% were in the Alpine 

- Himalayan earthquake zone [140]. 

Türkiye is located inside the big Alpine belt, which stretches beginning from the Atlantic 

Ocean to the Himalayas. Along strike-slip faults, the Anatolian Plate moves westward and 

southwestward (EAFZ and NAFZ). The addition of continuous Rn-222 activities in soil to the 

seismic activity adds important insights. Southern and western Türkiye have had a lot of seismic 

events in the previous few thousand years. The destruction of nearly 1900-year-old Biblical 

churches in Izmir is one of the most striking examples. 

2.10. Parameters of Prediction in Crustal Movements 

 The conventional method of earthquake prediction depended on the seismic cycle, which 

entails the periodic storage and discharge of seismic stress while considering continual tectonic 

plate motion. In other cases, such as the Parkfield earthquake series, the earthquake sequence has 

a regular periodicity. The mechanism of the 1906 California earthquake was outlined and the theory 

of elastic rebound was presented [141].  

 Variations in some parameters discovered prior to the earthquake for example changes of 

chemical and physical properties of materials composing the crust. These changes lead to the 

generation of different kinds of anomalies in the earthquake preparation zone; these changes were 

called the precursors of earthquakes and serve as a basis for earthquake forecasting. 

 According to the dilatancy-diffusion model [142,143], at different stages of an earthquake’s 

cycle in the earthquake preparation zone different changes of geophysical parameters can be 

observed [141]. Figure 2.9  shows the idea of the seismic cycle stages [144]. Among them, the 

seismic velocity (change in the relation of longitudinal and transverse waves velocities VP/VS), the 

resistivity of the Earth’s crust, the ratio of strong and weak aftershocks, as well as geochemical 

precursors (e.g., radon emanation) can be observed. Data of these changes built a physical basis for 

predicting future earthquakes [145].  

 The macroscopic diffusion coefficient, which falls during compression and increases during 

unloading, was used to determine radon migration. The loading-unloading procedure used in the 

10 00.67log 10.7WM M= −  (22.4) 
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time of earthquake preparation is the main cause of Rn-222 fluctuations prior to earthquakes. 

Several papers used Rn-222 fluctuations as a short-term seismic predictor before the earthquake 

[146–149]. Before the Kobe earthquake, there was a radon anomaly, which was depicted in Figure 

2.8. 

 

Figure 2.8. Radon in groundwater before and after Kobe earthquake in Japan (16 January 1995) [150]. 

The increase in radon concentration was noticed some distance away from the fault when measuring 

Rn-222 in the region of tectonic faults in California [147]. The future earthquake's epicenter is 

located within the compression zone, where radon concentrations decrease prior to the occurrence 

of the earthquake (called "near zone"). For a 5-magnitude earthquake, the near-zone radius is 

approximately (24 ± 15 kilometers). The size of the near region grows in proportion to the 

magnitude of the earthquake. The stretching zone surrounds the compression region, where Rn-222 

rises prior to the earthquake (known as the "far-zone," with a radius of around 110±40 for a 5-

magnitude earthquake). 

 In the seismotectonic regions, the concentration of gases for example Rn, CO2, He, CH4, Ar, 

H2, N2, O2, Na, Cl, Rb, and Hg were found in the soil and underground waters were also changed 

before, during and after the earthquake [151]. Precursory variations in several parameters before 

an earthquake were shown in Figure 2.9. Different ionospheric precursors were shown in Figure 

2.10 for some strong earthquakes. Anomalies appear as either a negative or positive signal, or both. 

Ordinary daily variations shadowed more complex examples, which could not be identified without 

expertise [152]. Data analysis has revealed that information concerning strong earthquake 

preparation is always seen in ionospheric data. Solar cycle and seasonal dependencies have regular 

character, while electric field variations are sporadic [36]. 
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Figure 2.9. Precursory variations in several parameters before an earthquake occur during the interval of 
earthquake preparation [144]. 

 

Figure 2.10. Ground-based ionosondes recorded a variety of ionospheric precursors. M=7.4 in Mexico, Jul. 
6, 1964; Earthquake in Argentina's Causete, Nov. 23, 1977, M=7.8; M=6.6 earthquake at 

Ahmedabad, India, Jul. 23, 1999; Earthquake in Taiwan's Chi-Chi. M=7.7 Sep. 20, 1999 [36]. 

  



3. RADON 

This chapter includes sections and subsections to give detailed information about soil radon. 

Radioactive decay, diffusion, radon measurement techniques, radon transport, the effect of 

meteorological parameters on radon and radon precursor are from the selected sections. 

3.1. The Basic Concepts of Radioactive Decay 

The half-lives of naturally occurring uranium and thorium minerals are on the order of the 

Earth's age. The shorter-lived nuclei have long disappeared, leaving just the long-lived decays to 

see today [153]. 

3.1.1. The Decay Law of Radioactive  

 Because it is impossible to predict when an unstable nuclide will decay. The chance of an 

atom decaying throughout time dt is denoted by λdt, where λ is the proportionality constant or decay 

constant. The decay number of atoms in time dt is denoted by -dN = λNdt, where N(0) number of 

atoms exist originally. In the case of extremely short-time intervals, it is possible to write it as 

Integrating relative to time denotes the number of atoms existing at any point in time t [154]. 

3.1.2. Activity 

 The mean number of decay processes that a radioactive sample undergoes per unit time is 

the activity or strength of the sample. This is an extrinsic quantity that is proportional to the amount 

of source material in the sample (the larger sample the greater the total number of decays) [155]. 

The activity A, or the decay number per unit time, is denoted by 

3.1.3. Half-life and Mean life Time 

It is the time for the number of atoms to reduce to half of its original value. It was calculated 

using the half-life, 1

2

t , i.e.,
1

2
1

2

t

e
−

= . As a result of this relationship, the half-life was correlated to 

the decay constant [154]. 

dN
N

dt
= −  (3.1) 
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= − =  (3.3) 
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The average or mean life time of a radioactive material (τ) is another useful time scale for 

obtaining decays. It's the average amount of time a nucleus takes before decaying. It has the 

following relationship with the decay constant (λ) [156]: 

3.1.4. Types of Radiation Decay and Properties 

Alpha decay, beta decay, and gamma decay are the three forms of radiation associated with 

radioactive decay. 

Alpha Particles 

The following method can be used to describe the spontaneous emission of an alpha particle: 

The nuclei of some unstable atoms emit alpha particles, which are a form of ionizing radiation. Its 

symbol is α. Two protons and two neutrons make up a helium nucleus ( 4
2 He ). The initial and final 

nuclei are X and X
 , respectively, whereas N is neutrons’ number, A is the number of total mass, 

and Z is protons number [153]. Heavy nuclei such as uranium, polonium, radium, and thorium emit 

alpha particles, which have much higher neutron numbers than protons. Alpha particles are 

positively charged due to the presence of two protons in their structure, and they have a large mass 

due to the presence of neutrons and protons. Alpha particles travel at around one-twentieth the 

speed of light in air, depending on the energy of the individual particle. Because of their short 

trajectories, they can quickly be absorbed by passing materials. 

 As illustrated in equation (3.7), the decay of Radium-226 to Radon-222 is a good example 

of this type of decay. Typical alpha particle emitters include uranium (Uranium (238U), Radon 

(222Rn) and Radium (226Ra). 

Beta Particles 

The conversion of a proton to a neutron or a neutron to a proton is the most basic β decay 

process. β decay changes both Z and N by one unit in a nucleus:  therefore, A = Z + N remains 

constant. The charge of beta particles can be either negative or positive. Regardless their charge, 

1

2

2 0.693In
t

 
=   (3.4) 

1


=  (3.53) 

4
2 2

A A

Z N Z NX X
 −

− −→ +  (3.6) 

222 4
86 2
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Ra Rn He→ +  (3.7) 
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they have the equivalent very small mass (1/2000 the mass of a neutron). Alpha particles can't 

penetrate as far as beta particles can. A sheet of aluminum, on the other hand, can easily stop them. 

Negative β decay, or negatron decay, was the first process. An ordinary electron is created and 

emitted in this process. The second process is positive β decay, also known as positron decay, which 

involves the ejection of a positively charged electron. In the third process, an atomic electron is 

captured, allowing a proton to be converted to a neutron. The neutrino was emitted in all three 

processes, and because it has no electric charge, its presence in the decay process has no effect on 

the identity of the generated particles [153]. 

Gamma Ray 

Electromagnetic waves emitted by radioactive nuclei are known as gamma rays (such as 

137Cs and 60Co). Cosmic rays, which come from space and reach the Earth's atmosphere, contain 

high-energy gamma rays. They are highly penetrating and cause serious damage to live tissues 

when absorbed [157]. The time it takes for a gamma ray to be emitted from an excited nuclear state 

is usually only 10−12 s, so it's almost instantaneous [158]. 

3.1.5. Radiation Units 

Radiation was measured using two sorts of measures: activity units and exposure units 

(dose). The amount of radiation emitted by a given radiation source is measured in units of activity. 

The amount of radiation absorbed or deposited by a radiation source is measured in exposure units 

[159]. Activity A is the number of disintegrations, nuclear transformations, or decay events per unit 

time in a sample. Disintegrations per minute (dpm) and disintegrations per second (ds) are two 

commonly used informal units (dps). 

 The Curie (Ci) is the US unit of activity. One Curie is 3.7 ∗ 1010 dps or 2.2∗1012 dpm. The 

millicurie and microcurie are two common multiples. The Becquerel is the SI unit of activity (Bq). 

One Becquerel is 1 dps [159]. 

The Roentgen (R) is known as a unit of measurement for radiation of gamma ray or X-ray. In 1cm3 

of dry air, 1 R is the quantity of radiation of X-ray or gamma that deposits sufficient energy to strip 

approximately 2x109 electrons off their orbits (1 ESU). The roentgen was only used to ionize dry 

air [160]. 

yneutron proton electron deca −→ +  (3.8) 

yproton neutron positron deca +→ +  (3.9) 

eproton electron neutr electr aon on c ptur+ →  (3.10) 

101 3.7 10Ci Bq=   (3.11) 
111 2.7 10 CurieBq −=   (3.12) 



22 

The quantity of absorbed dose in a substance is measured by the Radiation Absorbed Dose (RAD). 

One RAD is equal to 0.01 gray, and 100 RADs are equal to one gray. 

The REM is used to describe the biological effects of ionization on human tissue. The 

damage caused by one rad of β-radiation is smaller than that of one rad of 𝛼-radiation. The Sievert 

is a unit of biological damage in the International System of Units (SI) [160]. 

3.2. Radon and Its Progeny 

Friedrich Ernst Dorn discovered radon, a radioactive, odorless, colorless, and tasteless noble 

gas, in 1900. It has an atomic number of 86 and is found naturally as a decay product of thorium or 

uranium. Radon-222 is the most frequent and stable form. Radon-222 will eventually degrade into 

Pb-206. It melts at -71°C and evaporates at -61.8°C. It has a density of about 8 times that of the sea 

level Earth's atmosphere. At 25 degrees Celsius, Rn-222 is the densest of the noble gases and one 

of the heaviest gases [161]. Organic liquids are more soluble in radon than water. Rn-222 has a 

chemical sorption characteristic that is inert, meaning no reaction with other elements. Radon was 

thought to have no interaction by the soil grains surfaces. Isolated radon sorption onto rock-grains 

and soil in some circumstances were described by [162]. 

 Radon's physical parameters are listed in Table 3.1. As well, the physical and nuclear 

characteristics for Rn-219, Rn-220 and Rn-222 summarized in Table 3.2. 

Table 3.1. Radon's atomic, physical, and chemical characteristics [13]. 

Properties Value 

Atomic number 86 

Standard atomic weight Ar,std 222 

Outer shell electron configuration 6s26p6 

Density ρ (at 0 °C, atm press.) 9.73 kg/m3  

Melting point Tm  202 °K 

Normal boiling point  208.2 °K 

Fusion heat Lf  3.25 kJ/mol 

Vaporization heat Lv  18 kJ/mol 

1st ionization enthalpy  1037 kJ/mol 

States of oxidation  0, 2, 6 

Electronegativity χ (Pauling scale) 2.2 

Covalent radius rcov 0.150 nm 

Radius of Van der Waals rv 0.220 nm 

0.01one RAD Gray=  (3.133) 
0.01one REM Sievert=  (33.14) 
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Table 3.2. Physical and nuclear characteristics of 222Rn, 220Rn and 219Rn [13]. 

Parameters Symbol Rn-222 Rn-220 Rn-219 

Half-life T1/2 3.8 d 55.8 s 3.98 s 

Decay constant λ ~2.1× 10−6 s−1 ~1.24× 10−2 s−1 ~0.17 s−1 

Eavg, recoil on formation Er 0.086×105 eV 1.03×105 eV 1.04×105 eV 

Diffusion coefficient 

(air) 
Da 10−5 m2/s   

Diffusion coefficient 

(water) 
Dw 10−9 m2/s   

  

 The three radioactive isotopes of radon that occur naturally are; 222Rn (Radon) is a uranium 

series decay product in Table 3.3, The two most abundant radioactive substances on the earth are 

thorium and uranium. They have existed since the beginning of time. Isotopes that are found in nature 

have extraordinarily lengthy half-lives, in the billions of years range. 

The relative significance of the three radon isotopes is determined by their mean lifetimes and 

abundance. 5.51d, 80.2s, and 5.71s, respectively are the mean lifetimes of 222Rn, 220Rn, and 219Rn. 

The natural ratio of 235U/238U is 0.00719.  Consequently, 219Rn was formed in much smaller amounts 

than 222Rn. In comparison to 222Rn, 220Rn has a short half-life.  The mean diffusive motion distances 

for 220Rn and 222Rn are thus 0.029m and 2.2m, respectively. In this study, the radon isotope 222Rn 

is the most concerning [161]. 

Table 3.3. Uranium's decay series till Rn-222  (U-238) [161]. 

Isotope Half life Decay 

238U 4.49×109 year Alpha 

234Th 24.1 day -Beta 

234Pa 1.17 minutes -Beta 

234U 2.48×105 year Alpha 

230Th 7.7×104 year Alpha 

226Ra 1.6×103 year Alpha 

222Rn 3.82 day Alpha 

3.3. Diffusion of Radon 

The main form of radon transport from the earth to the air is molecular diffusion [17,18]. 

