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Abstract
Earthquakes cause many losses of life and property with their devastating effects. Scientists 
conduct studies to predict the hazards by examining the anomalies that occur before the 
earthquake. In this study, mathematical and statistical relationships are examined between 
soil radon (Rn-222) gas and earthquake and atmospheric total electron content (TEC). Fur-
thermore, an Autoregressive Integrated Moving Average (ARIMA) simulation model is 
proposed to predict Rn concentrations. The model is evaluated for the M 4.2 Sivas, Susehri 
earthquake in Türkiye that took place on the North Anatolian Fault Zone in 2007 and a 
relationship is determined between soil Rn gas and micro-seismic activity. In parallel with 
the earthquake–radon relationship, some meteorological variables [5, 10, 20, 50  cm soil 
temperature (°C), vapour pressure (hPa), wet bulb temperature, dry bulb temperature] are 
identified as associated with the earthquake. It is also observed that the TEC increases with 
the relative Rn gas concentration as the time of the main shock is approached. This pro-
vides meaningful results for further seismo-ionospheric change interpretations. In addition, 
the ARIMA model detects possible future Rn gas concentration values.
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1 Introduction

Earthquakes caused 2.7 million deaths between 1900 and 1976 (Randall and David 1993). 
For this reason, earthquake prediction is the scientific activity of researchers working in 
this field. So far, researchers have proposed many methods and techniques for earthquake 
predictions in hopes to find a solution (Martin et al. 2016). The rate of P-wave changes, 
ground slope and elevation, reduction in electrical resistance of rocks, groundwater level 
fluctuations and oil flow, magnetic fields, ionospheric changes, crustal resistance, land-
slides, gravitational effects, and radon emissions are used to predict earthquakes perfor-
mances. Studies on the identification of these earthquake precursors are increasing (Crock-
ett et al. 2006; Külahcı and Şen 2014). This research concentrates on the aforementioned 
precursors including Rn and ionospheric TEC.

Rn (in article, the word Rn is used for the isotope 222Rn) is produced continuously by 
the decay of 226Ra in the uranium decay chain and is an inert gas (Kim et al. 2018; Singh 
et al. 1999; Tanner 1964). Several studies have suggested that due to its short half-life of 
3.82 days, ease of detection and atmospheric transport monitoring of Rn concentration in 
soil as a function of time may be useful for predicting upcoming earthquakes (Ghosh et al. 
2009; Wang et al. 2014; Yalım et al. 2012). Rn gas from the depths of the Earth formed 
under the influence of tectonic stress migrates towards the Earth crust through the ground 
cracks along the fault zones and is released towards the Earth’s surface (Woith 2015). Spa-
tial and temporal patterns of deep source gas seepage are studied by measuring soil gas in 
active fault zones (Ciotoli et al. 2007; Külahcı and Şen 2014; Kuo et al. 2006).

The interest in anomalies in pre-earthquake Rn concentration started with Okabe’s 
(1956) investigation of the relationship between interactions of the atmospheric Rn val-
ues and earthquakes. Ulomov and Mavashev (1971) showed that the Tashkent earthquake 
affected the radon concentration in groundwater. Many researchers tried to relate radon 
anomalies in soil and water to seismic activity (Ge et al. 2014; Ghosh et al. 2011; Gregorič 
et al. 2012; Hauksson 1981; Hauksson and Goddard 1981; Igarashi et al. 1995; Igarashi 
and Wakita 1990; Imme and Morelli 2012; Khan et  al. 1990; King, 1980; Külahcı and 
Çiçek 2015; Kuo et  al. 2006; Kuo and Tsunomori 2014; Mogro-Campero et  al. 1980; 
Nishizawa et al. 1998; Noguchi and Wakita 1977; Singh et al. 1999).

