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Abstract: An Integrated Autoregressive Moving Average (ARIMA) - Monte Carlo Simulation (MCS) is proposed to analyze 
and model the anomalies of atmospheric and ground gases by an earthquake along the North Anatolian Fault Zone (Türkiye). 
Earthquakes, Soil radon gas and Total Electron Content (TEC) showed simultaneous anomalies. There are positive relationships 
between these three parameters. Also, positive relations between Rn, meteorology, and atmosphere are detected. The proposed 
ARIMA model and MCS for the Rn-TEC-Earthquake relationships of the measured data gave statistically significant results. 
This model and simulation showed statistically significant changes in the effects of microearthquakes, which are more difficult 
to detect than large earthquakes, especially on the ionospheric TEC. 
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Radon, Toplam Elektron İçeriği ve Meteorolojik Değişkenlerin Depremlere Bağlı Doğrusal ve 
Doğrusal Olmayan Değişimlerinin İncelenmesi: ARIMA ve Monte Carlo Modellemesi  

 
Öz: Kuzey Anadolu Fay Zonu (Türkiye) boyunca meydana gelen bir depremin atmosferik ve yer gazlarındaki anormallikleri 
analiz etmek ve modellemek için Entegre Otoregresif Hareketli Ortalama (ARIMA) - Monte Carlo Simülasyonu (MCS) 
önerilmiştir. Depremler, Toprak radon gazı ve Toplam Elektron İçeriği (TEC) eşzamanlı anormallikler gösterdi. Bu üç 
parametre arasında pozitif ilişkiler vardır. Ayrıca Rn, meteoroloji ve atmosfer arasında da pozitif ilişkiler tespit edilmiştir. 
Ölçülen verilerin Rn-TEC-Deprem ilişkileri için önerilen ARIMA modeli ve MCS istatistiksel olarak anlamlı sonuçlar 
vermiştir. Bu model ve simülasyon, tespit edilmesi büyük depremlere göre daha zor olan mikrodepremlerin, özellikle 
iyonosferik TEC üzerindeki etkilerinde istatistiksel olarak anlamlı değişiklikler olduğunu gösterdi. 
 
Anahtar kelimeler: Toplam Elektron İçeriği, Deprem öncüleri, ARIMA, Monte Carlo simülasyonu 

1. Introduction    
 

Earthquake formations are among the most difficult geological phenomena occurrences that exist on the 
Earth's surface as a consequence of various parameter influences. Soil radon gas (222Rn) alone is insufficient 
because of the Earth's structure, air pressure, environmental warming, temperature, and interior, among other 
influences [1–4]. An earthquake is a sudden movement induced by fissures in the Earth's crust [5] and is the result 
of a large amount of energy moving for heat energy, seismic wave energy, and plastic deformation energy, and 
then only a seismic wave is considered for the earthquake. The idea of magnitude has been included to make 
estimating earthquake energy clear [6]. The changes in the composite materials' physical, chemical, and other 
characteristics that result from the accumulation of stress in the crust are known as the precursors of an earthquake. 

Seismologists may detect these actions and use them as a basis for earthquake forecasts [6–9]. While an 
uncolored gas, radon has a half-life of approximately four days. The most stable isotope of radium that exists is 
222Rn, the heaviest noble gas. Radium is the primary source of radon in the Earth's crust, Therefore, the amount 
of radium is mostly equal to the amount of uranium since around 80% of the Rn that is released into the atmosphere 
is detected in the top few meters of the earth, in rocks and soil. Depending on the type of rock and mineral, different 
amounts of uranium and radium can be discovered in soil. On average, 238U is present in 24 Bq/kg of soil 
worldwide [10]. The study of Rn release rates from the Earth's crust has implications in several fields of earth and 
atmospheric sciences for quantifying activities ranging from monitoring atmospheric sources to transportation. 
Radon gas and its offspring can be used. All of this research needs a thorough knowledge of the processes that 
regulate the amounts of Rn emanation from rocks, minerals, and soil [11]. Rn atoms cannot leave a solid grain due 
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to the low solid diffusion coefficients (1×10-25-1×10-27 m2/s) present. It is commonly assumed that parent Ra 
undergoes radioactive decay and that Rn escapes from the mineral grain as a result of the recoil. Ra decay produces 
Rn atoms, which frequently escape grains due to recoil and internal space in grains. The molecular diffusion 
coefficients of air and water can be transmitted by diffusion via processes of Rn removal from the subsurface and 
subsequent transportation to the atmosphere [12, 13]. 