According to Fick's law, the Rn-222 flow density is proportional to the gradient of concentration, 

hence the activity flux density occurring from random motion of molecular is obtained: 
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where Jd is activity flux density (Bq/m2 s1), Dm (m2/s) is the molecular diffusion coefficient and ∇C 

is the Rn-222 gradient (Bq/m4). The minus sign was used to show that Rn-222 spreads from higher 

to lower concentrations. In air (Dma) and water (Dmw), the molecular diffusion coefficients are 

around 10−5 and 10−9 m2/s, respectively Table 3.2. 

For two reasons, the rate of Rn-222 transport in earth is slower than in a homogeneous medium like 

pure air: (1) path of the tortuous flow(τ) around particles and (2) fluid volume comparatively is 

smaller (porosity = n). The bulk radon flux density can be calculated by taking these two factors 

into account: 

where ns is the soil porosity. In a pure solution, Tortuosity (τ) is unity, but in soils it is usually less 

than unity. Closely packed uniform spheres have a value of 0.66. When the terms Dm and τ are 

integrated, the coefficient of diffusion of the pore fluid is calculated,  

Substituting for D from Equation (3.17) in (3.16), 

De, which is the coefficient of effective bulk diffusion inside earth, is the product of porosity and 

D. The radon diffusion length in the matrix is linearly proportional to D. The 222Rn location 

determines the radon diffusion coefficient in soil. The soil category, water content, pore size 

distribution, and porosity all play a significant role. In air and water, the molecular diffusion 

coefficients differ by a factor of 104. As a result, moisture effects dominate. According to 

researchers, radon diffusion is significantly influenced once moisture of soil crosses a specific 

threshold, which is determined by the geometry of the soil pore size [163]. 

3.4. Radon Measurement Techniques 

 The amounts of 222Rn and its daughter products in the environment have been measured using 

a variety of techniques. In comparison to subsurface groundwater, Rn-222 in surface waters is very 

low. In comparison to soil air, radon concentrations in atmospheric air are usually lower. 

 Techniques for measuring radon were categorized based on three factors: whether they 

measure 222Rn or its daughter products, time resolution, and radioactive detection of the type of 

emission. The majority of approaches depend on the discovery of 𝛼-particles. To measure radon 

isotopes, a single alpha particle was sometimes detected or all 3 𝛼-particles produced in the decay 

of 222Rn were counted using scintillation counters. Some approaches rely on the detection of γ-

d
mJ D C= −  (3.15) 

d
s mJ n D C = −  (3.16) 

mD D=  (3.17) 

d
sJ n D C= −  (33.18) 
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emission produced by the progeny of 222Rn (e.g., 214Bi, 214Pb) during radioactive decay. However, 

beta decays are used in only a few methods. 

For sampling and analysis, there are three types of time resolution: (a) The grab-sample technique 

includes measuring 222Rn in a separate sample of water or air obtained at a single place during a 

short period of time, RAD7, for example, can detect 222Rn in the air at any time; (b) The continuous 

technique allows for simultaneous measurement of time-series 222Rn concentrations in soil gas, air, 

and water samples. Smart Radon Duo and Scintillation Radon Monitors, for example, are new 

instruments that may be used to continuously monitor 222Rn and 220Rn in air, soil gas, and water. 

This type of measurement is extremely useful when utilizing 222Rn as a tracer to predict 

earthquakes.; and (c) technique of Integrating offers the average concentration for a specific 

duration of time. This information can be used to calculate the average 222Rn concentration in a 

building on a monthly or annual basis [13]. 

3.5. Processes of Radon Transport Below the Earth's Surface 

 There are two types of gases in the geosphere, carrier and trace gases [164]. The main 

representatives of them are CH4 and CO2 as carriers whereas Rn and He are trace gases. Different 

forms of gas migration were studied such as dry and saturated diffusion, water and gas-phase 

advection. The main language of Lithosphere–Atmosphere communication are gases. 

Typical radon concentrations in soil gas vary from 370 Bq/m3 to 3.7 × 104 Bq/m3 (10-1000 pCi/L) 

[165]. Advection and diffusion are the two main mechanisms of subsurface radon transport. These 

transportation methods were divided into two categories: fluid convection and earth-mechanical 

[165]. 

3.5.1. Mechanisms of Earth-Mechanical Transport 

The following are examples of earth-mechanical transportation [165]: 

(i) Temperature differences between the soil and the air 

(ii) Changes in barometric pressure 

(iii) Surface effects of wind turbulence 

(iv) Seismic stress causes variations in pore pressure. 

(v) Other gases sweep the area, e.g., volatile organic compounds from soil hydrocarbons. 

(vi) Effects of tidal pumping on the Earth 

 The pumping effect, which transports radon from sources to the surface, is well understood. 

At a depth of less than 2 meters, however, the pump action has no effect. Underground channels, 

cracks, and fissures are used to transport 222Rn from the subsurface to the surface of the earth. In 
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some circumstances, radon is transported due to natural heat gradients and pressure differentials. 

According to studies, radon levels in the topsoil layer are reduced when there is a high wind velocity 

over several hours. Strong winds drop surface pressure, allowing upper soil air with high 222Rn 

concentrations to mix with the free air. Additionally, short-term Rn-222 measurements in soil have 

revealed long-term fixed fluctuations (6-12 h) produced by tidal influences on the earth. The closing 

and opening of pore spaces during the tides causes a pumping effect, which drives underlying 222Rn 

to the exterior. Subsurface seismic activity causes considerable variations in 222Rn activities in 

groundwater and soil, according to the findings. 

3.5.2. Fluid Convection Mechanism 

 Convection is the most common way for energy to move through fluids. Radon released 

underneath was taken to the exterior by fluid convection inside the earth, similar to how water 

vapor is transported from the earth's surface to the air. Subsurface temperature gradients enable 

warmer (lighter) fluids to travel higher and cooler fluids to move lower, resulting in a convection 

cell, which can be produced using water or soil gas as shown in Figure 3.1 [166]. 

 

Figure 3.1. Subsurface fluid convection patterns [166]. 

 The convective fluid mechanism inside the earth produced by the geothermal gradient in air 

or, through the buoyancy triggered in water, dT/dz, convection cells may form within the ground 

as a result. Its stability condition based on a selection of factors including hydraulic permeability 

(K), Changes in fluid density as a function of temperature (dρ/dT), vertical dimension of convective 

area (h), viscosity of the fluid (η), and the fluid-filled medium's thermal diffusivity (D). Convection 

has been reported to occur when the following conditions are met: 
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where g denotes gravity's acceleration. The vertical dimension of the convective zone of 100 m is 

given by Equation (3.19), and (dT/dz)net = 30 °C/km, and experiences convection (K > 3 × 10−7 

cm2) [166].  

 Long-distance radon transport is thought to be possible due to a general vertical flow of other 

gases working as a radon carrier [167]. The study of radon measurements was done by [166] at a 

depth of 60 cm below the earth's surface shows possible convective flow. 

3.6. Vertical Transport of Radon in Subsurface Soil 

 The vertical transport of Rn-222 can be defined using the conservation of continuity equation 

and radon mass. A number of researchers have used this equation [4,168,169]. Diffusional and 

advective transport are the two main mechanisms for vertical radon transport from subsurface soil. 

The mass of transported Rn-222 per unit of cross-sectional area per time can be calculated using 

the advective and convective flux density (Fa): 

where C denotes the radon concentration in soil gas, which is defined as the Rn-222 mass per 

volume, and v denotes the Darcy's velocity, which is defined as the air volume flowing per area of 

cross-sectional area per time in the direction z (upward). Fick's law defines the diffusive flux density 

(Fd) as the mass of transported Rn-222 per cross-sectional area per time: 

where n denotes the effective porosity of gas, the radon diffusion coefficient in the direction z is 

Dz, and the mass of Rn-222 in the volume of soil is denoted by nC. The diffusion coefficient for 

Rn-222 in pure air (Da) and the coefficient of diffusion for Rn-222 (Dz) were connected as follows: 

For damp soil, τZ is the coefficient of tortuosity. The following continuity equation explains the 

conservation of mass of radon: 

where F in direction z is the total flux density (Fd + Fa), t is time, the decay constant for 222Rn is λ, 

and U is the source term. It is a production rate of Rn-222 concentration in moist soil pore space 

per unit volume. Putting Equation (3.21) for Fd and (3.20) for Fa in Equation (3.23), the equation 

of transport will be: 

2 2
net(dT / dz) (d / dT) 4 DKgh     (3.19) 

aF vC=  (3.20) 

( ) /d zF D nC z =  (3.21) 

z a zD D =  (3.22) 

( ) ΦnC F
nC n

t z

  
 

= − − +  (3.23) 
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Because the vertical diffusion constant is constant, the advectional transport ( /v C z  ) is 

substantially bigger than 
C

C
z




, Equation (3.24) simplified to: 

where 2 2/zD C z  is the diffusion term, ( / ) /v n C z  is the advective flow, and C is the 

decay of 222Rn and Φ  is the production. Via the boundary settings: C(0, t) 0=  and 

C( , t) Φ / − =  Rn-222 gas concentration in the soil was supposed to be at steady state [217]. 

3.7. Influence of Meteorological Parameters on Radon Release 

 Temperature, pressure, wind speed, and the amount and frequency of precipitation can all 

affect the duration it spends for radon to move from the subsurface to the surface. When there is a 

huge pressure gradient due to changes in atmospheric circumstances, Rn-222 can be transported 

upward faster when soils of heterogeneous have many channels and cracks through which radon 

can outflow [170]. At that depth of 100 m from the surface, air pressure variations are difficult to 

influence.  

 When there is a temperature inversion, Rn-222 can be trapped near the earth's surface 

because of a colder air mass located on the ground [171]. 

 Figure 3.2 shows the synchronous variations of radon with solar tides which are measured 

at the active volcanic island Terceira, Azores [172]. The author also investigated the relationship 

of radon activity with the lunar and marine tides, seismic and volcanic activity. For all external 

forces, the radon activity response was detected with different levels of confidence. 

 

Figure 3.2. Radon emanation peak times versus the sun’s elevation during summer and winter [172]. 

( )/ / ( / ) / Φz

C
D C z z vC n z C

t

       


= − − +  (3.243) 

2 2/ / ( / ) / ΦzC t D C z v n C z C       − − +  (3.253) 
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3.8. Radon Precursor as Earthquake Predictor 

 As a precursor to predicting earthquakes, one of the most effective tracers is radon-222. 

Because of its distinctive chemical properties, its transportation in environments of subsurface is 

mainly governed by advection, radioactive decay, and diffusion. Important data about the earth's 

crust's subsurface seismic activity and earthquake formation process can be provided by radon 

activity changes in ground water and soil gas [173–175].  

 Emanation of Rn-222 rates is shown to be higher in seismically active locations as well as 

subsurface active faults, where major channel paths for Rn-222 and gases (CO2, CH4, N2, H2, He, 

F, and Cl) to escape are provided. The rates at which gases escape from subsurface faults are not 

uniform. They are influenced by a variety of parameters such as subsurface conductivity, porosity, 

underlying material permeability, and so on. However, the released rupturing energy from 

subsurface seismic activity could change the permeability and porosity of subsurface, influencing 

radon channel paths. Since the 1960s, variations in geochemical, geophysical, and hydrological 

(crustal deformation measurement) parameters leading ahead to major earthquakes have been 

documented [175].  The earliest indication of a link between 222Rn and earthquakes came from 

extremely elevated activity of Rn-222 in water from a Russian well before the April 26, 1966 

Tashkent earthquake [176].  The investigation of this incident sparked dozens of new studies, and 

it later became a guideline in Haicheng's successful prediction. The importance of radon 

observations in the successful prediction of this earthquake cannot be overstated [177]. 

3.8.1. The Mechanism of Rn-222 Vertical Transport in Seismically Active Regions 

 Throughout its creation from radium's alpha decay, radon enters the pore space of soils and 

rock grains mostly through the process of nuclear recoil [163]. Subsurface radon was then 

transported to the surface by Fick's law-governed molecular diffusion and Darcy's law-governed 

advection flow. As mentioned in Section 3.6, The flow of Rn-222 within the earth is influenced by 

three factors: 

(i) Convection caused by geothermal heat; (ii) the earth's pre-seismic stresses and (iii) emanation 

of underground gas. The geothermal gradient (~30 ° C/km) within the earth persuades fluid 

buoyancy, resulting in fluid flow, which leads to convection within the earth. As mentioned in 

Section 3.5.2, Thermally induced sub-terrestrial fluid convection in locations with higher-than-

average permeability, could be a possible transport mechanism for 222Rn. Gases can simply escape 

from the subsurface in areas with multiple active faults and fracture zones. 

 It is well known that locations with multiple active faults are typically quite impermeable. 

Before big earthquakes, the energy of rupturing released causes significant fluctuations in the 

porosity and permeability of the surrounding rocks close to the epicenter. As mentioned in Section 



30 

3.5.2, the effective permeability in a perpendicular channel is required for long-distance travel of 

Rn-222 from uranium-ore bodies to the surface of earth. The permeability fluctuation was not 

routinely measured during seismic activity. As a result, the amount of permeability varies during, 

before, and after significant seismic events has been unknown. 

 The Rn-222 release rates will fluctuate due to changes in permeability and porosity where 

seismic activity is high. The creation of micro-cracks in the aquifer system caused an irregular 

growth in Rn-222 concentration in groundwater; some of the micro-cracks caused a sudden fall in 

Rn-222 one week previous to the earthquake [150]. 

 Mineral and hydrocarbon deposits in the subsurface have the potential to release gas, 

resulting in pressure gradients and an upward gas flow. As illustrated below, the mean pressure (P) 

produced in a homogeneous permeable medium obeying Darcy's law: 

where k stands for permeability, ε stands for porosity, the gas viscosity denoted by η, and the 

pressure diffusivity denoted by D. The viscosity and permeable medium porosity, both of which 

are difficult to calculate, are required for computing the pressure. Subsurface hydrocarbon deposits 

can be produced on a large scale to generate sufficient gas pressure. Then, by releasing CO2, radon 

and other gases like CO2, N2, CH4, H2, He, F and Cl can carry away. 

 The influence of vertical flow on Rn-222 was measured using a 1-D model. The upright 

movement of Rn-222 is governed by two progressions: Fick's law-governed molecular diffusion 

and Darcy's law-guided gas flow. The result of Rn-222 (C, atom m−3) for steady-state as a function 

of (−z) is obtained by Equation (3.27) using a conventional continuity equation and the standard 

boundary condition (Rn-222 concentration is negligible at earth's surface) [150]: 

where  

where v denotes the apparent gas flow velocity in the soil, The volumetric radon emanation rate is 

denoted by  , ε is porosity of soil, λ, the decay constant of 222Rn and the effective diffusion 

coefficient of Rn-222 is Deff. Equation [17] describes the the coefficient of effective diffusion and 

molecular diffusion (D0): 

 The theoretical radon activities calculated using Equation (3.27) and plotted in Figure 3.3 

can be compared to values obtained several meters apart at different depths. It appeared that during 

anomalous periods 222Rn concentration elevated at the shallower depths only. 