In the second half of the twentieth century, scientists discovered that anomalies in the 
earthquake preparation process should be sought not only in the lithosphere but also in 
the ionosphere. The first study was the observation of earthquake-related ionospheric 
anomalies during the 1964 great Alaska earthquake (Davies and Baker 1965). Antsi-
levich and Vilenskii (1971) and Datchenko and Ulomov (1972) analysed the observa-
tions of the ionospheric vertical sounder, suggesting that the abnormal increase in elec-
tron content before the 1966 Tashkent earthquake could be a precursor to the Tashkent 
earthquake. Afterwards, ionospheric anomalies related to seismic activity aroused wide 
interest among the researchers and ionospheric TEC as an earthquake precursor (Bhat-
tarai et al. 2018; Hattori et al. 2014; Huang et al. 2017; Kalita et al. 2012; Li and Parrot 
2018; Liu et al. 2009; Oikonomou et al. 2016; Perrone et al. 2018; Pulinets et al. 2007; 
Sergei Pulinets and Boyarchuk 2004; Şentürk and Çepni 2018; Sharma et al. 2017; Ulu-
kavak and Yalçınkaya 2017a; Zhao et  al. 2008). TEC is the amount of electrons in a 
cylinder with a base of 1  m2 along the line between the receiver and the electromagnetic 
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signal, largely determined by the maximum electron concentrations of the F2 layer, and 
its unit is TECU. 1 TECU =  1016 electrons/m2.

Volcanic eruptions, natural ground radioactivity, radioactive pollution, rocket and 
space shuttle launches, ballistic missiles, asteroids and even surface mine explosions 
generate significant ionospheric anomalies. Solar (coronal Solar flares and mass out-
flows), atmospheric (storms and lightning strikes), and meteorological events (typhoons 
and hurricanes) and earthquakes can cause ionospheric disturbances (Dautermann et al. 
2007; Garrison et  al. 2007; Gautam et  al. 2019; Laakso 2002; Liu et  al. 2006; Puli-
nets and Ouzounov 2011; Schunk and Nagy 2010). Changes in the vertical electric and 
magnetic fields may occur in the earthquake preparedness zone and its immediate sur-
roundings. As the effect of these movements towards the atmosphere, the total electron 
content of the ionosphere changes due to the combination of the neutral atmosphere 
environment and the ionized ionospheric plasma (Sharma et  al. 2017). TEC changes 
in the ionosphere can also be determined by GNSS observations before, during and 
after the earthquake (Başçiftçi et al. 2018; Zolotov et al. 2012). TEC anomalies can be 
observed in positive and negative directions before and after earthquake occurrences 
(Çepni and Şentürk, 2015; Fuying et al. 2011; Liu et al. 2006; Sezen et al. 2013; Shah 
and Jin 2018; Zolotov et al. 2012).

Pulinets and Boyarchuk (2004) studied the process of strong vertical electric field for-
mation in the earthquake preparedness zone before an earthquake. Radon emanations 
from the Earth’s crust in seismically active regions cause to ionized air (Pulinets and Liu 
2004). It is known that intense gas discharges such as  CO2, methane and nitrogen occur 
mostly from the Earth crust in the preparation zone before the earthquake (Kuo et  al. 
2013). These gas oscillations generate air movement leading to instabilities that can stimu-
late acoustic gravitational wave generations. Since the Coulomb force is not very strong, 
intense air movements disperse the neutral clusters. In a short time, the near-ground layer 
of the atmosphere becomes enriched with ions (estimated concentration  105–106  cm3). The 
ionization leads to the formation of abnormally strong vertical electric fields compared to 
the normal air electric field (Liu et al. 2004; Sharma et al. 2017; Kim et al. 2018). Many 
researchers have conducted studies to explain the cause of these anomalies in TEC. Freund 
(2007) suggested the P-type semiconductor effect for the cause of the vertical electric and 
magnetic field in the earthquake preparedness zone. When rocks on the earth are stretched 
and compressed the peroxy bonds are broken and electrically charged carriers are released 
to form positive holes, which are very mobile and can be moved easily from the trapped 
zone to the free zone (Freund, 2000; Lin, 2012; Namgaladze et  al. 2018; Ulukavak and 
Yalcinkaya 2017b).

One of the rapidly developing areas in earthquake forecasting is the ground surface 
thermal anomaly studies that occur a few days before strong earthquakes in the prepara-
tion areas. The time scale of the thermal anomalies formation is very similar to the time 
scale of ionospheric precursors (Pulinets 2004). A large amount of water vapour molecules 
 (1017  cm3) in the troposphere undergoes hydration quickly with basic ions, and hence, the 
humidity in the air decreases and as a result of this exothermic event, heat is released to 
the environment, which causes the temperature to increase in the earthquake preparedness 
zone. This increase in air temperature leads to variability in air conductivity (Izhovkina 
et al. 2006; Schekotov et al. 2021).