For forecasting earthquakes, 222Rn has been utilized [14–16], and 222Rn has been used for seismic activity 
monitoring since the Tashkent (M 5.2) earthquake. Six years before the Tashkent earthquake, the study area was 
considered [17]. As a result, the data also reveals the radon growth rates previous to the earthquake. In many parts 
of the world, the movement of the Earth's crust has led to new techniques for earthquake prediction [18–20][21–
23]. These predicting areas include a variety of strategies with significant effects. These methods include magnetic 
area, compression, decline, seismic velocity wave, shell resistance, slide down, gravitational effects, and radon 
measurements, and the data indicate that earthquakes could cause radon levels to increase. There was a significant 
variance in soil radon gas before the earthquake in Chamoli, India, in 1999 [24, 25], Radon gas was recorded 
abnormally after the North Indian earthquake of 1997 (M 5.4) due to the observation of an underground water 
source. Compared to typical soils, radon gas levels are greater [26]. Although the earth's crust typically emits very 
little radon into the atmosphere, Before the production of volcanic activity and seismic occurrences, fault lines in 
geothermal in uranium and radon irregularities are seen [27]. 

Ions and free electrons in the ionosphere, an area of the atmosphere at altitudes between 60 and 1100 km, 
reflect a small number of electromagnetic waves [28]. The number of free electrons along 1m2 of the beam path 
is represented by atmospheric TEC [29]. The TECU unit, which is used to quantify TEC and is equal to 1016 
electrons.m-2, is used to directly investigate the ionosphere's composition [30]. The recipient's zenith and Slant 
Total Electron Content are used to determine the recipient's free electron content in the slant line between the 
receiver and the satellite. Using Vertical TEC, TEC is measured (STEC) [31]. The ionosphere can be affected by 
geomagnetic forces, diurnal and seasonal influences, solar interference, and earthquakes, which result in 
irregularities in the ionosphere [32]. Because that can account for ionosphere changes caused by this activity, the 
TEC is an essential study factor for the relation between pre-earthquake and seismic activities. This is because the 
Earth's crust has experienced seismic and pre-earthquake events that stress rocks. Stresses cause the positive 
electrical charge of stones inside the crust of the earth. When positive charges develop, they generate a potential 
difference on the outer surfaces of the stones, which generates a charge transfer that may travel quickly and thus 
be away from its source position. Charges flow upward due to the operation of the electric field lines between the 
Earth's crust and the ionosphere's bottom. It reached the ionosphere's bottom due to a change in the ionosphere's 
electron equilibrium [33]. If TEC disruptions might be used to direct earthquake monitoring, such a disturbance 
in total electron content also may signal significant seismic prediction, where these disruptions might be used in 
an earthquake predicting system to improve earthquake alert systems, thus saving hundreds of lives [34]. 
Ionosphere abnormalities are caused by earthquakes, solar interference, seasonal and diurnal impacts, and 
geomagnetic influences, among other factors [35, 36]. Ionospheric changes have been detected as earthquake 
precursors in more than 20 nations [37, 38]. 

This research aims to estimate the formation of radon gas in soil which is closely related to seismic events, 
as well as variations in ionospheric TEC while accounting for earthquakes, and to correlate together utilizing 
Monte Carlo Simulation. Some meteorological factors are also taken into account while analyzing this relation. 
The results revealed significant conclusions about the TEC-Rn-Earthquake triad co-change. 
 
2. Analysis of data and the Study Area 

 
One of the countries with the most seismic activity is Türkiye, It is seismically affected by The North 

Anatolian Activity Zone (NAFZ), which affects the region's north while causing a 1,600 km-long surface rupture 
for dextral strike-slip movement, The place is located on the North Anatolian Fault's eastern side and serves as a 
research location, and this is an important region in terms of development and future expansion due to earthquake 
disasters in 1942 and 1943, with magnitudes of 7.6 and 7.2, respectively [32, 39, 40]. Türkiye's Tokat Province's 
research district is known as Yolkonak. This region is located near the NAFZ, one of Türkiye's major fault zones. 
The Tokat Region and the middle Black Sea are where the NAFZ is situated. It covers the area between north 
latitude and (longitude 36o.89443, latitude 40o.53932). The topographic maps are illustrated in Figure 1. 
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Figure 1. The exact location of the radon monitoring station and studied earthquakes along the North Anatolian 

Fault zones in Türkiye. 