P D / k=  (3.263) 

1/2

1 expC Z
D

 


    = −    
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Figure 3.3. Theoretical model of Rn-222 in subsurface soil as a function of -Z [4]. 

3.8.2. Radon Activity Monitoring on a Long-Term 

 In order to predict earthquakes, long-term monitoring of Rn-222 activity in soil and 

groundwater is basic. Many countries along plate boundaries, including Türkiye, China, Japan, 

India, Russia, and the United States, have continuous monitoring programs in place. Continuous 

monitoring of groundwater and soil processes is essential for earthquake prediction, as is a thorough 

understanding of other parameters that influence Rn-222 near the earth's surface. For instance, 

radon sampling at 10 m depth for 15 minutes at a monitoring station in Himalayan revealed a 

complicated pattern with high seasonality and diurnal trends [178]. The results of a large number 

of monitoring wells around the San Andreas fault zone showed the greatest regional variability, by 

four orders of magnitude, with no systematic spatial trend [179]. There was no evidence that these 

fluctuations were linked to underlying seismic activity.  

 Main geophysical phenomena, like seismic events and volcanic eruptions, are proven to 

cause considerable radon concentration changes in the soil. Figure 3.4 depicts radon measurements 

in soil air near the Tuzla fault line in Türkiye between 2007 and 2011, with (338 ± 38 kBq m−3)  

average concentration [180]. Because of the high seismic activity in this location and the nearby 

fault lines, the observations of this monitoring station showed multiple anomalies [180]. Radon 

concentrations were also observed along Türkiye's NAF extremely active fault, with radon activity 

reaching 200000 Bq m−3 according to [80].  



32 

 

Figure 3.4. Radon-222 measurements in the Tuzla fault line were taken between 2007 and 2011 (around 80 
kilometers southwest of Izmir, Türkiye). Because of the seismic activity in this location and the 

fault lines nearby, this data showed several anomalies [180]. 

Table 3.4. The comparison of 222Rn activities in soil-gas samples from several tectonic regimes [181]. 

Nation 
Range of 

Radon-222 
(Bq/m3) 

Studied by 

Türkiye 209–7389 Erees et al. (2006) [182] 
Türkiye 4300–9800 Inceoz et al. (2006) [112] 
Türkiye 98–8594 Tabar et al. (2013) [181] 
Jordan 800–26700 Abumurad and Al-Tamimi (2005) [183] 

Russia 1700–24000 Iakovleva and Ryzhamova. (2003) [184] 
Ghana 9910–42100 Amponsah et al. (2008) [185] 
Cameroon 5500–8700 Ngachin et al. (2008) [186] 

India 1657–1855 Chaudhuri et al. (2010) [187] 
India 1500–15900 Choubey et al. (2007) [188] 
Canada 6800–74700 Chen et al. (2008) [189] 

 

 Long-term predictions have been improved over time, particularly in locations where major 

earthquakes occur near plate borders and in inland areas. Data from trench studies of active faults 

and historical earthquake geodetic survey data were collected over a 100-year period, indicating 

that significant earthquakes occur often in many regions. 

Long-term monitoring offers real-time observations, providing insight into crustal deformation. As 

illustrated in Table 3.4, relationships among micro-seismic occurrences and reported 222Rn 

anomalies were investigated in order to link anomalous 222Rn to earthquakes. 



4. IONOSPHERE 

The ionosphere is defined as the upper region of the atmosphere that contains sufficient 

electrons and ions to make interaction with electromagnetic fields effectively. Like a conducting 

medium, it is subjected to plasma physics laws as a partially ionized gas, and it is important for the 

global electric circuit. Because of its electromagnetic characteristics, the ionosphere makes 

interactions with and is governed in part by the Earth's magnetic field. As a result, magnetoactive 

plasma was meant to describe the ionosphere. 

The ionosphere's altitude borders are currently estimated to be between 50 and 1000 

kilometers. For all levels of the ionosphere, Figure 4.1 depicts the altitude structure of the 

ionosphere and the ionization main source [190]. 

 

Figure 4.1. The main ionization areas and the structure of the ionosphere during a night and day of summer 
(middle latitude) [190]. 

Solar UV light has a shorter wavelength of 102.7 nm causes ionization in the ionosphere, 

which is successfully taken by atmospheric molecules. Solar cosmic rays at high latitudes are 

further sources of ionization, but they are sporadic and linked to solar activity. Based on the day 

time and geophysical circumstances, layers of ionospheric can be divided into two or more, which 

is why the ionospheric area and layer are distinguishable as indicated in Table 4.1 [191]. 
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Table 4.1. Regions and layers of the ionospheric [191]. 

Zone 
Approx. 
Altitude 

Range (km) 
Layer 

Approx. 
Altitude 

(km) 

Approx. Electron 
Density-Daytime 

(m-3) 

C   65 108 

D 50-90    

  D 70-90 109 

  El 100-110 1011 

E 90-140 E2 115 1011 

  Es 110-120 variable 

  F1, F11/2 140-200 2x1011 

F 140-350 F2 200-350 1012 

Topside 350-1000   
1010 

1011 

Plasmasphere >1000   109 

4.1. Ionospheric Regular Variations 

Fluctuation of ionospheric can be subdivided on a variety of temporal scales, with the biggest 

temporal scale associated with the solar activity cycle. Although there is a cycle of 11-year, which 

is the number of visible dark spots on the solar disk using a telescope, there are several 

manifestations of solar activity, including ejections of coronal mass (CME), solar flares, and solar 

proton events. In geophysics, solar activity is measured by the solar radio flux with a wavelength 

of 10.7 cm, as shown in Figure 4.2, the critical frequency (top panel) was shown to be strongly 

linked to solar activity. This demonstrates that as solar activity increases, the critical frequency's 

absolute daytime value rises [192]. 

 

Figure 4.2. Solar activity (60 years), the solar cycle fluctuations (top) and solar 10.7 radio flux (bottom) 
[192]. 
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Seasonal fluctuations, as shown in Figure 4.3, are the next temporal scale in ionospheric 

variability. The seasonal effect was seen in the maximum about the equinoxes and the minima in 

the summer for the noon values. However, when solar activity decreases, the seasonal effect’s 

amplitude decreases. There is a change among the Southern and Northern hemispheres at the solar 

cycle minimum. The fall equinox maximum vanishes in the Southern hemisphere. The seasonal 

behavior of midnight is pure, but it contains a reversal of the solar cycle's seasonal dependence. 

 

 

Figure 4.3. The values of the electron concentration at noon (upper) and midnight (bottom) for 4 years of 
the 22nd solar cycle (upper two plots) for Tokyo and Canberra (bottom two plots) (two bottom 

plots). Daily meanings are overlaid with a 30-day running mean [193]. 

 The daily variations are the smallest temporal scale regularly changes. In Figure 4.4, the 

typical daily fluctuations for undisturbed states were displayed. In different areas, daily changes of 

the critical frequency might be unlikely. The daily variations in the ionosphere have their own 

unique features. The day-night oscillation is the most obvious example of wave-like fluctuation. 
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Day-to-day fluctuation is the most interesting features, as it shows a large variance without any 

obvious cause. 

As seen in Table 4.2, the differences among ionospheric changes in the time of magnetic storms 

and seismo-ionospheric fluctuations, 

Table 4.2. Variations in ionospheric by the magnetic storm and seismo-ionospheric variables [36]. 

Fluctuations in the ionospheric (magnetic storm) Variations of Seismo-ionospheric  

Variations are seen all across the world and have 

a global character. 

Only in the domain of earthquake preparation do 

variations appear (with some shift equatorward) 

The magnitude and duration of the variations are 

significant, and they comprise a continuous 

process that lasts 40-48 H. 

Variations are sporadic in character and arise at 

the same time every day in the same location, 

but they do not have a continuous property. 

Disturbances in low latitudes are primarily 

detected at night, with positive and negative 

phases observable, first and foremost between 

sunset and sunrise. 

Fluctuations are also seen in day, with negative 

deviation in the afternoon hours being the most 

statistically validated predictor in low latitudes. 

The ΔhmF2 value in the time of a storm is (60 to 

80 km) with hmF2 in quiet day not less than 250 

kilometers 

The ΔhmF2 prior to earthquakes may reach 150 

kilometers 

Because the mass relation ([N2] + [O2]) / [O] 

increased as a result of the formation of a storm, 

the mean molecular mass at Flayer altitudes 

increased. Due to an increase in the NO+/O+ 

relationship, the average mass of ions in the time 

of the storm has also increased. 

Because of fluctuations in magnetospheric 

fluxes of ions O+ and increases in concentration 

of light ions (H+ and He+), seismo-ionospheric 

fluctuations result in a decrease in average mass 

of ions at F-layer heights. 

During a magnetic storm, the positive and 

negative deviations are determined by the storm's 

development phase. 

Negative and positive deviations of seismo-

ionospheric variations are dependent on LT, 

relative location of observation point and 

epicenter, and sign of electric field anomaly. 

During storm, electrons and ions are heated to 

high temperatures (2000 – 3000 K) 

Before earthquakes (~ 300 K), there was almost 

no heating. 
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Figure 4.4. fOF2 with other characteristic frequencies scaled from the ionogram show typical daily 
fluctuations [194]. 

4.2. Ionospheric Precursors to Predict Earthquake 

The first seismo-ionospheric coupling mechanism was the acoustic-gravity wave [125,195]. The 

post-earthquake influence was proved by comparison of seismograms and ionosonde records, 

reflecting the vertical oscillation of the ionospheric layer caused by the earthquake's acoustic 

vibrations. However, it should be noted that the effects were also identified before the earthquake 

[121,122]. 

 The shape, duration time, amplitude, and time of appearance of the registered precursors on 

the ground vary by sign and other factors, such as their shape, duration, and time of appearance 

prior to the earthquake [36]. The ionospheric precursors provide a very realistic prospect time: from 

1 to 7 days, not years, months, or weeks. This is a significant benefit of ionospheric precursors. 

 Separating the precursor is a pattern identification art that includes the signal choice 

technique against a noisy background. As a result, different techniques for varying amounts of 

ionospheric variability can be applied in different geophysical settings. 

 The following are the main properties of ionospheric precursors: [36]: 

• The plasma density was influenced by seismically produced precursors, which were 

detected among 7 d and a few hours before the seismic event. 

• Fluctuation might be either positive or negative. 
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• A seismically produced deviation of sign has a very short duration of approximately 4-

6 h which is opposite to magnetic storm effects, in which a very strong seismic event 

can last for over twelve hours. 

• The size of the preparation zone determines the threshold at which seismo-genic 

influences on the ionosphere will be noticeable, which matches to a magnitude of 5. 

• Typically, seismo-ionospheric changes have the similar amplitude as an ionosphere's 

day-to-day fluctuation (30%), although they can be much more noticeable (up to 100%) 

at specific times in local time. 

• Local time determines the shape and sign of seismo-ionospheric fluctuations. This 

dependence may vary by longitude and latitude, necessitating more investigation for 

each geophysical area. 

• The form and sign of seismo-ionospheric fluctuations in one-point observations are 

determined by the relative location of the observation and the epicenter. 

• The range of the ionosphere's influenced area at the maximum of the F- layer relies on 

the size of the seismic event, and for all major earthquakes with M>7, it can exceed 40 

degrees in longitude and latitude. 

• Seismoionospheric changes have an influence on plasma, causing the ionosphere's 

height scale to grow. 

• Changes in ion mass or parallel particle fluxes are the main causes of height scale 

fluctuations. They aren't due to fluctuations in plasma temperature. 

• The measured variances in the critical frequency correspond well with the TEC seismo-

ionospheric fluctuations. 

• In the magnetically conjugated region, the related ionospheric effects can be 

recognized under certain conditions. 

• Seismo-ionospheric changes cause modification of equatorial anomalies at equatorial 

and low latitudes. 

• Several days prior to the earthquake, increasing sporadic E-layer activity was reported 

across the earthquake preparedness zone. 

• Several days before the earthquake, growth of D-region ionization was noticed over 

the seismic preparedness area. 

• Inside the magnetic tube that was loaned to the preparation zone, precipitation of 

energetic particles was noticed. 

• Inside the magnetic-tube loaned to the preparation region, a higher concentration of 

light ions was found. 
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4.2.1. Effects on F2-Region of Ionosphere 

Influences from long-term causes, e.g., tectonic faults, were studied [196]. This research was 

done to understand data from the Intercosmos-19 satellite's topside sounder, which recorded large 

longitudinal fluctuations when traveling over the Andes [197]. At three constant latitudes, 

longitudinal profiles of electron density and critical frequency at a height of 400 km were 

calculated. For 25° S latitude, the critical frequency was shown in Figure 4.6.  

 The tectonic plate margins contain a large network of tectonic faults that "lives", implying 

that ionosphere changes can be formed continuously as well. The GPS receivers can keep track of 

small-scale changes of the ionosphere. Figure 4.5 illustrates differences among worldwide seismic 

activity centered on lengthways tectonic plate margins with the ionospheric phase variations for 

global distribution as measured by the GPS receivers' network. 

 

 

Figure 4.5. Seismic activity for Global distribution of (upper), global distribution of GPS receivers signal 
phase variations produced by the small-scale irregularities (lower) [36]. 
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Figure 4.6. Longitudinal distribution foF2 (dots, right axis) (July 15th–16th, 1980, 05:00 LT) and ground 
level data (line, left axis) [36]. 

4.3. Role of Radon in Seismo-ionospheric Coupling 

Natural radioactivity acts as a critical influence in the morphology of the atmosphere, the 

calculation of global electric circuit variables as well. Electromagnetic radiation or a flux of rapid 

charged and neutral particles indicate the release of the nucleus of radioactive substances. By 

traveling within the atmosphere, radioactivity supplies the energy for excitation and ionization of 

molecules. 

4.3.1. Ionization Production 

Natural radioactivity and cosmic-rays are the primary sources of ionization in the lower 

atmosphere. Radiation of the ground was responsible for more than 60 percent of the overall 

production of natural ionization bases. 