Sources such as atmospheric or underground explosions and shallow earthquakes cause 
to strong vertical ground displacements, which are known to produce pressure wave prop-
agations in the atmosphere at infrasonic speeds (Lognonné et  al. 2006). Low-frequency 
acoustic waves are coupled with the gravitational waves in the ionosphere cause variations 
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in electron density in the region (Fuying et al. 2011; Jin et al. 2011; Liperovsky et al. 2008; 
Schekotov et al. 2021).

The aim of this study is to evaluate the soil 222Rn gas concentration, TEC variations and 
earthquakes simultaneously in order to examine the possible mathematical and statistical 
relationships between them, and hence, to propose an ARIMA model for the relationships. 
This model helps to determine the 222Rn concentration on the North Anatolian Fault Zone 
(NAFZ), which is one of the most seismically active fault zones on this side of the Earth. 
Simultaneous analyses of this triple change of Rn, TEC and earthquakes lead to one step 
further improvement in earthquake prediction studies. In addition, observation and analysis 
of meteorological variables [5, 10, 20, and 50 cm soil temperature (°C), vapour pressure 
(hPa), wet bulb temperature, dry bulb temperature] together with this triple change is an 
important reference source for relevant researchers.

2  Material and method

2.1  Time series analysis and ARIMA model

A time series is a set of numerical data taken sequentially at equal time intervals within a 
certain period of time (Fanoodi et al. 2019**). Examples of time series abound in fields 
such as economics, business, engineering, natural sciences (especially earth sciences, geo-
physics and meteorology), and social sciences. Adjacent observations in a time series are 
serially dependent and different techniques are used to analyse this dependency. Among 
the application areas of time series are the following points.

1. Estimation of the future values by learning from past and current values,
2. Determination of the transfer function of an inertial system through a dynamic input–

output model that can show the effect of any input series on the output system,
3. The use of indicator input variables in transfer function models to represent and evaluate 

the effects of disruptive interventions in a time series,
4. Examination of the relationships between various relevant time series and identification 

of suitable multivariate dynamic models to represent common relationships between 
variables over time,

5. Design of simple control schemes in which potential deviations of the system output 
from a desired target can be compensated as much as possible by the input series values 
adjustment (Box et al. 2015).

 A very powerful time series forecasting tool is ARIMA (Autoregressive Integrated Mov-
ing Average) or Automatic Tension Integrated Moving Average approach, which com-
bines three separate parts into a comprehensive model. The first piece is the autoregressive 
or "AR" term, which corresponds to the number of lagged values of the residuals in the 
unconditional prediction model. The model captures the historical real data variation into 
a predictive model and uses variation to build a better predictive model. The second piece 
is the order of integration or the term "I", which corresponds to the number of differentia-
tions of the time series to render into a stationary structure. This element takes into account 
possible nonlinear growth rates in the data. The third piece is the term "MA", which is 
essentially the moving average of the lagged forecast errors (Şen 2009, 2016). The model 
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essentially learns from forecast errors and corrects them with a moving average calculation 
by including this component of delayed forecast errors.

ARIMA (p.d.q) models are extensions of the AR model, which uses three components 
to model serial correlation in time series data. As noted earlier, the first component is the 
autoregressive AR(p) model, which uses the p delays of the time series in the equation. 
The second component is the integration (d) term. I(d) means to d fold differentiation. The 
MA(q) model uses the q delays of the prediction errors to improve the prediction (Akdi 
2003; ArunKumar et al. 2021; Box and Jenkins 1976; Hamilton 1994; Roy et al. 2020; Yaf-
fee and McGee 1996).

The ARIMA (p.d.q) model is expressed by the following formula.

The interpretation of the ARIMA model results are almost the same as for multivariate 
regression analysis. There are several additional sets of results specific to the ARIMA anal-
ysis. The first is the addition of Akaike Information Criteria (AIC) and Bayesian Informa-
tion Criteria (BIC), which are frequently used in ARIMA model selection and description. 
The AIC and BIC measures are used to determine whether a particular model with a given 
set of p, d, and q parameters has good statistical fit. While BIC is a defined criterion on the 
design of the real model, AIC allows the determination of the most suitable model for the 
data type. The ARIMA model with the lowest BIC and AIC values are the best ones. On 
the other hand, autocorrelation function (ACF) and partial autocorrelation function (PACF) 
are the methodologies that are taken into consideration in any ARIMA model validity tests. 
ACF graphs provide information about the stationarity of the series (Hyndman and Atha-
nasopoulos 2021; Mun 2006; Schaffer et al. 2021; Şen 1992, 2016; Sevüktekin and Çınar 
2017; Shumway and Stoffer 2017; Zhang et al. 2014).