The data for the 222Rn time series was provided by the Government of Türkiye Ministry of Interior's 
Emergency and Disaster Management Agency (AFAD) [41]. From 4 March 2007 to 10 February 2010, soil radon 
was monitored using an alpha particle detector at approximately one meter deep in the soil at 15-minute intervals. 
Alpha Nuclear Corporation, Canada, created the detecting, version 611-Alpha Meter Assume a 400 mm2 stainless 
steel silicon diffusing cross-detector container with an aluminium Mylar covering [42]. The sensing surface of the 
detector is 450 mm2. Because this detection works much better in a dark, dry environment, it is enclosed beneath 
a thin opaque film or membrane. Since the film is 0.25 mm thick and made of aluminized Mylar, it has a sufficiently 
low density to allow for the efficient transit of alpha particles in addition to water vapour and light. The TR 
Meteorology General Directorate offers daily mean steam pressure (hPa), dry bulb temperature, wet bulb 
temperatures, and soil temperature at deeper distances of 10, 20, and 50 cm to examine the influence of 
meteorological parameters on the 222Rn during the observation period [43]. The seismic data were collected by 
Bogazici University, Kandilli Center, and the Earthquake Research Institute [44]. Furthermore, the regularized 
estimate procedure for GPS data was used in this study to generate three mid-latitude stations' VTEC values, 
Istanbul, (41.06N, 29.01E), Ankara, (39.53N, 32.45E), and Gebze (40.47N, 29.27E), via Laboratory for 
Ionosphere Research (IONOLAB)[45]  [46–52]. 

 
3. Result and Discussion 
 
    3.1 Monte Carlo Modeling and the Autoregressive Integrated Moving Average Method 
 

The (ARIMA) Autoregressive Integrated Moving Average prediction test is utilized for predicting. Several 
times preceding terms should be taken into account and expressed as a series of different models depending on the 
time series model. A MATLAB application is utilized to evaluate whether seismic activity in the study region 
could be the cause of any radon data anomalies. It provides a workstation for developing the ideal ARIMA model 
through Monte Carlo simulations to predict future radon time series. To select the best ARIMA model, 80 percent 
of the total Rn data is imported and used as the train data set. The remaining 20 percent is then used to evaluate 
the Monte-Carlo simulation data prediction. The ARIMA model can be used only with stationary data (45,46]. 
Because the Rn train data set's t-static is higher than the crucial value and is thus deviated by one degree. The 
partial autocorrelation function (PACF) and autocorrelation functions (ACF) indicate that the data are stationary. 
The moving average q orders and autoregressive p orders may also be found using the ACF and PACF plots. As 
shown in Figure 2. Initially, train data is used to apply ARIMA (p, d, q). The chosen time series model is thus 
ARIMA (4,1,13), which has the formula given in (1): 
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(1 −	𝜙𝟏	L −⋯− 𝜙𝟒	𝐿+)(1 − L)𝑦. = 𝐶 + (1 + 𝜃𝟏	L −⋯− 𝜃𝟏𝟑	𝐿45)𝜀𝒕	, (1) 
 
In this equation, 𝜙	 and 𝜃	 and are the model's input parameters, 𝜀.   represents the error at time t and C is a constant 
amount. 

 

Figure 2. Partial autocorrelation function and autocorrelation function plots (lower part); the standardized 
residuals and the quantile-quantile of the ARIMA model residuals (upper part).  

 
Figure 2 shows the histogram of the model's residuals, which shows that they follow the standard distribution, 

and the accuracy of the fitted model's residues is examined. Figure 2 shows the q-q plot of the model's residuals. 
It can be seen that there appear to be irregularities despite a few minor tail variances. The normal distribution's 
value and both residues' values combined, indicate that ARIMA (4,1,13) is an appropriate model. 