In air, 219Rn (Actinon), 220Rn (Thoron) and222Rn (Radon) are the primary sources of 𝛼-

particles that represent a helium nucleus with a charge of 2e. Isotopes of heavy metals, in particular, 

are produced as a result of their disintegration, and they are promptly absorbed by aerosol particles. 

The released energy of particles is between 4 and 9 MeV, and the free pass length is less than 6 cm. 

For instance, 𝛼-particle produced in Rn-222 decay with a mean energy of Eα=6 MeV can yield 

~2x105 electron-ion pairs in atmospheric air. The radon flux produced on the Earth's surface is 

typically less than (1.4 atom/cm2/s) [198]. However, in some regions, such as geo-active zones near 
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Earth's crustal cracks, radon emanation from the ground might be significantly higher. Fast 

electrons with an average energy of ~0.25 MeV and a free pass in air of ~1 m is produced by β- 

emitters. They are created by the disintegration of 85Kr in the air, as well as 90Sr and 90Y on the 

Earth's surface. Essentially, γ-radiation is the product of the decay of radium and thorium. 

Ions are produced in an atmosphere near the Earth's surface by cosmic radiation, which is 

produced by the sun's usual activity. At an altitude of 20–35 kilometers, velocity of ion production 

increases from ~2 cm-3s-1 to 5cm-3s-1. However, following severe solar flares, generation of ions in 

the atmosphere increases due to corpuscular radiation [199]. 

4.3.2. Near-Ground Atmospheric Electric Field 

  In the list of physical precursors of short-term, the electric field anomaly as precursor 

coexisted with Rn-222 release at all times [142]. Many articles suggest that Rn-222 release 

fluctuates conductivity of air and then affects the atmosphere electric field which can be found in 

relation to the influence of radon. 

 The link between Rn-222 and changes in the foF2 near Tashkent about the time of the 

Nazarbek seismic event (M = 5.1, 11th December 1980) sparked the first hypotheses [76].  This 

link was discovered exclusively for values of the foF2 collected at particular durations of LT, 

implying that the observed effect is LT dependent. 

Variations in Rn-222 concentration (triangles) were detected at a well not far from the epicenter of 

the earthquake in Figure 4.7. Two additional curves depict smoothed (running average) 

fluctuations of foF2 scaled over numerous months for two specific LT periods. There is a clear 

anticorrelation between two processes: In the area of the earthquake, Rn-222 concentration rises a 

few days before the earthquake, while Rn-222 concentration in the morning and afternoon hours 

slowly lowers. 

 As depicted in Figure 4.8, the process of generating abnormal electric fields prior to big 

earthquakes. The parameters of the neighboring ground layer are strongly altered by Rn-222 release 

from the crust, as shown in Figure 4.9. Within the layer, it can modify the electric field value 

numerous times, up to the electrode effect's opposite sign. The ionization efficiency of Rn-222 and 

its daughter products might be ten times that of cosmic rays [200], which are able to affect the 

thunderstorm activity [201,202]. There's also the effect of surface roughness on the fluctuation of 

the electric field near the ground. The parameters of seismo-ionospheric coupling can be 

categorized into three categories in Table 4.3. 
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Figure 4.7. For the Tashkent ionospheric station, correlation among Rn-222 in the well near the upcoming 
epicenter (triangles) and the average for 5 days of foF2 scaled for 06:00 local time (bold) and 

18:00 local time (circles). The bold triangle on the diagram depicts the time of the seismic 
event [76]. 

 

Figure 4.8. The atmospheric electric field's main diurnal variation (top panel). Negative numbers indicate 
that the electric field is pointing downward. The potential of the ionosphere as measured by 

balloons (bottom panel) [203].  
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Figure 4.9. Effect of radon emanation on the geochemical/electromagnetic parameters [204]. 

Table 4.3. Parameter list of Earth and space data [204]. 

 

 



44 

 The effects of aerosols are another important factor. The atmospheric electric field in rural 

areas polluted by aerosols is up to four times greater than in clear air, according to experimental 

observations [205]. 

 

 Many precursors were discovered after analyzing the destructive earthquake in Irpinia, Italy, 

with a magnitude of 6.9. The following are some of the observed precursors [36]: 

• Rn-222 anomalies began post to the seismic swarm in May 1980 and lasted until the 

Irpinia seismic event, which was reported at great ranges from the epicenter. 

• Thermal anomalies began five days prior to the seismic event and spread across vast 

region (> 500 kilometer) 

• Ionosondes in Athens and Rome observed ionospheric anomalies two and one days 

before the seismic earthquake, respectively. 

• The Intercosmos-19 satellite began recording ionospheric anomalies three days before 

the event. 

• The ion mass changes were manifested as scale height anomalies. 

• Three days prior to the seismic event, VLF noise anomalies began. 

 

 Another recent major earthquake event is the seismic sequence (M6.3 Norcia, M 6.1 

Macerata and M 6.5 Perugia) of 2016 Central Italy, which became one of the most important and 

unusual modern earthquake events [204]. Recently, studies show an enhanced coupling between 

the atmospheric boundary layer and the ionosphere, which has been proposed to be linked to large 

(>M6) earthquakes. 

 The scenario of the events' progress can be characterized based on the data obtained on the 

Irpinia seismic event precursors. The development of neutral associates and radon emanation 

prepared the lower atmosphere over several months. Gas discharges began around five days before 

the earthquake across the entire Apennine peninsula, which were detected by satellite as thermal 

anomalies. The gas aerosols boosted the electric field strength, resulting in the formation of a strong 

electric field and the disruption of neutral companions that could penetrate into the ionosphere [36].  

4.4. Ionospheric TEC 

The collective number of electrons in the slab from the satellite to the receiver is known as 

the Total Electron Content (or TEC). Because the F2 layer contributes the most to TEC, the TEC 

variations are often quite similar to the fOF2 variations. In other circumstances, their behavior is 

antiphase due to the plasmasphere's higher contribution to TEC, such as during geomagnetic 
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storms. According to [206], the correlation between fluctuations in NmF2 and TEC(GPS) is 0.953. 

As a result, GPS TEC data can be used as if it were ionosonde observations, specifically for plotting. 

In comparison to single receiver time series analysis, Figure 4.10 illustrates the benefit of having 

many GPS receivers in the area. The time series of total electron content at L'Aquila GPS (red) was 

displayed from top to bottom, along with the running average (blue). The percentage change 

(ΔTEC) among the real values of TEC (GPS) and the monthly median may be seen in the second 

graph from the top. A strong positive TEC anomaly can be seen in the figure a few hours prior to 

the seismic event. The third plot from the top illustrates that the local spatial scintillation index has 

a higher sensitivity than the GPS TEC time series analysis in detecting pre-earthquake anomalies 

in the ionosphere, since the anomaly appears before in TEC. 

 

Figure 4.10. (1) The vertical TEC time series is represented by the red line, the aqui GPS receiver is 
represented by the blue line, and the running average is represented by the blue line. (2) 
Difference between the total electron content and the median instantaneous values (percent ). (3) 
The LSSI was derived using observations from the GPS receiver network-Italian. (4) Dst, or the 
global equatorial geomagnetic activity index. The time of the major shock on April 6, 2009 is 
indicated by the blue vertical dashed line [207]. 

The global geomagnetic index Dst, shown in the fourth graph from the top, was used to distinguish 

between seismically produced ionospheric anomalies with geomagnetic disturbances. The period 

leading up to the L'Aquila seismic event was quiet, however on April 8, a tiny geomagnetic storm 

occurred.  
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The ionospheric precursor mask is possibly the advanced and sensitive technology for observing 

precursors [208], There is a specific representation of the total electron content (color coded) in 

coordinates: X-days relative to the main shock day, and Y-the local time, which was presented in 

Figure 4.11 for the example of L'Aquila. After years of research into powerful M⩾ 6 earthquakes 

in Greece, it was discovered [209], a positive anomaly occurred above the preparation area at the 

night time 1-3 days before to an earthquake. This effect was discovered to be effective for all M > 

6 seismic events, and it was linked to the physical mechanism of anomaly formation [210]. In 

Figure 4.11, the prototype mask designed for the L'Aquila earthquake was displayed. Starting six 

days before the earthquake, positive anomalies were reported in the afternoon and morning hours. 

 

Figure 4.11. L'Aquila earthquake's precursor mask. April 6, 2009 is Day 0 on the x-axis [210]. 

 It's crucial to notice that anomalies don't go away right after the main shock; they stick around 

for a few days afterward, and the period of anomaly appearance matches the [211]-detected 

'foreshock period'. Using spatial distribution, the TEC (GPS) anomaly 1 d prior to the major shock 

is depicted in Figure 4.12 using observations from the GPS receiver network in Italia. 

 

Figure 4.12. The GPS TEC residual map (ΔTEC) 1-day prior to the earthquake of L’Aquila with 6.3 M 
(6th of April, 2009) [207]. 



47 

 Several various circumstances should be satisfied by the mechanism of atmospheric anomaly 

development (time of ionization, plasma-chemical reactions, etc.). The inertia of thermodynamic 

and atmospheric progressions does not ensure that all precursors respond instantly. Furthermore, 

any quantities are discrete in nature; for instance, an ionosonde in standard mode will sound once 

every 15 minutes. GPS receivers provide more efficiency chances, with GPS TEC computation 

rates ranging from 2 minutes to 5 minutes and beyond. As a result, there is no guarantee that TEC 

will be accurately measured at the time of the major shock. However, a co-seismic signal was 

apparently collected in the case of L'Aquila, as illustrated in Figure 4.13. 

 

Figure 4.13. The aqui receiver produced a coseismic ionospheric indication (in the red circle) [207]. 

 Important progress has recently been made in the growth of unique ionospheric observation 

operating algorithms for detecting earthquake ionospheric precursors [36,64]. The first was based 

on a basic principle: a station located nearer to the epicenter of an upcoming seismic event 'feels' 

the approaching more compared to the one located distant.  

 

Figure 4.14. Cross-correlation analysis of the critical frequencies foF2 measured at Kokubunji and 
Jamagawa ionosondes for the period from December 20, 2011 to February 29, 2012 [207]. 

Calculating the cross-correlation coefficient between daily fOF2 records for total electron 

contents for GPS receivers revealed this [65]. It can be observed from Figure 4.14 and Figure 4.15, 
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before earthquakes, there is a remarkable reduction in the value of the coefficient of cross-

correlation one or several days prior to seismic events. 

 

Figure 4.15. Variations of the cross-correlation coefficient before a series of quakes in Northern Italy in 
2012 for the period from April 14 to June 8, 2012 [207]. 

 

 

 

 



5. DATA AND STUDY AREA 

This chapter includes the study area and the information about data sources as well the nature 

of the data explored by figures. Also, the transformations of the data highlighted for specific data. 

Moreover, we focused on data preparation to obtain suitable and correct results. 

5.1. Study Area 

 North Anatolian Fault Zone (NAF) was described by Ketin in the late 1940s [135], It is 

currently one of the world's greatest active continental strike-slip faults. The fault originated in 

response to the Arabian Plate's northward drift in the east and the Hellenic subduction zone's 

southward rollback in the west [212]. The Fault Zone of North Anatolian is known for the highest 

seismicity region in the world, and has caused many large and destructive earthquakes. 

 Reşadiye geothermal area located on the line of NAF. This geothermal area is related to the 

region's geological structure. The topsoil is made up of rocks, silt, sand, limestone, and andesitic 

volcanic rocks [213]. The town of Reşadiye was also surrounded by places where surface ruptures 

formed during the 1939 Erzincan Earthquake (Ms = 7.8) as shown in the Figure 5.1. 

 

Figure 5.1. Allocation of active faults around Reşadiye [214]. 
 

 

 



50 

5.2. Data Sources and Explanations 

 In this study, we used a lot of data for the purposes of investigation from different sources. 

Then some of them required to be formatted, sorted, resampled, and interpolated. As well, filtered 

data obtained for certain conditions for the purpose of investigation. It is also important to know 

which data at which time interval is significant to make the proper investigation, otherwise it will 

be useless or inaccurate. Likewise, for some of the data we need the precise time interval in order 

to learn the instantaneous behavior of the variable which may be linked to another parameter.  

We would also like to express that the missing values in the range of the data when it is used makes 

it difficult to explain a proper cause and effect. For some data, we tried to decrease the level of 

difficulty by interpolating and resampling data, for some it is okay but still it remains as weak for 

interpreting the results for some data. In this section, graphically we clarified this. 

Moreover, it is very important to select correct parameters when the data is obtained from the online 

sources. Because of using different sources for each data, may someone forget the concept of local 

and universal time (Türkiye Time = UT+3 hours). The data which used in this thesis categorized 

as the following subsections. 

5.2.1. Earthquake Data 

 The earthquakes used in this thesis were taken from B.U. KOERI-RETMC, the surface 

information of the website given in Figure 5.2. The downloaded data from the website is the format 

of the text file and it should be converted to excel file format. Before downloading data, one should 

read the guidelines in the webpage carefully to obtain a correct output. Examples of the prepared 

data table are shown in the below. 

 

Figure 5.2. An overview for the surface information of the website [215]. 
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Table 5.1. List of selected earthquakes according to Ankara station (39.8875° N, 32.7586° E) in IONOLAB. 

No 
Date  

(dd-mm-yyyy) 
Time 
(UT) 

Location of epicenter Depth 
(km) 

Magnitude 
(M) 

Distance to the 
EQ epicenter 

(km) 
De/R Site location 

Latitude Longitude 

EQ1 09-02-2007 15:30 39.9423 32.3487 14.9 3 35.5 1.82 Outside EPZ 

EQ2 16-02-2007 20:11 40.075 32.7777 8.1 3.3 20.9 0.8 Inside EPZ 

EQ3 21-02-2007 11:05 38.3525 39.307 7.5 5.9 590 1.71 Outside EPZ 

 

Table 5.1 displays the earthquakes list and the distance from the TEC receiver station of Ankara 

city to the earthquake epicenter (De). Also, the ratio of De/R is given for determining whether the 

TEC receiver station is inside/outside the earthquake preparation zone. 

Table 5.2. List of selected earthquakes according to Trabzon station (40.9947° N, 39.7756° E) in IONOLAB. 