3  Research area and data

The research area is Sivas, Susehri (Lat 40.16259 and Long 38.13503) on the North Ana-
tolian Fault Line, Turkey, which has the capacity to produce continuous earthquakes. Soil 
Rn data over this line are obtained from the Turkish Prime Ministry General Directorate 
of Disaster Affairs (https:// en. afad. gov. tr/). Soil Rn data are measured using Alpha Meter 
611 (Alpha Nuclear Co., Canada) detectors. The earthquake data used in the study are 
obtained from Bogazici University Kandilli Observatory and Earthquake Research Institute 
Regional Earthquake-Tsunami Monitoring and Evaluation Centre (http:// www. koeri. boun. 
edu. tr/ sismo/ zeqdb/). The meteorological data as daily and locally; 5, 10, 20 and 50 cm soil 
temperature (°C), vapour pressure (hPa), wet and dry bulb temperatures are obtained from 
the Turkish Meteorology General Directorate (https:// www. mgm. gov. tr/ eng/ forec ast- cities. 
aspx). TEC data are obtained from IONOLAB-Ionospheric Research Laboratory (http:// 
www. ionol ab. org/ index. php? page= index & langu age= en) (Sezen et al. 2013).

4  Results and discussion

The seismic activity of the research area is extremely high. It is well-known that between 
04.07.2007 and 01.24.2010, there were 87 earthquakes with varying magnitudes between 
3.1 and 4.2 on the Richter scale. In this study, it is decided to examine the effects of the 

(1)Yt = a
1
Yt−1 + a

2
Yt−2 +⋯ + apYt−p + et − b

1
et−1 − b

2
et−2 −⋯ − bqet−q

https://en.afad.gov.tr/
http://www.koeri.boun.edu.tr/sismo/zeqdb/
http://www.koeri.boun.edu.tr/sismo/zeqdb/
https://www.mgm.gov.tr/eng/forecast-cities.aspx
https://www.mgm.gov.tr/eng/forecast-cities.aspx
http://www.ionolab.org/index.php?page=index&language=en
http://www.ionolab.org/index.php?page=index&language=en
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M4.2 (depth 5  km, 06.08.2007) earthquake, which is the largest record in the region, 
and M3.2 (depth 6.5 km, 06.08.2007) earthquakes on other physical parameters, since it 
occurred on the same day (Table 1).

The changes in the behaviour of radon with the earthquakes that occurred are given in 
Fig. 1.

An earthquake with a magnitude of M 3.5 occurred on 04.16.2007 during the first period 
of Rn data. During this period, it is observed that the Rn gas level in the soil is at the high-
est levels during the study period. M 4.2 and M 3.2 earthquakes occurred on 06.08.2007 
and three earthquakes with M4.1 magnitude occurred on 12.29.2007. After these three 
relatively large earthquakes, sudden decreases are observed in the radon gas levels in the 
soil (Crockett et al. 2006; Külahcı and Şen 2014). Smaller earthquakes accompanied the 

Table 1  Earthquakes that occurred between 07/04/2007 and 21/01/2010 in a circle with a diameter of 
100 km, the centre of which is Suşehri (Boğaziçi, 2021). Bold values show the two largest earthquakes in 
the area that occurred on the same day