MCS is a mathematical approach to decision-making and statistical analysis. It is useful in many fields, 
including nuclear energy, engineering, high-energy physics and atomic, research and development, the 
environment, and transportation [56–59]. It identifies the best with worst situations in all possible outcomes and 
displays all possible outcomes with each option, typically using probabilities (PDF) [60] as well as how to apply 
these inputs to the distribution MCS performs multiple analyses and, A PDF indicates that this helps in providing 
a range of potential outcomes based on the number of uncertainties as well as the range of input values associated 
with such uncertainties. The usage of PDFs, which can take several forms like Gaussian, lognormal, or uniform, 
is the most sensible and trustworthy method for defining uncertainties in a risk modelling job. Randomly calculated 
probability distribution functions (PDFs) are used to sample data during MCS. Each sample set's iteration is 
specified, and the data is provided as displayed in this data sample. The MCS technique displays not just potential 
outcomes but also information on the PDFs that these outcomes produce [61, 62]. The Monte-Carlo simulation 
tries four distinct pathways and forecasts 20% of data time steps based on the ARIMA model. It appears suitable, 
as demonstrated in Figure 3, which also shows the Monte-Carlo forecast probability boundaries. The red lines 
represent lower and higher limits, the green lines represent radon, and the black line indicates the Monte Carlo 
average. 
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Figure 3. The mean of Monte Carlo Simulation Rn forecasts with lower and upper bounds. 

 
3.2 Non-Seismic Related Variations in Radon Gas Concentration in Soil and Air 

 
Figure 4 shows the radon time series analyzed between March 2007 and February 2010. It has been shown 

that the Rn concentration varies over time. There is no notable variation in the radon level from the beginning of 
March to the end of November 2007; therefore, its concentration varies around this standard (150	𝐵𝑞. 4

=>). As a 
result, the Rn level began to fall progressively beginning in mid-October. 
 

 
Figure 4. The studied Rn time series data. 

 
In comparison to the end of 2007, when the Rn content reached its lowest concentration of around 

(150	𝐵𝑞. 4
=>), the Rn concentration fluctuations in December 2007, January, and February 2008 are insignificant. 
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The Rn level progressively rose to start in March 2008, with spring being the time of year with the maximum Rn 
concentration. Until the end of the summer, there was a high concentration of Rn, which progressively lowered 
until the 2009 winter. The seasonal cycle of soil air Rn concentrations may continue until 2010. This variation in 
Rn concentration is seasonal. Vertical fissures in the clay open up throughout the summer due to increased 
permeability and Rn concentrations [63]. Earthquake stress in the earth's crust has a considerable influence on Rn 
emission. Rn gas flow has also been observed to be influenced by temperature variations between soil and air. At 
temperatures below -10 °C, Rn may be extracted from an air stream for activated charcoal, cooling to liquid N2 
on glass wool at -196 °C, and soil CO2 at -78.5 °C. Rn condenses on the surface at around -150 °C even though 
the partial pressure of soil 222Rn is quite low in environmental conditions [64]. Due to the inverse relationship 
between temperature and relative humidity in the air, the rising surface soil moisture content is connected to higher 
air and soil temperatures. In comparison to lower temperatures, higher Rn emanation levels are expected [65]. 

Variations in air pressure are a result of flux from the Earth's atmosphere on the ground [64]. Frontal system 
routes are associated with 1%-2% pressure fluctuations, which are thought to have resulted in 20–60% variances 
in 222Rn flux on the earth's surface [66]. High indoor Rn levels are generally attributed to a pressure difference 
between the basement and the rest of the residence. Most buildings have high levels of indoor radon, which is 
caused by the living area/basement pressure differential. The lower basement pressure creates a suction effect. 
Since the air pressure at the surface is greater than the air pressure at the ground level, Rn gas must be released 
into the atmosphere [65]. 

 
3.3 Possible Seismic Activity Associated Variations in Soil-Air Radon Gas Concentration 
 

During the years 2007-2010, earthquake activity in the research region of Tokat province was documented 
by Bogazici University, Kandili Observatory, and the Research Center for Seismic. It has been discovered that 
there are around 45 earthquakes with magnitudes ranging from 2.3 ML and 3.5 ML. As shown in Figure 5, The 
earthquakes are related to the time-series data in which the radon data are collected, and the seismic data are related 
to the Rn concentration. 
 