No 
Date  

(dd-mm-yyyy) 
Time 
(UT) 

Location of epicenter Depth 
(km) 

Magnitude 
(M) 

Distance to the 
EQ epicenter 

(km) 
De/R Site location 

Latitude Longitude 

EQ1 21-01-2007 07:38 39.606 42.829 5 5.1 301.5 1.93 Outside EPZ 
EQ2 27-01-2007 00:56 40.9768 39.3015 5 3.4 39.8 1.38 Outside EPZ 
EQ3 05-02-2007 10:29 41.1117 40.0667 16.3 3.2 27.7 1.16 Outside EPZ 
EQ4 09-02-2007 02:22 38.404 39.0475 3 5.5 294.7 1.27 Outside EPZ 
EQ5 19-02-2007 10:03 40.8482 39.6305 21.4 2.8 20.3 1.27 Outside EPZ 
EQ6 21-02-2007 11:05 38.3525 39.307 7.5 5.9 296.5 0.86 Inside EPZ 
EQ7 22-02-2007 09:51 40.8145 39.7212 5.6 2.7 20.6 1.42 Outside EPZ 

 

Table 5.2 shows the list of earthquakes and the distance from the TEC receiver station of Trabzon 

city to the earthquake epicenter (De). Also, the ratio of De/R is given for determining whether the 

TEC receiver station is inside/outside the earthquake preparation zone.  

 Radon and TEC anomaly considered as a result of earthquake if the ratio between 𝐷𝑒 

(distance to the EQ epicenter) and R (preparation zone) smaller and equal to one. The Dobrovolsky 

earthquake preparation radius is given as [93],  

where 𝑀 is earthquake magnitude;  

The linear epicentral distance (in km) 𝐷𝑒  is well-defined as a product of the Earth’s radius (𝜌 ≈6371𝑘𝑚)  and the angular distance (in radian), the factor of converting degree to radian is π/180, 𝜙  which is between the Radon/TEC monitoring station and the earthquake epicenter as shown in 

Figure 5.3.  

Where, 𝜑 = 𝑐𝑜𝑠−1(cos 𝛼𝑎  cos 𝛼𝑏 + sin 𝛼𝑎  sin 𝛼𝑏 cos(𝛽𝑎 − 𝛽𝑏)) 

where (𝛼𝑎 , 𝛽𝑎) are geographic coordinates of the earthquake event and  (𝛼𝑏 , 𝛽𝑏) are the geographic 

coordinates of Radon/TEC monitoring station in radian [216]. In this study, the earthquakes inside 

[(De/R) <1] and outside [(De/R) <2] of the preparation zone were selected. 𝐷𝑒𝑅 ≤ 2 

0.43 (earthquake preparation zone)10 M
R km=  (55.1) 

𝐷𝑒 = 𝜌𝜑 (55.2) 
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Figure 5.3. Epicentral Distance and Surface Distance (1o of epicentral distance is equal to 111.2 km) [217]. 

5.2.2. Radon Data 

Alpha particle detectors are used to continuously monitor the Rn-222 gas in the soil (Model 

611 Alpha Meter from AlphaNuclear Co. is employed). Rn-222 concentration is measured every 

15 minutes in kBqm-3. The Alpha-Meter-611 sensors are placed in a small borehole (one meter). 

The data is automatically stored in a repository by the data collection system. The Ministry of 

Interior's Disaster and Emergency Management Presidency has made this information available 

(AFAD), Türkiye (https://en.afad.gov.en/). In this study, we worked on the Reşadiye town in Tokat 

city where the radon monitoring station is located at Latitude 40.38977 and Longitude 37.33451. 

The Figure 5.4 below shows the alpha particle detectors composition. 

 

Figure 5.4. The Alpha-Meter 611 detector composition [218]. 

The Figure 5.5-8 displays the transformation of the radon data in 15 minutes interval, Figure 

5.6 displays interpolated in 15 minutes interval, Figure 5.7 and Figure 5.8 illustrate daily and 

monthly resampled and interpolated respectively. From the given figures, it is clear that radon data has 

seasonality behavior which is linked to certain meteorological parameters in the next subsection 

will be mentioned.   

 

https://en.afad.gov.en/
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Figure 5.5. Radon data from the Reşadiye radon monitoring station located at Latitude 40.38977 and 
longitude 37.33451. 

 

Figure 5.6. Interpolated and actual radon data in 15 minutes interval. 

 

Figure 5.7. Daily resampled and interpolated radon data. 

 

Figure 5.8. Monthly resampled and interpolated radon data. 
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5.2.3. Meteorological Data 

The meteorological data are provided by the Ministry of Environment, Urbanization and 

Climate Change- General Directorate of Meteorology (https://mgm.gov.tr/). The Soil temperature 

data is recorded at various depths (5cm, 10cm, 20cm and 50cm). These data sets are useful as they 

will enable study of the relationship between Radon-222 and meteorological variables. The 

temperature and pressure are obtained for daily variation in units of oC and hPa respectively. The 

meteorological parameters and Radon data for the study region are given in Figure 5.9 and Figure 

5.10. 

 

Figure 5.9. Radon-222 concentration and meteorological parameters (Atm. Temp., Atm. Press., and Soil 
Temp.). 

 

Figure 5.10. Radon-222 concentration and relative humidity. 

From the Figure 5.9, it is seen that Radon and meteorological data are positively and highly 

correlated. While in Figure 5.10, negative and less correlation can be observed. Based on this, in 

the next section statistical properties will be stated for the purpose of a multi-linear regression 

model. 

https://mgm.gov.tr/
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5.2.4. VTEC Data and TEC Maps 

 Total electron content (TEC) data used in this thesis was provided by IONOLAB-TEC online 

v1.34, from the Electrical and Electronics Engineering Department at Hacettepe University 

(http://www.ionolab.org/webtec/). For downloading data, one should create a user then can proceed 

with it. The TEC data has a 2.5 minutes sampling interval in units of TECU, 1TECU = 1016 el/m2. 

The TEC data from IONOLAB are estimated vertical total electron content (VTEC) which initially 

it is in Rinex file format. The surface information of the website for single stations is shown in 

Figure 5.11. 

 

Figure 5.11. An overview for the surface information of the website with the code of stations (right) [219]. 

Similarly, ionospheric maps were obtained from (http://www.ionolab.org/), built on the Ionosphere 

Extended to Plasmasphere as an International Reference (IRI-PLAS). The latitudinal and 

longitudinal resolutions of these TEC map data are 2.5o and 5o, respectively, and they are generated 

per 2 hours in UTC. The surface information of the website for single stations is shown in Figure 

5.12. 

 

Figure 5.12. An overview for the surface information of the website [220]. 

http://www.ionolab.org/webtec/
http://www.ionolab.org/
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5.2.5. Solar and Geomagnetic Data 

 The data on geomagnetic and solar activity were taken at (OMNI). The geomagnetic and 

solar variables had to be taken into consideration in order to determine whether or not a certain 

TEC anomaly was seismically produced. For this reason, the variation of the geomagnetic storm 

time disturbance (Dst in nT), the solar radio flux (F10.7) in solar flux units (1 SFU = 10−22 W m−2 

Hz−1), and the 3-hour kp are considered. kp is a three-hour index used to determine the global level 

of “all irregular disturbances of the geomagnetic field caused by solar particle radiation within the 

3-hour interval concerned” [221]. kp index is similar to ap and sunspot number (R) similar to F10.7, 

therefore, we will use F10.7, kp, Dst. The equivalent and range of mentioned data were 

demonstrated in Table 5.3 for Kp index, Table 5.4 for Dst geomagnetic activity, and Table 5.5 for 

sunspot number SSN and its equivalent to F10.7. 

Table 5.3. Quiet and disturbed days using geomagnetic kp index. 

Kp Index 
0-90 

(OMNI) 

Geomagnetic 
Activity Level 

Kp Index 
0-90 

(OMNI) 

Geomagnetic 
Activity Level 

0 Quiet 47 Minor storm 

3 Quiet 50 Minor storm 

7 Quiet 53 Minor storm 

10 Quiet 57 Moderate storm 

13 Quiet 60 Moderate storm 

17 Quiet 63 Moderate storm 

20 Quiet 67 Strong storm 

23 Quiet 70 Strong storm 

27 Unsettled 73 Strong storm 

30 Unsettled 77 Severe storm 

33 Unsettled 80 Severe storm 

37 Active 83 Severe storm 

40 Active 87 Severe storm 

43 Active 90 Extreme storm 

 

Table 5.4. Dst geomagnetic activity. 

Dst (Disturbance Storm Time) (nT) Geomagnetic Activity Level 

(Dst > -20) Quiet 

(Dst< - 20) Disturbed 

(Dst > -20) Quiet geomagnetic activity 

(-20 > Dst> -50) Moderate magnetic storm 

(-50 > Dst> -100) Strong magnetic storm 

(-100 > Dst> -250) Severe (very strong) magnetic storm 

(Dst< -250) Extreme(super) magnetic storm 
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Table 5.5. Sunspot number SSN and its equivalent to F10.7. 

F10.7 
(OMNI) 

Sunspot Number SSN (R) (OMNI) 

  Solar Activity 

64-67 0 
0-20 (Very Low) 

83 25 

102 50 20-40 (Low) 

124 75 
40-80 (Moderate) 

148 100 
80-150 (High) 

172 125 

196 150 

150-250 (Very High) 219 175 

240 200 

273 250 
> 250 (Extreme)  

300 

 

In Table 5.3-5, the solar and geomagnetic activity range from the OMNI web are obtained. Then, 

the threshold level for quiet conditions is given in the next chapter for this study. 

 

 

 



6. MODELS AND METHODS 

 In this chapter, Models for Radon and TEC variations over Türkiye were obtained using 

suitable regression models (ARIMA and Machine learning models) and attempted to forecast 

Radon and TEC values using the model and optimize this forecast with Monte-Carlo simulation 

method. Then seek the relationship between TEC and earthquakes. Also, TEC values were 

modelled and pre-anomalies and post- anomalies detected for selected earthquakes. Moreover, for 

moderate earthquakes, the temporal and spatial properties of ionospheric anomalies will be 

analyzed. Finally, statistical relationship between Rn-222 and TEC using cross correlation analysis 

obtained. 

6.1. Radon Models 

 Model Radon variations using suitable regression model (ARIMA), multi-regression model, 

and multi-ANN model. Also, attempted to forecast Radon and TEC values using the model and 

optimize this forecast with Monte-Carlo simulation method. 

6.1.1. ARIMA 

 Box and Jenkins developed the Auto Regressive Integrated Moving Average (ARIMA) 

model [70]. ARIMA (p, I, q) formed from the combination of the (AR (p)) section, integrated (I 

(d)) section and (MA (q)) section. By regressing the Radon values on their previous values, the AR 

component denotes the drawn-out effects of earlier Radon. The degree of differencing is indicated 

by the integrated (I) section. ARIMA model has been utilized to forecast the seasonal variations 

and diurnal of Radon values. Box and Jenkins define the ARIMA model in its most general form 

[70], 

where p is Autoregressive Orders processes, q is Orders of Moving average processes, q p are 

Coefficients of MA and AR sections, Xt is Radon at time t, d stands for the number of times the 

Radon has been differenced, B is the operator for BVt = Vt-1's backward shift, c stands for constant 

term, t is Error, a normal distribution with zero mean and standard deviation, σ. 

The stationary AR operator's mathematical expression will be as follows, 

In the same way, the invertible MA operator is defined as, 

( )(1 ) ( )d

p t q tB B X c B  − = +  (66.1) 

( )2 1
1 2 1( ) 1 . p p

p p pB B B B B    −
−= − − − − −  (66.2) 

( )2 1
1 2 1( ) 1 . q q

q q qB B B B B    −
−= − − − − −  (66.3) 
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For the lowest Akaike Information Criterion, the proper ARIMA model for Radon data may be 

found (AIC). For determining the order of a time series, AIC holds the maximum likelihood 

function. AIC's mathematical expression is as follows, 

If the following equation is fulfilled, the ARIMA model's order is (p, q), where, s lies in between 0 

and Q, r lies in between P and 0, 2̂  is the max. probability estimate for Radon time series. 

➢ ARIMA Model for Radon data in this study: 

• ADFT 

 

 

Table 6.1. Parameters of Test. 

 Lags Model Statistic of Test Level of Significance  
1 20 AR t1 0.05 

 
Table 6.2. Results of Test. 

 Null-Rejected P value Statistic of Test Critical value 
1 true 0.013883 -2.4617 -1.9417 

 

Table 6.1 and Table 6.2 display the parameters and results of the Radon time series. For this range 

of data, the p-value is (0.013883), statistic of test is (-2.4617), and critical value is (-1.9417). 

• Model Estimation 

Table 6.3. Estimation Results. 

Parameter Value Standard Error t Statistic P value 
Constant -0.018894 0.082782 -0.22824 0.81946 
AR{1} 0.018433 0.058784 0.31358 0.75384 
AR{2} -0.23458 0.043494 -5.3934 6.9152e-08 
AR{3} 0.80395 0.058044 13.8506 1.2609e-43 
MA{1} -0.13807 0.07967 -1.733 0.083092 
MA{2} 0.094165 0.061625 1.528 0.1265 
MA{3} -1 0.067502 -14.8143 1.1833e-49 
MA{4} 0.10818 0.079623 1.3587 0.17426 
MA{5} 0.16082 0.052872 3.0417 0.0023528 
MA{6} 0.13701 0.060849 2.2516 0.024347 
MA{7} 0.0018149 0.053368 0.034007 0.97287 
Variance 17.3844 1.0815 16.0743 3.8619e-58 

 

ARIMA (3,1,7) of time series Radon with the following equation: 

 

2
( , )

2( 1ˆ )
lnr s

r s
AIC

N
 + +

= +  (66.4) 

0 1
( , ) min ( , )

s
AIC p q AIC r s


=  

(66.5) 
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Table 6.4. Goodness of Fit. 

AIC 2124.8824 
BIC 2171.6812 

Table 6.3 shows the estimation result with 12 parameters and Table 6.4 illustrates the goodness of 

fit using Akaike information criterion and Bayesian information criterion. 

➢ ARIMA Model for Interpolated Radon data in this study: 

• ADFT 

 

 

 

Table 6.5. Parameters of Test. 

 Lags Model Statistic of Test Level of Significance 
1 20 AR t1 0.05 

 
Table 6.6. Results of Test. 

 Null-Rejected P value Test Statistic Critical value 
1 true 0.001 -5.3144 -1.9414 

 

Table 6.5 and Table 6.6 display the parameters and results of the interpolated Radon time series. 

For this range of data, the p-value is (0.001), statistic of test is (-5.3144), and critical value is (-

1.9414). 

• ARIMA (7,1,3) Model (Gaussian Distribution) (ARIMA_Radon1) 

Equation for ARIMA (7,1,3) model of Radon1 time series: 

 

•  Model Estimation 

Table 6.7.Estimation Results. 