Date D(km) M Date D(km) M Date D(km) M

24.01.2010 8.4 3.4 30.10.2008 5.4 3.3 27.10.2007 7.2 3.1
24.01.2010 15.5 3.1 23.09.2008 8.4 3.1 26.10.2007 7.7 3.3
13.01.2010 4 3.3 17.09.2008 19.3 3.1 15.10.2007 7.5 3.4
19.10.2009 5.5 3.5 01.09.2008 6 3.2 10.10.2007 5.5 3.3
02.10.2009 4.1 3.4 04.08.2008 5.1 3.3 11.09.2007 5.4 3.1
05.09.2009 3.5 3.1 21.07.2008 9.9 3.2 03.09.2007 5 3.7
26.08.2009 8 3.1 25.06.2008 4.9 4 28.08.2007 5 3.3
02.08.2009 10.9 3.1 19.06.2008 3.3 3.1 27.08.2007 3.7 3.5
18.07.2009 2.5 3.2 18.06.2008 5.4 3.2 22.08.2007 2.6 3.2
14.07.2009 2.3 3.2 11.06.2008 5 3.5 17.08.2007 5 3.3
31.05.2009 5.4 3.6 29.05.2008 7.8 3.1 16.08.2007 12.3 3.4
14.05.2009 5 3.1 26.05.2008 9.2 3.2 06.08.2007 6.5 3.2
13.05.2009 2.4 3.4 26.05.2008 4.2 3.2 06.08.2007 5 4.2
21.04.2009 7.7 3.2 20.05.2008 5.5 3.3 03.08.2007 9.2 3.2
19.04.2009 5.4 3.1 16.05.2008 5.4 3.1 01.08.2007 4.1 3.4
27.03.2009 12.3 3.2 27.04.2008 5 3.1 20.06.2007 12.6 3.3
23.03.2009 4.8 3.2 26.04.2008 8.9 3.1 16.06.2007 3.2 3.6
18.03.2009 7.7 3.1 24.04.2008 5.4 3.1 16.06.2007 5 3.6
18.03.2009 7.3 3.3 08.04.2008 5 3.1 15.06.2007 5.3 3.1
17.03.2009 5 3.5 14.02.2008 5 3.3 05.06.2007 12.9 3.2
17.03.2009 3.6 3.4 26.01.2008 5 3.3 14.05.2007 5 3.2
28.02.2009 6.3 3.1 23.01.2008 5 3.4 09.05.2007 6.3 3.1
08.01.2009 13 3.1 23.01.2008 5.3 3.1 08.05.2007 5 3.7
08.01.2009 13.6 3.1 22.01.2008 5 4 08.05.2007 5.3 3.3
07.12.2008 8.6 3.3 29.12.2007 5 4.1 05.05.2007 5.3 3.2
02.12.2008 5.4 3.2 23.12.2007 2.5 3.1 16.04.2007 5.8 3.5
01.12.2008 4.8 3.6 21.12.2007 5.4

3.1
07.04.2007 9.6 3.4

21.11.2008 8.5 3.2 13.12.2007 20.7 3.1
16.11.2008 5 3.1 04.11.2007 5 3.4
04.11.2008 3.2 3.6 04.11.2007 2 3.2
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changes in Rn levels after these earthquakes. Considering the time period of the research, 
it is determined by the Weighted Average Graph that the Rn concentration is in a cyclical 
filling-discharging period (Fig. 1, Table 1).

Changes in meteorological parameters (5, 10, 20 and 50  cm, soil temperature (°C), 
vapour pressure (hPa), wet bulb temperature and dry bulb temperature) within the times of 
the above-mentioned earthquakes also gave statistically significant results. Meteorological 
parameter data are given in Table 2.

Parallel to the earthquake–radon relationship seen in Figs. 1 and 2 is obtained by mak-
ing use of Table 2 for the changes of the earthquake with some meteorological variables. It 
is observed that all meteorological variables started to decrease after the M 4.2 and M 3.2 
earthquakes. Especially, after the 4.2 and 4.1 earthquakes, a clear discharge curve appears 
in the Rn gas concentration. After the discharge, stagnation at the Rn level is observed 
with chain earthquakes. It took 7 months for Rn gas levels to form a positive peak curve 
in the research area, which has a permeable soil structure. At the end of this process, it is 
observed that the previous sinusoidal cycle is repeated with repeated earthquakes. It is seen 
that this sinusoidal loop explains an Rn-Earthquake characteristic of the region over the 
measured 2-year period.

TEC data before and after M 4.2 and M 3.2 earthquakes on 08.06.2007 are obtained 
from Trabzon fixed GPS station, which constantly collects data via IONOLAB group, 
which provided real-time TEC values with an online calculation system for IGS and/or 
EUREF stations at www. ionol ab. org (Sezen et al. 2013).

Figure 3 shows simultaneous variations of the Ionospheric TEC with earthquake and 
Rn gas concentration. As the time is approached to the M 4.2 and M 3.2 earthquakes, a 
noticeable increase is observed in the TEC concentration along with the Rn gas concen-
tration. This shows that Rn can be included in the calculations more effectively about 
the future of seismo-ionospheric changes.