 
 

Figure 5. The variations of the radon concentration with soil temperature at (5, 10, 20, and 50 cm) depths. 
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Figure 6. (a) The training and evaluation parts of the radon data with all earthquakes in the study area, (b) The 

MCS forecasted radon data. 
Seven of these occurred in 2007, with the largest having a magnitude of 3.2 ML. There is some variance in 

radon concentration. As a result, the previously indicated seasonal variance occurred. In 2008, there were about 
14 earthquakes, three of which had magnitudes of ML=3.4, and 3.5, 3.5 in July and May, respectively, in Sehitler-
(Tokat) [South East 0.9 km], Mescitkoy-Almus (Tokat) [South 5.0 km], and in Gokal-Erbaa (Tokat) [South West 
4.5 km], Rn levels reached their peak a month following these earthquakes. All of these factors influence Rn 
release from the earth's surface [67]. The largest number of Rn disturbances and eighteen earthquakes were 
recorded in 2009. When compared to other locations, the seismic distance was then closer. In the studied region 
in 2010, there were just two earthquakes recorded. Figure 5 shows the relation between Rn and soil temperature. 
Subsurface drilling, gas releases, tensions, earthquakes, and volcanic eruptions, all of these factors influence Rn 
release from the earth's surface, among other geochemical and geophysical factors. The link between Rn 
fluctuations and atmospheric and weather changes is shown reasonably in Figure 5. 

 
 

3.4 Radon anomaly detection using Monte Carlo Simulation 
 
Figure 6(a) shows how the radon data is split into a "train" set of 80 percent for use in determining the best 

ARIMA model and a "test" set of 20 percent for use in measuring the accuracy of the MCS data prediction. Figure 
6 (a) begins with two 2.4 and 2.5 micro-earthquakes. Due to the minor earthquakes, radon didn't change 
significantly. Later, on August 15, 2009, as a result of these earthquakes, there were two Rn irregularities, parallel 
to Rn is the Monte Carlo line The fourth seismic event, measuring 2.9 magnitudes, occurred on September 16, 
2009. The Rn concentration didn't increase immediately after the earthquake, but it did grow over time. Following 
the occurrence of these earthquakes' Rn anomalies, four earthquakes occurred in December 2009. Soil permeability 
shows that seismic fault lines, geothermal sources, uranium resources, and other potential energy sources are all 
present in the Anatolian Fault Zone, where the research was conducted and volcanic zones are theoretically 
specified, the Rn concentration increases. Rock, soil, mineral, and uranium mine tailings all naturally emit radon 
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222Rn into the surrounding environment. Higher levels of Rn emission occur at warmer air and soil temperatures 
than at cooler ones, resulting in a positive Rn anomaly when the exposed moisture content temperature rises. 
Significant factors include the magnitude of the earthquake and the distance from the epicentre. The magnitude of 
the earthquake and its distance from the monitoring station have a significant impact on the peak intensity and 
width of the Rn anomaly.  
 
3.5 Variations in the ionospheric Total Electron Content (TEC) 

 
TEC is an essential study measure because it may explain ionosphere changes caused by pre-earthquake and 

seismic events. For three locations in the research region, Figure 7 shows the temporal radon with total electron. 
Figure 7 shows the findings of a triple examination of earthquake-TEC and Rn Anomalies. As an example, one 
may study this figure from the perspectives of numerous basic components. On the other hand, the number of these 
parts can be increased (similar to the variations during 2007 and 2008), Earthquake-Rn-TEC causes abnormalities 
very instantly, according to analysis. In the red column, the Rn gas concentration in the soil is seen to have been 
released as a consequence of several earthquakes. The blue and yellow columns illustrate this, similar fill-discharge 
trends are seen. For all three TEC stations, these abnormalities usually show consistent behaviour. 