Parameter Value Standard Error t Statistic P value 
constant -0.0033201 0.015205 -0.21836 0.82715 
AR{1} 0.62078 0.27527 2.2552 0.024123 
AR{2} -0.19997 0.36184 -0.55263 0.58052 
AR{3} 0.34413 0.26913 1.2787 0.20101 
AR{4} -0.013893 0.075374 -0.18432 0.85376 
AR{5} 0.02532 0.056409 0.44886 0.65354 
AR{6} -0.069494 0.041318 -1.682 0.092577 
AR{7} 0.11349 0.033547 3.3829 0.00071715 
MA{1} -0.52785 0.27848 -1.8955 0.058027 
MA{2} 0.0021482 0.34421 0.0062409 0.99502 
MA{3} -0.30008 0.24711 -1.2144 0.22461 
Variance 5.2466 0.17796 29.4816 4.9586e-191 
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Table 6.8.Goodness of Fit. 

AIC 3575.4175 
BIC 3631.3598 

 

Table 6.7 shows the estimation result with 12 parameters and  Table 6.8 illustrates the goodness 

of fit using Akaike information criterion and Bayesian information criterion. 

6.1.2. Multi-Linear Regression 

Multiple regression's primary goal is to learn more about the relationship between a 

dependent or criterion variable and several independent or predictive factors. A relationship 

between one dependent (response or output parameters) variable and a single independent 

(predictor or input parameters) variable is identified using simple linear regression. However, a 

more advanced kind of regression approach known as multiple linear regression is extensively 

employed to study the relationship between a single dependent and several independent variables. 

[26]. When working with fewer variables and huge amounts of accurate and valid data, regression-

based prediction is most effective [222]. The variables used in the MLR are shown in Figure 6.1. 

 

Figure 6.1. The input data to multi-linear regression model. 

The multiple regression equation is given as: 

where, 1 2, , n    is a coefficient of regression showing the dependent amount (output parameters) 

variable y that changes when the corresponding independent (input parameters) variables change 

by (one unit). Where the regression line intercepts the y-axis, c is constant, when all the independent 

variables are zero, showing the amount of the dependent variable y [223]. 

The response variable in this study is radon, while the predictor factors are meteorological variables 

(atm. temperature, atm. pressure and soil temperature_10cm). When using multiple linear 

1 1 2 2 ... n ny x x x c  = + + + +  (66.6) 
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regression, it's common to find that all of the predefined independent variables will not contribute 

significantly to the prediction of the response variable. Accordingly, we selected the number of 

independent variables (three) to obtain a better fit and minimize error in predicting the dependent 

variable. The scatter plot and Correlogram for the data used in the multi-regression model are 

displayed in Figure 6.2 and Figure 6.3 which displays high correlation between the radon 

concentration and meteorological parameters. 

 

Figure 6.2. Scatter plot between radon concentration and atmospheric temperature, atmospheric pressure, 
and soil temperature_10cm. 
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Figure 6.3. Pearson correlation between radon concentration and atmospheric temperature, atmospheric 
pressure, and soil temperature_10cm. 

 

Figure 6.4. Cross-correlation between radon, atmospheric temperature, atmospheric pressure, and soil 
temperature_10cm. 

The cross-correlation can be seen in Figure 6.4, where the maximum correlation for soil 

temperature (at lag 25), atmospheric temperature (at lag 28) and pressure (at lag 12) is 0.7832, 

0.7432, and 0.7256 respectively. 

 

In this study, the multiple regression equation is given as: 

where 0 1 2 3, , , and     stands for regression coefficients that are predicted to best capture 

radon behavior. 

6.1.3. Multi-Artificial Neural Network and Monte-Carlo Simulation 

 Artificial neural network (ANN) is a mathematical model that is used to treat a variety of 

problems and is based on the biological activity of neurons and the structure of the brain. Artificial 

(222) 0 1 2 3 _10 Mregatm atm soil cmRn T P T    = + + + +  (66.7) 
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neurons, also known as nodes, are a type of biological neuron that are highly interconnected, 

making up the basic processing parts of ANNs. Three main components can be used to define a 

network: transfer function, network architecture, and learning law. 

The ability of ANNs to model the learning process is one of its most outstanding properties. They 

are given pairs of input and output signals from which general rules are established automatically, 

allowing the ANN to generate the proper output for a signal that has never been utilized before.

 The multiple regression equation (66.7) can be improved to enhance the predicted data by 

implementing artificial neural network (ANN) model on the multi-regression residuals, such as 

time series prediction by [224]. In this study, Python was utilized in three-layer feed-forward 

for neural network analyses, the first layer that comprises of the layer of input and output (4 

neurons), second layer (86 neurons), third layer (17 neurons), and the product (biological neuron) 

as shown in Figure 6.5. Adam was chosen to promote learning and a mean square error (MSE) was 

chosen to EPOCH. 

 

Figure 6.5. Artificial Neural Network structure used to model the residual of multi-regression model. 

Therefore, the multiple regression equation can be written as given below: 

where ( )Mreg ANN  stands for ANN model for regression residuals and is the error of integrated 

models’ combination. The data was separated into input and target sequences, and then processed 

as follows: 

If { }
Mreg nx = is a residual data set from a multiple regression model, and is the length of the 

residual data string, we can describe it using index numbers as follows: 

(222) 0 1 2 3 _10 ( )Mregatm atm soil cm ANNRn T P T     = + + + + +  (66.8) 

1 1{ , ,..., }Mreg k k k nx x x + + −=  (66.9) 
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They are given input and output arrays in pairs, the input array is used by the model to learn the 

responses, and the target is predicted. 

For 
Mreg

 , n = 704 and window = 4, the input and target arrays are divided into training (80%) and 

validation (20%), which are fed into the feed-forward artificial neural network architecture 

presented in Figure 6.5. 

Subsequently, Monte Carlo simulation (19 paths) was achieved using the multi-ANN function to 

predict radon values which were used in [225]. For the model performance on the radon data, root 

mean square error, R2, and Pearson correlation were considered. 

6.2. TEC Models 

 In this section, Models for TEC variations were obtained using ARIMA model and attempted 

to forecast TEC values using the model and optimize this forecast with Monte-Carlo simulation 

method. Then seek the relationship between TEC and earthquake. Also, TEC values were modelled 

using median TEC for detecting pre-anomalies and post- anomalies for selected earthquakes. For 

moderate earthquakes, we also explore the temporal and spatial properties of ionospheric 

disturbances. 

6.2.1. ARIMA 

 Box and Jenkins developed the Auto Regressive Integrated Moving Average (ARIMA) 

model [70]. ARIMA (p, I, q) formed from the combination of the (AR (p)) section, integrated (I 

(d)) section and (MA (q)) section. By regressing the VTEC values on their previous values, the AR 

component denotes the drawn-out influence of earlier VTEC. The degree of differencing is 

indicated by the integrated (I) section. ARIMA model has been utilized to forecast the seasonal 

variations and diurnal of VTEC values. Box and Jenkins define the ARIMA model in its most 

general form [70], 

where p is Autoregressive Orders processes, q is Orders of Moving average processes, q p are 

Coefficients of MA and AR sections, Xt is VTEC at time t, d stands for the number of times the 

VTEC has been differenced, B is the operator for BVt = Vt-1's backward shift, c stands for constant 

term, t is Error, a normal distribution with zero mean and standard deviation, σ. 

The stationary AR operator's mathematical expression is as follows, 

In the same way, the invertible MA operator is defined as, 

( )(1 ) ( )d

p t q tB B X c B  − = +  (66.10) 

( )2 1
1 2 1( ) 1 . p p

p p pB B B B B    −
−= − − − − −  (66.11) 
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For the lowest Akaike Information Criterion, the proper ARIMA model for VTEC data may be 

found (AIC). For determining the order of a time series, AIC holds the maximum likelihood 

function. AIC's mathematical expression is as follows, 

If the following equation is fulfilled, the ARIMA model's order is (p, q), where, s lies in between 0 

and Q, r lies in between P and 0, 
2̂  is the max. probability estimate for VTEC time series. 

➢ ARIMA Model for TEC data in this study: 

• ADFT 

 

 

Table 6.9. Parameters of Test. 

 Lags Model Statistic of Test Level of Significance 
1 20 AR t1 0.05 

 
Table 6.10. Results of Test. 

 Null-Rejected P value Statistic of Test Critical value 
1 true 0.001 -12.6338 -1.9416 

 
Table 6.9 and Table 6.10 display the parameters and results of the VTEC time series. For this 

range of data, the p-value is (0.001), statistic of test is (-12.6338), and critical value is (-1.9416). 

Equation for ARIMA (14,1,10) model of time series TEC: 

 
 

Table 6.11. Goodness of Fit. 

AIC 658.3901 
BIC 756.7696 

 
Table 6.12 shows the model estimation result with 26 parameters including autoregressive orders 

processes, moving average, standard error, t statistics, and p value. Table 6.11 illustrates the 

goodness of fit using Akaike information criterion (658.3901) and Bayesian information criterion 

(756.7696). 

 
 
 
 

( )2 1
1 2 1( ) 1 . q q

q q qB B B B B    −
−= − − − − −  (66.12) 

2
( , )

2( 1ˆ )
lnr s

r s
AIC

N
 + +

= +  (66.13) 

0 1
( , ) min ( , )

s
AIC p q AIC r s


=  (66.14) 
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Table 6.12. Model estimation Results. 

Parameter Value Standard Error t Statistic P value 
constant 0.019185 0.035343 0.54283 0.58725 
AR{1} 0.32499 0.18161 1.7895 0.073526 
AR{2} 0.17801 0.12874 1.3828 0.16673 
AR{3} -0.42407 0.21868 -1.9393 0.052469 
AR{4} 0.40807 0.28354 1.4392 0.15009 
AR{5} -0.035655 0.21524 -0.16565 0.86844 
AR{6} -0.23546 0.1522 -1.547 0.12186 
AR{7} 0.32615 0.24552 1.3284 0.18405 
AR{8} -0.18731 0.23247 -0.80571 0.42041 
AR{9} -0.25192 0.12535 -2.0097 0.044466 
AR{10} -0.29613 0.1512 -1.9585 0.050168 
AR{11} 0.12052 0.098479 1.2239 0.22101 
AR{12} 0.0539 0.086893 0.6203 0.53506 
AR{13} -0.044841 0.092221 -0.48624 0.6268 
AR{14} -0.35694 0.089172 -4.0029 6.2582e-05 
MA{1} 0.17411 0.19001 0.91633 0.35949 
MA{2} -0.46004 0.1119 -4.1113 3.9337e-05 
MA{3} 0.34965 0.22315 1.5669 0.11714 
MA{4} -0.40975 0.19377 -2.1146 0.034462 
MA{5} -0.43523 0.15417 -2.823 0.0047571 
MA{6} 0.32065 0.24384 1.315 0.18851 
MA{7} -0.23829 0.2407 -0.98999 0.32218 
MA{8} -0.12091 0.14474 -0.83532 0.40354 
MA{9} 0.50175 0.13297 3.7734 0.00016102 
MA{10} 0.57182 0.23811 2.4015 0.01633 
Variance 0.34846 0.027949 12.4676 1.1215e-35 

6.2.2. Median and Relative VTEC 

 In this section, vertical TEC variations caused by seismic activity were modelled for 

detecting pre-anomalies and post- anomalies per earthquake. Median TEC values as illustrated in 

Figure 6.6, DTEC, upper and lower bounds were calculated. Anomalies for moderate earthquakes 

during 2007-2010 were investigated. The ionospheric changes were analyzed including solar and 

geomagnetic activity data as shown Table 6.13. The Dobrovolsky preparation zone for the 

earthquakes was computed. Earthquakes inside (De/R) <1 and outside (De/R) <2 preparation zone 

were selected. Finally, the positive and negative anomalies were identified for earthquakes in quiet 

condition of geomagnetic and solar activity using the following equations: 

2
( ) 1 1

2 2

2

n
TEC if n is even

Median TEC n n
TEC TEC

if n is odd

  
    

=  − +   +        
 

 

(66.15) 

𝑈𝐵 = 𝑀 + (1.5 𝜎)   → (65% 𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝑙𝑒𝑣𝑒𝑙)     𝑈𝑝𝑝𝑒𝑟 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 (66.16) 𝐿𝐵 = 𝑀 − (1.5 𝜎)   → (65% 𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝑙𝑒𝑣𝑒𝑙)    𝐿𝑜𝑤𝑒𝑟 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 (66.17) DTEC = 𝑇𝐸𝐶 − 𝑈𝐵𝑈𝐵     DTEC = 𝑇𝐸𝐶 − 𝐿𝐵𝐿𝐵          𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑇𝐸𝐶 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (66.18) 
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Figure 6.6. Shows median value of a time series. 
 

Table 6.13. Threshold level for quiet conditions. 

Indices Range 

F10.7 (OMNI) F10.7 ≥ 100 SFU 

Dst -40 nT ≥ Dst ≥ 40 nT 

kp index 0-90 (OMNI) kp ≥ 33 

6.2.3. Temporal and Spatial TEC 

 Seismo-ionospheric disturbances have been studied in general utilizing temporal fluctuations 

in ionospheric factors around the epicenter, as well as research on spatial fluctuations of seismo-

ionospheric disturbances using global TEC maps [208,226]. The temporal and spatial properties 

during moderate earthquakes are investigated in this work. To provide it, first compute the median 

diurnal variation of the TEC for the interval centered around the earthquake date. It was also utilized 

to determine the temporal TEC deviation, as shown in Equation (66.19),  

In the literature, research revealed that ionospheric anomalies prior to seismic events exhibited local 

patterns inside the preparation region, thus we obtained a spatial study to see if the TEC was 

instantly affected above a large area around the earthquake location [226]. We examine the spatial 

distribution anomalies prior to the seismic event as well as those that happened post to the seismic 

event to confirm the TEC anomalies related to the seismic event, in addition to their temporal and 

spatial fluctuations. 