Fig. 1  Radon data and earth-
quakes

http://www.ionolab.org
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4.1  ARIMA model

The MATLAB software is used to obtain an ARIMA model (Şen 2019) for the predictions 
of the Rn gas over the unmeasured forward time periods. The procedure for finding a suit-
able model is based on a series of steps (Külahcı 2020), which includes appropriate trans-
formation and differentiation, detection of the ARIMA model, estimation of parameters, 
and diagnostic control of residues through Ljung-Box statistics (Box et al. 2015).

The time-dependent variation of Rn is given in Fig. 4, and the autocorrelation and PACF 
graphs are in Fig. 5a, b using Rn data. In a series with a trend effect, the autocorrelation 

Table 2  Soil temperature data for August 2007

Day 5 cm soil 
(°C)

10 cm soil 
(°C)

20 cm soil 
(°C)

50 cm soil 
(°C)

Local vapour 
pressure 
(hPa)

Wet ther-
mometer 
(°C)

Dry ther-
mometer 
(°C)

1 22.2 24.3 25.4 26.2 14.1 15.0 20.2
2 23.6 24.6 25.6 26.1 15.9 16.0 20.0
3 21.2 23.6 25.2 26.2 16.3 15.0 16.3
4 18.8 22.0 24.4 26.2 13.7 12.4 13.6
5 19.1 21.9 24.2 26.0 14.6 13.2 14.2
6 21.2 23.4 25.0 26.0 14.5 13.8 16.0
7 21.6 23.4 25.0 26.2 14.2 14.6 18.8
8 23.0 25.1 26.2 26.5 19.1 17.6 19.4
9 20.7 23.8 25.4 26.6 17.1 15.7 17.0
10 19.6 23.0 25.2 26.7 15.2 13.8 14.8
11 19.4 23.0 25.2 26.7 13.6 13.0 15.4
12 20.2 23.4 25.3 26.7 14.1 13.9 17.0
13 21.4 24.4 26.0 26.8 11.7 12.6 17.6
14 21.6 24.5 26.3 27.2 17.6 16.3 18.0
15 22.0 24.4 25.8 27.1 16.4 15.4 17.3
16 20.2 23.4 25.6 27.0 15.6 14.5 16.0
17 20.1 22.2 25.3 27.0 17.5 15.6 16.0
18 18.2 20.6 24.2 27.0 15.0 13.4 14.0
19 17.8 21.2 23.6 26.2 14.7 13.1 13.8
20 19.1 22.2 24.2 26.1 16.4 14.6 15.0
21 19.0 21.0 23.9 26.0 13.8 13.0 15.1
22 20.6 23.0 24.6 26.0 15.6 14.8 17.0
23 18.9 22.0 24.2 26.0 16.5 15.0 16.0
24 19.6 21.0 23.6 25.6 15.8 15.0 17.2
25 18.0 21.0 23.2 25.4 15.1 13.8 15.0
26 17.2 20.0 22.2 25.0 15.4 14.0 15.0
27 19.4 21.0 22.4 24.7 17.4 15.6 16.2
28 15.8 18.8 21.4 24.3 13.4 11.6 12.0
29 16.4 19.4 21.8 24.2 15.8 14.4 15.4
30 14.0 16.6 20.0 23.8 14.2 12.6 13.2
31 14.4 17.4 20.6 23.5 12.5 11.2 12.6
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Fig. 2  Meteorological change parameters of August 2007, when the earthquake occurred
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Fig. 3  TEC, radon and earthquake graph before and after the M 4.2 and M 3.2 earthquakes on 08/06/2007

Fig. 4  Time series graph of 
radon values
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function appears as positive and high for short lags with slow decrease as the lag increases. 
If the autocorrelations do not decrease or disappear rapidly, the series is non-stationary 
(ArunKumar et al. 2021). In this case, the difference of the data is taken until stationarity 
is achieved and then, an ARIMA model is matched. From the Rn values in Fig. 5a, it is 
understood that the series is not stationary. The graph of Rn after taking the difference of 
the series is given in Fig. 6, while the graphs of ACF and PACF are presented in Figs. 7a 
and b. In addition, histogram of residual values and distribution-scatter (Q–Q) graph of 
residual values are given in Fig. 8a and b.