 

 
Figure 7. Radon time series, earthquake magnitude, and total electron content for three stations Tubi (Gebze), 

Ista (Istanbul), Anka (Ankara). 
The graph did not begin at the origin since there is missing data from November 2007 until the start of the green 
line, which represents the TEC in the Ista station in Istanbul. the Tubi (Gebze) station's total electron content during 
the previous study period is represented by the purple line. The total content is shown as a brown line. In Anka 
(Ankara) station, the electron data was interrupted in 2007 and resumed in 2008. The limits by the standard 
deviation of the equation given, applied 10 days before and 5 days after the observation day, are used to determine 
whether the daily TEC result is within confident intervals of average and standard deviation, see the equations (2) 
and (3) as follows: 
 

Upper Bound = mean + 2 stdev,             (2) 
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Lower Bound = mean – 2 stdev,             (3) 
 

Figure 8(a) demonstrates that the anomaly at the three stations is comparable Due to three days of TEC 
abnormalities at the Ista-station before and after the earthquake variation, shows a TEC anomaly that was 
discovered five days before the earthquake measuring 2.8 on the Richter scale on September 16, 2009. Predictions 
made using both Rn concentration and MCS tend to be accurate. Figure 8(b) shows the ML 3.2 earthquake that 
occurred on December 7, 2009, on the Richter scale. Three days before the earthquake and immediately following 
it, TEC anomalies were seen with decreasing TEC values. While the daily fluctuations in Rn concentration before 
the earthquake were greater than the fluctuations seen afterwards, some Rn anomalies persisted. Although the 
Monte Carlo line and radon are nearly parallel, so often, it is not reasonable. As shown in Figure 8(b), on December 
11, 2009, a most latest earthquake was 3.0 on the Richter scale. Nevertheless, forty-eight hours later, the quantity 
of TEC increased for three days, seemingly unrelated to the seismic. The intense seismic activity may have caused 
the abnormally large number of electrons to indicate a GPS signal that can be received at a greater distance from 
the epicenter. The TEC irregularity shows that there may be background noise blocking GPS signals in the high 
atmosphere under the influence of the generating force from the region surrounding the epicenter [68]. This might 
be caused by magnetic storms and solar, and plasma level concentration indicates that significant ionosphere 
irregularities are often associated with plasma upward drift near seismogenic locations [69]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 (a) TEC and radon variation before and after an earthquake ML 2.9 on September 16, 2009, (b) TEC 
and radon variation before and after an earthquake ML 3.2 on December 7, 2009. 
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4. Conclusions 
 
In Yolkonak/Tokat, Türkiye, the study examined changes in Rn content in soil gas over around four years. 

At a depth of 1 m, fluctuations in the radon concentration have been seen that are both seasonal and non-seasonal. 
Regarding seasonal fluctuations, wintertime appears to have the lowest Rn concentration, It is increased in the 
summer because of the effects of metrological factors on radon transport typical processes such as diffusion. Before 
the August and December 2009 microearthquakes, Monte Carlo simulations with growing radon levels revealed 
non-seasonal variations (anomalies). The North Anatolian Fault Zone (NAFZ) earthquake may be anticipated by 
these anomalies. In these situations, variations in the total amount of electrons in the ionospheric atmosphere seem 
to be linked to radon anomalies. For instance, Rn levels increased and total electron concentration exceeded upper 
boundaries before the earthquake on December 12, 2009. However, the MCS method generates the PDF by 
calculating using all available data, unlike interpreting a single variable, resulting in optimal simulation 
optimization. When MCS is applied in combination using the Model (ARIMA), statistical outputs with high 
reliability are created with high reliability. Using the ARIMA-MCS approach in data interpretation is useful for 
this study. We advocate for the application of various artificial intelligence approaches in various investigations. 
Similar to the investigation of soil Rn gas time series, warmer seasons are characterized by much greater positive 
rises in Rn anomalies than cold ones. These rises are caused by a decrease in moisture during hotter seasons, the 
rise in temperature causes soil pores to expand and the spaces between soil particles to grow, the Moon's 
gravitational movements have a positive influence on soil, a decrease in rainfall, and the resulting dryness. These 
seasonal fluctuations are useful for measuring earthquake-Rn change. Rn surface changes are directly influenced 
by variations in air pressure. Rn is positively correlated with both meteorological changes and atmospheric 
changes. Rn-TEC and Earthquakes have a positive correlation. 
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