6.3. Monte-Carlo Simulation 

 In this research, we will use Monte Carlo simulation as a simulation method shown in Figure 

6.7. Flow chart of simulation.. Any analytical procedure aiming to mirror a real-life system is 

referred to as simulation. This is especially true when other studies are too mathematically difficult 

to replicate. Clearly, flipping a coin thousands of times will give us an approximation of how 

𝑚𝑇𝐸𝐶 = 𝑇𝐸𝐶 − 𝑀𝑀      𝑇𝑒𝑚𝑝𝑜𝑟𝑎𝑙 𝑇𝐸𝐶 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (66.19) 
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frequent heads and tails are for a specific coin. However, it is illogical to believe that flipping the 

coin millions of times can provide information about what is going on in a nuclear reactor, the 

weather tomorrow, or the current recession. MCS is fundamentally a series of coin flips that can be 

used to investigate these and other areas. Because Monte Carlo (MC) simulations are stochastic 

procedures that rely on random numbers and probability statistics. A complicated system's 

simulation model can only be a rough representation of the real thing. Monte Carlo simulation 

creates a model of possible outcomes by assigning random values to each input variable from a 

predetermined distribution of all possible values. The model then recalculates the results using a 

new set of random values drawn from the probability distribution of the defined variable, this 

sampling approach is known as Markov sampling which in [227–229], more information about 

Markov sampling and its uses with MC technique can be found. The purpose of Monte Carlo 

methods is to: 

A) Generate samples ( )
1{ }r R

rx =   from a specified probability distribution ( )P x . 

B) Estimate the functions' expected values under this distribution, for example. 

The second aim can be obtained with the random samples ( )
1{ }r R

rx = to obtain the estimator  

If the vectors ( )
1{ }r R

rx =  are produced from ( )P x then the expectation of ̂ is  . The variance of ̂

will decrease as samples number R rises 
2

( )
R

 , where 2  is the variance of  , so the accurateness 

of the Monte Carlo estimate depends only on the variance of  , not on the space sampled 

dimensionality. 

A pseudo-random number generator, often known as RNG, is a deterministic computer program 

that generates a series of integers that resemble true random samples in many ways. Most RNGs 

sample positive integer values between 0 and N in a uniform manner, most RNGs allow N to be 

large enough. A RNG sample is divided by N to sample the uniform distribution on [0,1]. The 

double precision numbers between 0 and 1 are uniformly sampled by this method. 

The linear congruential generator (LCG) is a popular pseudo-random number generator (RNG). It 

is simple to comprehend and implement. th
n sample, 

nL , the other sample is 

( ) ( ) ( )N
x d x P x x  =    (66.20) 

1ˆ ( )r

r

x
R

 =   (66.21) 

2 2( )( ( ) )N
d x P x x = −  (66.22) 

1 ( )modn nL aL b c+ = +  (66.23) 
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For the best results, a, b, and c must be carefully chosen. The LCG takes a "seed" 0L  and generates 

a series of numbers that, depending on the values of a, b, and c, can satisfy the Monte Carlo criteria. 

Our random numbers must meet three criteria for this method to succeed: 

1) They need to be distributed uniformly. 

2) They must be uncorrelated. 

3) We need a lot of points. 
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NoYes
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with time 
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time
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Random 
results
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Figure 6.7. Flow chart of simulation. 

6.4. Radon and TEC Correlation 

 The statistical relationship between Rn-222 and TEC can be obtained using cross 

correlation analysis. Cross correlation is a metric that measures how two data series move in 

relation to one another. The data differs from -1 to 1, so the nearer the cross-correlation value is to 

1, the closer the information sets are with each other. The goal of this study is to see if there is any 

correlation between TEC fluctuation anomalies and soil radon concentration. The cross correlations 

at lag l are as follows: 

 
, 1/2

( )
( ) ,

(0) (0)

ij

ij it j t l

ii jj

l
l corr z z




 
+ = =   

(66.24) 
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with  (0) varii itz = . Thus, for , ( ) ( )ij jii j l l  = −  represents the function of cross-correlation 

among the two series 
itz  and .jtz  The k k  cross-correlation matrix ( )l  at lag l , with ( , )th

i j

element equal to ( ),ij l , is obtained by 

Furthermore, the ( )lΓ and ( )l  cross-covariance and cross-correlation matrices have the 

feature of nonnegative definiteness, because 

In Figure 6.8 the cross correlations ( ),ij l of this progression are shown, up to 18 lags [230], 

 

Figure 6.8. Theoretical cross correlations ( ),ij l  for the bivariate AR (1) process example: cross 

correlations 12 ( )l . 

 

 

 1/2 1/2( ) ( ) ( )ijl l l − −= =V Γ V  (66.25) 

1 1 1

var ( ) 0
n n n

i t i i j

i i j

i j
 

−
= = =

 
= −  

 
  Γb Z b b  (66.26) 



7. RESULTS AND DISCUSSION 

7.1. ARIMA and MC Simulations 

 In this section, the obtained results for ARIMA and MC simulations for Radon and TEC data 

are given in two subsections as follows. 

7.1.1. Radon Results 

 The Radon time series was modelled using autoregressive integrated moving average 

(ARIMA) models. In data investigations aimed to determine the number of the lag in an 

autoregressive model, the partial autocorrelation function (PACF) of time series plays a significant 

role. The usage of PACF was first established as part of the Box-Jenkins technique, in which the 

suitable lags p in an AR (p) model or an extended ARIMA (p, d, q) model might be denoted by 

graphing partial auto correlative functions. In this study, ARIMA (3, 1, 7) for Radon data without 

interpolation and ARIMA (7, 1, 3) for interpolated Radon data were used. AIC and BIC were used 

for selecting the best model. The future values were predicted using ARIMA forecast with an error 

bound width from the curve; it is ±2 standard deviations (upper and lower bounds). Ljung-Box Test 

is utilized to check whether the fitted model residuals are independent and identically distributed 

random variables in ARIMA modelling. Augmented Dickey-Fuller test (ADFT) is used to ensure 

the time series stationarity of radon-222 data. Figure 7.2 illustrates the ARIMA training fit and 

ARIMA forecast for radon-222 time series. 

 Subsequently, ARIMA model and Monte-Carlo simulation jointly are performed on radon 

data and interpolated radon data, then the results of both are compared. Some of the obtained results 

are as followings: 

1- Radon data without interpolation  

 

Figure 7.1. Time series plot of radon data, training (80%) and testing (20%) parts. 
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Figure 7.2. ARIMA (3,1,7) model fit and ARIMA forecast for radon time series. 

 

Figure 7.3. Plot of ARIMA model residuals for radon time series (up-left), residuals’ quantile-quantile plot 
(up-right), sample ACF of the residuals (down-left) and sample PACF of the residuals (down-right). 
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Figure 7.4. Monte-Carlo simulation paths on ARIMA model forecast for radon time series. 

 

Figure 7.5. Monte-Carlo simulation paths and simulation mean for radon time series. 
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Figure 7.6. Monte-Carlo simulation mean for radon time series. 

 

Figure 7.7. ARIMA model fit and Monte-Carlo simulation mean for radon time series. 
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Figure 7.1-7 shows the results for the radon time series, the radon data is divided into two parts, 

training (80%) and testing (20%) parts as shown in Figure 7.1. Then the Augmented Dickey-Fuller 

Test (ADFT) is taken for the training section to verify the stationarity of the Rn-222-time series. 

Because of the non-stationarity of the training radon, the first difference was taken, then an ADF 

test applied on training data and stationarity was obtained. After many trails, a proper ARIMA 

model (for Gaussian Distribution) was selected which Sample Autocorrelation (ACF) and Partial 

Autocorrelation (PACF) were considered in the model selection. ARIMA (3,1,7) model and 

ARIMA forecast was obtained for radon time series as illustrated in Figure 7.2. Moreover, 

histogram, quantile-quantile plot, sample ACF and sample PACF of the residuals, squared residual 

sample (ACF) were obtained as shown in Figure 7.3. Finally, Monte-Carlo simulation applied on 

ARIMA model forecast to enhance forecasted radon data as displayed in Figure 7.4 and Figure 

7.5. Therefore, the forecasted radon data was simulated and simulation mean calculated for 25 MC 

simulation paths as shown in Figure 7.6 and Figure 7.7.  

 

2- Radon data with interpolation  

 

Figure 7.8. Time series plot of interpolated radon data, training (80%) and testing (20%) parts. 
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Figure 7.9. ARIMA (7,1,3) model fit and ARIMA forecast for interpolated radon time series. 

 

Figure 7.10. Plot of ARIMA model residuals for interpolated radon time series (up-left), residuals’ 
quantile-quantile plot (up-right), sample ACF of the residuals (down-left) and sample PACF of the 

residuals (down-right). 
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Figure 7.11. Monte-Carlo simulation paths on ARIMA model forecast for interpolated radon time series. 

 

Figure 7.12. Monte-Carlo simulation paths and simulation mean for interpolated radon time series. 
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Figure 7.13. Monte-Carlo simulation mean for interpolated radon time series. 

 

Figure 7.14. ARIMA model fit and Monte-Carlo simulation mean for interpolated radon time series. 

Figure 7.8-14 demonstrates the results for the interpolated radon time series; the interpolated radon 

data is divided into two parts, training (80%) and testing (20%) parts as shown in Figure 7.8. 

Similarly, the Augmented Dickey-Fuller Test (ADFT) is taken for the training section to verify the 
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stationarity of the Rn-222 time series. Because of the non-stationarity of the training Rn-222, the 

first difference was taken, then an ADF test applied on training data and stationarity was obtained.  

 Subsequently, a proper ARIMA model was selected which sample Autocorrelation (ACF) 

and Partial Autocorrelation (PACF) were considered in the model selection as displayed in Figure 

7.9. ARIMA (7,1,3) model and ARIMA forecast was obtained for radon time series. Moreover, 

histogram, quantile-quantile plot, sample ACF and sample PACF of the residuals, squared residual 

sample (ACF) were obtained as illustrated in Figure 7.10. Finally, Monte-Carlo simulation applied 

on ARIMA model forecast to enhance forecasted radon data as shown in Figure 7.11 and Figure 

7.12. Therefore, the forecasted radon data was simulated and simulation mean calculated for 19 

MC simulation paths as illustrated in Figure 7.13 and Figure 7.14.  

Results for radon data Results for radon data with interpolation 

  

 
 

Figure 7.15. Comparison between the results of radon data and interpolated radon data of the same data 
range. Histogram and residuals’ quantile-quantile plot of ARIMA model for radon time series 

Figure 7.15 illustrates the comparison between the results of radon data and interpolated radon data 

of the same data range. From the Histogram and residuals’ quantile-quantile plot of ARIMA model 

for radon time series, we can state that, the residuals of radon data better fitted with the standard 

normal quantile than the interpolated radon data. Also, the histogram of radon data compared to the 

interpolated one is closer to normal distribution. Certainly, modelling large data with missing 
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values is not easy, because the data should be resampled, then during the modelling and sketching, 

we need manually to handle some steps to fix the missing ranges as shown in Figure 7.16. 

 

Figure 7.16. ARIMA model fit and Residuals of ARIMA model for the radon data with missing values. 

7.1.2. VTEC Results 

 Similarly, The ARIMA model and Monte-Carlo simulation jointly are undertaken on TEC 

data. The following are the results obtained: 

 

Figure 7.17. Time series plot of TEC data, training (80%) and testing (20%) parts. 
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Figure 7.18. ARIMA (14,1,10) model fit and ARIMA forecast for TEC time series. 

 

Figure 7.19. Histogram plot of the residuals of ARIMA model for TEC time series (top-middle), the residuals 
of ARIMA model for TEC time series (up-left), quantile-quantile plot of the residuals (up-right), sample ACF 
of the residuals (down-left) and sample PACF of the residuals (down-right). 
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Figure 7.20. Monte-Carlo simulation paths on ARIMA model forecast for TEC time series. 

 

Figure 7.21. Monte-Carlo simulation paths and simulation mean for TEC time series. 
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Figure 7.22. Monte-Carlo simulation mean for TEC time series. 

 

Figure 7.23. ARIMA model fit and Monte-Carlo simulation mean for TEC time series. 

Figure 7.17-23 presents the TEC time series results, which are divided into two divisions: training 

(80%) and testing (20%) as displayed in Figure 7.17. In the training section, the Augmented 

Dickey-Fuller Test (ADFT) is used to verify the stationarity of the time series. Because the training 
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data had been non-stationary, the first difference was obtained, then the ADF test was performed 

on the data, and stationarity was achieved. 

Thereafter, a suitable ARIMA model was selected which sample Autocorrelation and Partial 

Autocorrelation were considered in the model selection as shown in Figure 7.18. For the TEC time 

series, the ARIMA (14,1,10) model and ARIMA forecast have been used. Moreover, histogram, 

quantile-quantile plot, sample ACF, sample PACF of the residuals, and squared residual sample 

(ACF) were achieved as illustrated in Figure 7.19. Finally, Monte-Carlo simulation was also used 

to improve the TEC data forecasted by the ARIMA model as displayed in Figure 7.20 and Figure 

7.21. The forecasted TEC data was simulated by 9 simulation paths, and the simulation mean was 

calculated as illustrated in Figure 7.22 and Figure 7.23. 

7.2. Multi-LR 

Form the outcomes of multiple regression model, the regression coefficients can be imported to the 

multi-regression and multi-ANN equation as shown: 

Consequently, the multiple regression residuals as shown in Figure 7.25 can be obtained from 

( )Mreg ANN using ANN model. Whereas is the error of integrated models’ combination and 

enhancing the multi-regression and the ANN from the above equation. The predicted Radon data 

from the multi-regression equation are illustrated in Figure 7.24 for train and test data. The product 

executed well during training and testing range. This can be linked to the high correlation of radon 

with the used meteorological parameters which previously the related correlogram presented. 

The calculated R-squared of multi-regression forecast (0.93) for calculation of Equation (77.1) 

illustrates that the multivariate regression model can describe 93% of the Radon variance and the 

RMSE (11.3) gives an error of 11.3 kBqm-3. Therefore, the multi-regression model is required to 

be improved through multi-ANN model which mention in the next section. 

 

Figure 7.24. Shows the predicted radon data for multi-linear regression model and earthquake events. 

(222) _100.42 0.41 0.72. 33 73
Mregatm atm soil cmRn T P T = + + + +  (77.1) 

(222) _10 ( )0.42 0.41 0.7332.73
Mregatm atm soil cm ANNRn T P T  = + + + + +  (77.2) 
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Figure 7.25. Shows the residuals of the predicted radon data for multi-linear regression model and 
earthquake events. 

7.3. Multi-ANN and MC Simulation 

As stated in section (6.1.3), we apply multi-ANN on the residuals 
Mreg

 from the MLR model 

to enhance the predicted radon data as shown in Figure 7.26. In the Figure 7.27, the training and 

enhanced loss product of ( )Mreg ANN are presented. The significant result was obtained after EPOCHS 

86 training. 

 

Figure 7.26. ANN forecast for residuals of MLR. 