Fig. 5  a Autocorrelation function graph of Rn data, b partial autocorrelation function graph of Rn data
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For statistical control of the stationarity, the Augmented Dickey-Fuller Test (ADF) 
is performed (Cheung and La1995; Sevüktekin and Çınar 2017). ADF test results are 
given in Tables 3 and 4.

If the value of the test statistic is less than the critical value, it is understood that the 
series is stationary (Tortum et al. 2014). According to the ADF test results, the Rn time 
series is now stationary. The ACF and PACF graphs of the differentiated series give 
useful information about the AR and MA values. In the ACF and PACF graphs show 
downward trend to the confidence band then the number of delays provides informa-
tion about the approximate MA and AR values, respectively, and accordingly, MA = 1 
in the ACF graph and AR = 2 in the PACF graph (Akdi 2003; Mun 2006). Since graphi-
cal analysis yields information to some extent, performing additional statistical analyses 
give the most reliable and accurate result. It is, therefore, necessary to obtain AIC and 
BIC values for each ARIMA model. From Table 5 it is possible to understand that many 
ARIMA models are the best that explain the data at hand. The most suitable ARIMA 
model is ARIMA (4.1.3) as can be seen from the smallest AIC and BIC values (Table 5).

The equation according to the Rn time series is suitable for the model according to 
the following equation and the normal (Gaussian) probability distribution function.

The details of the results are obtained by entering the Rn data into the model and the 
results are presented in Tables 6 and 7.

One can use the ARIMA (4.1.3) model as a simulation application for Rn forward 
timeframes (the next 50 steps with unknown value) (Külahcı 2020). The prediction of 
radon data can be obtained from the simulation study using ARIMA (4.1.3) as given in 
Fig. 9. The portion between the curves indicated by the red confidence (95%) lines is the 
arithmetic mean of the estimated Rn values. Figure 10 is an enlarged representation of 
this mean.
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Fig. 6  The change of Rn data after taking the difference
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5  Conclusions

The large number of earthquakes that occurred in the North Anatolian Fault Zone 
(NAFZ) at the time of the radon data records is one of the proofs that this region is 
one of the most seismically active continental strike-slip fault zones in the world. The 
impact of earthquakes significantly affects radon concentrations. In the earthquake 

Fig. 7  a Autocorrelation function graph of the differenced series, b partial autocorrelation function graph of 
the differenced series
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Fig. 8  a Histogram chart of residual values, b distribution–distribution (Q-Q) chart of residual values

Table 3  Test parameters Lags Model Test statistics Sig level

1 0 AR t1 0.05

Table 4  Test results Null rejected P-Value Test statistic Critic value

1 True 0.001 −46.4791 −1.9416
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Table 5  AIC and BIC values of 
the recommended models