The multi-ANN model has meaningfully enhanced multiple data products. RMSE (4.21) is 

decreased and R-squared value (0.9745) is increased. It means, the multi-ANN model can describe 

97.45% of the Radon variance and the RMSE (4.21) gives an error of 4.21 kBqm-3. 
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Figure 7.27. ANN training and validation loss on residuals of multi-regression model (MSE) 

 

Figure 7.28. ANN training on Multi regression model residual. 

 

Figure 7.29. ANN validation loss on Multi regression model residual. 

 

 Then multi-ANN prediction data which illustrated in Figure 7.28 and Figure 7.29 is 

simulated within intervals. Thus, it is required to confirm that residuals of multi-ANN model are 

distributed normally. For this purpose, the residuals fitted with the theoretical quantile as shown in 

the Figure 7.30. From the Figure 7.31, we can see that residuals fit the normal distribution in a 

good manner. Therefore, the MC simulation can be applied to simulate radon data and to improve 

the data again as shown in Figure 7.32. 
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Figure 7.30. Q-Q plot of multi-ANN residuals. 

 

Figure 7.31. Histogram of Multi-ANN residuals. 

 

Figure 7.32. Rolling mean MC forecast for 19 simulation paths of the multi-ANN model. 
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Figure 7.33. Scatter plot for radon, multi-ANN model, and MC mean. 

 

 

Figure 7.34. The Root Mean Square error and Pearson Correlation (R) for each MC mean path 
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Figure 7.35. R-squared for the rolling mean MC simulation paths 

The Monte-Carlo simulation slightly enhanced radon data as shown in Figure 7.32. For this 

purpose, root mean square error, Pearson correlation, and R-squared were considered as illustrated 

in Figure 7.34 and Figure 7.35. In Figure 7.33, scatter plot for radon, multi-ANN model, and MC 

mean were obtained. RMSE (4.19) is decreased and R-squared value (0.9746) is increased. It 

means, the multi-ANN model can describe 97.46% of the Radon variance and the RMSE (4.19) 

gives an error of 4.19 kBqm-3. 

 

Table 7.1. Model performances for multi-linear regression model, multi-ANN and MC simulation. 

Models SSE RMSE R-squared 

MLR 22601.92 11.33225 0.929466 

Multi-ANN 3050.873 4.211607 0.974557 

MCS 3024.038 4.193044 0.974612 

 

7.4. Median and Temporal VTEC 

 In this section, vertical TEC variations from two stations caused by seismic activity were 

modelled for detecting pre-anomalies and post- anomalies per earthquake as illustrated in Figure 

7.36. For the first time range of TEC data from Ankara station, Median TEC values, mTEC, upper 

and lower bounds were calculated. Anomalies for a moderate earthquake with M=5.9 during 2007-

2010 were investigated. The ionospheric changes were analyzed including solar and geomagnetic 

activity data as displayed in Figure 7.37. Three adjacent earthquakes during 20 days were chosen. 
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The related past and recent studies were reviewed in the literature. The Dobrovolsky preparation 

zones for the earthquakes were computed. Earthquakes inside (De/R) <1 and outside (De/R) <2 

preparation zone were selected. Some of the obtained results are as followings: 

 

Figure 7.36. Diurnal Variation of TEC, Variation of TEC in disturbed days, Median TEC, lower and upper 
boundary (UB, LB), earthquake magnitude (Ankara station). 

As a result of this study, the positive and negative anomalies were identified for three earthquakes 

in quiet conditions of geomagnetic and solar activity. 

 

Figure 7.37. kp index, Dst, F10.7 and earthquake magnitude. 
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Figure 7.38. Temporal TEC and earthquake magnitude (Ankara station). 

Figure 7.38 displays the fluctuations in the temporal-TEC when the EQ1, EQ2, and EQ3 

earthquakes with a magnitude of M = 3, 3.3, and 5.9 occurred on February 9-21, 2007 respectively, 

denoted by the unit of TECU = 1016 el/m2, and mTEC, denoted in %, exhibited numerous incidents 

of significant fluctuations prior and post to the earthquakes. Specifically, high positive peaks were 

detected with mTEC reaching ~45% on February 21, 2007 at 00:00 before EQ3 earthquake, and 

high peaks with 59% were observed on February 12, 2007 at 23:00 before EQ2 earthquake, also 

high peaks with 41% were detected on February 8, 2007 at 20:00 before EQ1 earthquake,71% on 

February 9, 2007 at 23:00 after EQ1 earthquake. Strong mTEC peaks observed after the daily-TEC 

peaks and before the TEC minima, indicating that the variances happened mostly between late 

afternoon to dawn. 

 For ensuring and confirming the model validity done in previous work, we obtained the TEC 

values from Trabzon station. Similarly, vertical TEC fluctuations produced by seismic activity were 

modelled for detecting pre-anomalies and post- anomalies per earthquake as illustrated in Figure 

7.40. Median TEC values, upper and lower bounds were calculated. Anomalies for moderate 

earthquakes with M=5.9, 5.5 and 5.1 during 2007-2010 were investigated. The ionospheric changes 
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were analyzed including solar and geomagnetic activity data as shown in Figure 7.39. Seven 

adjacent earthquakes during 40 days were chosen. The related past and recent studies were 

reviewed in the literature. The Dobrovolsky preparation zone for the earthquakes were computed. 

Earthquakes inside (De/R) <1 and outside (De/R) <2 preparation zone were selected. Some of the 

obtained results are as followings: 

 

Figure 7.39. Kp index, Dst, F10.7 and earthquake magnitude. 

 

Figure 7.40. Diurnal Variation of TEC, Variation of TEC in disturbed days, Median TEC, lower and upper 
boundary (UB, LB), earthquake magnitude (Trabzon station). 
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Figure 7.41. Locations of the Trabzon station and the epicenter of the main earthquakes. 

Figure 7.41 displays the place of the earthquakes that happened during the time range of this study. 

On the other hand, Figure 7.39 illustrates the geomagnetic storm and solar activity within the time 

range. Threshold level for disturbed condition is adjusted as shown in Table 6.13; 

 

 

Figure 7.42. Temporal TEC and earthquake magnitude (Trabzon station). 
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Figure 7.42 displays the fluctuations in the temporal-TEC when the EQ1-EQ7 earthquakes with a 

magnitude of M = 5.1, 3.4, 3.2, 5.5, 2.8, 5.9, and 2.7 occurred between January 18, 2007 and 

February 24, 2007 respectively, denoted by TECU = 1016 el/m2, and mTEC, denoted in %, exhibited 

numerous incidents of significant vagaries prior and pot to the earthquakes. Especially, high 

positive peaks were detected with mTEC reaching ~54% on February 10, 2007 at 01:00 after EQ4 

earthquake, and high peaks with 45% were observed on February 21, 2007 at 00:00 before EQ6 

earthquake, also high peaks with 36% were observed on February 8, 2007 at 12:00 before EQ4 

earthquake. Strong mTEC peaks seen after the daily-TEC peaks and before the TEC minima, 

indicating that the anomalies happened mostly between late afternoon to dawn. 

7.5. Spatial and Relative TEC 

 Another method to detect TEC anomalies due to earthquakes can be done by plotting a DTEC 

histogram. Also, more accurate results can be obtained by plotting the spatial characteristics of 

ionospheric disturbances over certain regions. In this research, we investigate the relative and 

spatial properties for moderate earthquakes. The obtained results for the two stations are shown as 

followings: 

 

Figure 7.43. DTEC-LB, DTEC-UB, EQ magnitude; relative TEC deviation for lower and upper 

boundary, earthquake magnitude, respectively (Ankara station). 
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In Figure 7.43, the DTEC histogram depicts the changes in the TEC correlating to the anomalies 

in percentage. Because F10.7 values were at a low level (70–77 SFU) throughout the analysis 

period, the anomalies that happened throughout low geomagnetic activity periods are highlighted 

in red, and those related with geomagnetically disturbed days (Dst -40 nT or kp > 33), also the 

anomalies that occurred before and after earthquakes indicated by a star. 

 

 

Figure 7.44. DTEC-LB, DTEC-UB, EQ magnitude; relative TEC deviation for lower and upper boundary, 
earthquake magnitude, respectively (Trabzon station). 

In Figure 7.44, the DTEC histogram depicts the changes in the TEC relative to upper and lower 

boundaries correlating to the anomalies in percentage. Because F10.7 values were at a low level 

(62–88 SFU) throughout the analysis period, the anomalies that happened throughout low 

geomagnetic activity periods are highlighted in red, and those related with geomagnetically 

disturbed days (Dst < -40 nT or kp > 33), also the anomalies that occurred before and after 

earthquakes indicated by a rhombus. In particular, TEC anomalies (before, during, after EQ4) were 

observed reaching ~6% on February 07, 2007 at 10:00 and~14% on February 08, 2007 at 12:00 

before EQ4 earthquake, ~9% on February 09, 2007 at 01:00 during EQ4 earthquake, ~22% on 

February 10, 2007 at 01:00 after EQ4 earthquake. Also, TEC anomalies were observed reaching 

~16% on February 21, 2007 at 00:00 before the EQ6 earthquake. 

Figure 7.45, illustrates spatial characteristics of ionospheric disturbances in relation to the EQ6 

earthquake. The red dot denotes the epicenter of the earthquake. The maps obtained for the EQ6 

earthquake clearly show TEC anomalies observed over the earthquake area on February 17, 2007 
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at 00:00 and February 19, 2007 at 00:00 before the EQ6 earthquake. Also, TEC anomalies observed 

on February 22, 2007 at 20:00 and February 23, 2007 at 22:00 after EQ6 earthquake. 

Before Earthquake (5.9 M) After Earthquake (5.9 M) 

 

 
Figure 7.45. TEC maps (from IONOLAB) showing TEC anomalies prior and post to the earthquake (5.9 

M). The red dot denotes the epicenter (Trabzon station). 

7.6. Radon and TEC Cross-Correlation 

 Cross correlation is a technique for checking two-time series and obtaining how well they fit 

each other, as well as precisely where the best match occurs. Any periodicities can be exposed to 

the time series. In this study, the correlation between radon and TEC time series obtained, firstly 

the time series of both plotted as shown in Figure 7.46, then the scatter plot shown in Figure 7.47, 

finally the cross-correlation achieved as shown in Figure 7.48. 

 

Figure 7.46. Time series of Radon and TEC data for analyzing their cross-correlation. 
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Figure 7.47. Scatter plot of Radon and TEC data. 

 

 

Figure 7.48. Cross-correlation of Radon and TEC (correlation coefficient versus lag). From the top panel 
TEC is plotted, the middle panel is radon time series, and the Correlogram at the bottom. The abscissae are 

in 60 minutes’ intervals. 
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The lag exhibits how far the series are changed, while the sign explains which series have been 

moved. Because the series "hang out" at the endpoints and do not overlap, the number of possible 

matches decreases as the lag increases. The maximum correlation for total electron content is at lag 

4 and is 0.52 which is the best match. The pattern is symmetrical with positive and negative lags. 

Oscillation in the correlation coefficients with lag shows periodicities in the original time series. 

When the two series are in phase, the coefficients of correlation will be large and positive. 

Whenever the two series are out of phase, they are large and negative. 

 

 



8. CONCLUSIONS 

The purpose of the present study was to model and forecast Rn-222 and TEC time series. 

The second target of this research was to study the seismo-ionospheric coupling, and evaluate the 

possibility of earthquake forecasting. This study established the combination of ARIMA model 

and Monte Carlo simulations (MCSs) together on Rn-222 and TEC time series which are efficient 

in stochastic evaluations to forecast radon concentration and TEC values. The results of ARIMA 

model and MCSs show a good fit with the test range, especially the forecasted TEC values in a 

good manner that represent the actual values. 

On the other hand, multi-linear regression and multi-artificial neural network are presented 

that allows certain meteorological parameters to be combined to forecast Radon-222 data. The 

model forecasts radon behavior using meteorological parameters such as soil temperature, 

atmospheric temperature, and pressure. The multi-ANN model combines multi-regression and 

artificial neural network models. The model was applied to forecast radon behavior at the Reşadiye 

monitoring station, and the outcomes were satisfactory. Monte-Carlo forecasting was implemented 

using the multi-ANN model, and likely future Rn-222 variations were predicted. The model was 

then verified using real data that was not the same as that utilized in the study, with promising 

results. The model looks to be pretty capable of detecting anomalies. Additionally, the model may 

allow Seismo-Ionospheric models to include more meteorological parameters, allowing for a more 

detailed investigation of the findings. The model could be used to detect anomalies, especially in 

seismo-ionospheric studies where anomaly detection is critical.  

As a result, the obtained Rn-222 concentrations and TEC values were analyzed to grasp 

seismo-ionospheric coupling phenomena utilizing TEC signatures for early earthquake warning in 

the study area. However, detecting TEC anomalies linked to earthquakes less than 6.0 M is a 

challenge due to the level of influence and dynamic complexity in the ionosphere. In this research, 

we analyzed the spatial and temporal properties in relation to a selection of M < 6.0 earthquakes in 

Türkiye during 2007 to identify possible seismo-ionospheric precursors. Anomalies of VTEC 

changes were established for a sequence of seven earthquakes by using a 40-day moving median 

approach of solar and geomatic quiet conditions. And then positive and negative TEC anomalies 

prior to the earthquakes were detected in quiet days, which occurred 1 to 9 days prior to the 

associated earthquake. Ionospheric anomalies caused by earthquakes vary from 16 to 54 % TECU 

over Trabzon station close to the epicenter (~300 km). The findings about spatial characteristics 

of ionospheric disturbances in relation to the earthquake with M = 5.9 reveal clear TEC anomalies 

over the earthquake area before and after the earthquake. Consequently, these studies have shown 

evidence that daily fluctuations in TEC anomalies might provide important precursors to 

earthquakes (M < 6.0) in the earthquake prediction of short-term for foreshocks and main shocks. 
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Finally, statistical relationship between Rn-222 and TEC using cross correlation analysis 

obtained. The maximum correlation for total electron content was 0.52. Radon-222's involvement 

in seismo-ionospheric coupling is still being investigated. This would be a fruitful area for further 

work. 

 

 

 



RECOMMENDATIONS 

The following are some implications for future research based on these findings. It is 

suggested that the association of these factors (All meteorological parameters) and more data ranges 

with fewer missing values is investigated in future studies. More Radon-222 data on the Radon-

222 anomaly would enable us to improve the accuracy of this research. More research is needed to 

develop a deeper comprehension of the relationships between Radon-222, TEC data, and seismic 

activities. 
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