Model AIC–BIC Model AIC–BIC 

ARIMA (1.1.0) AIC 9512.432 ARIMA (4.1.4) AIC 8844.1094
BIC 9527.143 BIC 8893.1167

ARIMA (1.1.1) AIC 8921.691 ARIMA (5.1.1) AIC 8867.2963
BIC 8941.305 BIC 8906.494

ARIMA (1.1.2) AIC 8915.481 ARIMA (5.1.2) AIC 8840.4534
BIC 8939.999 BIC 8884.5509

ARIMA (1.1.3) AIC 8882.894 ARIMA (5.1.3) AIC 8839.3029
BIC 8912.316 BIC 8888.3002

ARIMA (1.1.4) AIC 8884.867 ARIMA (5.1.4) AIC 8829.827
BIC 8919.194 BIC 8883.726

ARIMA (2.1.1) AIC 8862.073 ARIMA (6.1.1) AIC 8866.383
BIC 8886.586 BIC 8910.472

ARIMA (2.1.2) AIC 8848.719 ARIMA (6.1.2) AIC 8842.207
BIC 8878.136 BIC 8891.194

ARIMA (2.1.3) AIC 8850.713 ARIMA (6.1.3) AIC 8829.826
BIC 8885.032 BIC 8883.712

ARIMA (3.1.0) AIC 9158.346 ARIMA (6.1.4) AIC 8858.937
BIC 9182.855 BIC 8917.722

ARIMA (3.1.1) AIC 8863.771 ARIMA (6.1.5) AIC 8845.377
BIC 8893.182 BIC 8909.067

ARIMA (3.1.2) AIC 8843.425 ARIMA (6.1.6) AIC 8868.952
BIC 8877.737 BIC 8937.534

ARIMA (3.1.3) AIC 8864.994 ARIMA (7.1.1) AIC 8865.092
BIC 8904.207 BIC 8914.069

ARIMA (3.1.4) AIC 8842.536 ARIMA (7.1.2) AIC 8843.078
BIC 8886.652 BIC 8896.953

ARIMA (4.1.1) AIC 8865.307 ARIMA (7.1.3) AIC 8831.038
BIC 8899.613 BIC 8889.811

ARIMA (4.1.2) AIC 8890.977 ARIMA (7.1.4) AIC 8846.991
BIC 8930.184 BIC 8910.661

ARIMA (4.1.3) AIC 8826.122 ARIMA (7.1.5) AIC 8850.489
BIC 8870.228 BIC 8919.058

Table 6  Model estimation results

Parameter Value Standard error T Statistics Probability value

Constant 0.0009487 0.003199 0.296 0.76682
AR{1} 0.10423 0.057451 1.814 0.069646
AR{2} −0.78001 0.020698 −37.686 8.5444e−311
AR{3} −0.32107 0.02257 −14.226 6.359e−46
AR{4} −0.18718 0.020319 −9.213 3.1922e−20
MA{1} −1.5514 0.056759 −27.334 1.7001e−164
MA{2} 1.4015 0.077257 18.141 1.5122e−73
MA{3} −0.85009 0.035472 −23.965 6.4223e−127
Variance 398.575 6.969 57.190 0
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Table 7  AIC and BIC values for 
the model AIC 8826.122

BIC 8870.28

Fig. 9  Simulation giving an estimate of Radon concentrations after 50 steps for unknown time periods

Fig. 10  Variation of 50 simulation steps generated by ARIMA (4.1.3) of the Rn time series for unknown 
times. The details of the change in the forecast graph given in Fig. 9 can be seen
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preparedness zone, radon levels increase with the effect of compression and stress in the 
rocks and after the earthquake occurrence these values decrease to their normal limits.

Radon fills up cyclically to major earthquakes; it exhibits a discharge period with earth-
quakes and aftershocks. Regular monitoring of the change in radon levels can give the news 
of an earthquake approach. In order to make, a rational radon prediction by using time 
series analysis, the stochastic procedures like the ARIMA (p,q,d) for change in radon lev-
els. In addition, with the establishment of more observation stations, predictions become 
more reliable by obtaining a large database.

Rn gas emanating from the earth’s crust in seismically active regions causes the air to 
become ionized. The large amount of water vapour molecules in the troposphere hydrates 
very quickly with the basic ions, and as a result, the humidity in the air decreases and as a 
result of exothermic event heat is released to the environment. This causes the temperature 
to increase in the earthquake preparedness zone. One of the rapidly developing research 
areas of earthquake precursors is the study of ground surface thermal anomalies that occur 
a few days before strong earthquakes in the preparedness area. The time scale of thermal 
anomalies formations is very similar to the scale of ionospheric precursor formation. Rn 
gas emission depends on environmental variables as well as on geological activities. These 
variables are soil moisture, precipitation, temperature, barometric pressure, wind and tidal 
forces. The effects of these factors on the transport values of 222Rn in the soil are quite 
high. It is seen that the soil temperature increased before the M 4.2 earthquakes and the 
M 3.2 earthquakes that took place on the same day, and decreased after the earthquake. 
The use of such anomalies as a predictor of an upcoming earthquake in potential research 
regions, apart from seasonal and seasonal increases, can be considered as a subject of dif-
ferent studies. In addition, a sinusoidal increase and decrease in amplitude is observed 
simultaneously with earthquakes for 2 years in the research area. The weighted average of 
the data provided a clear view of the Rn-Earthquake relationship.

According to the proposed ARIMA simulation, a decrease in Rn gas concentration is 
observed. The conclusion to be drawn from this may be a pre-estimate earthquake occur-
rence and the gas descend to normal levels.

The variation of the Ionospheric TEC with earthquake and radon gas concentration is 
investigated simultaneously, and the simulation of the Rn variable for unknown times is the 
most important result of this research. In addition, when the main earthquake shocks are 
approached temporally in the research area, an increase is observed in the TEC concentra-
tion along with the Rn concentration. This result is important for future studies on seismo-
ionospheric changes.
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