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Abstract 
 

The Earth's ionosphere, which is a natural plasma, can be 

affected by many factors such as spacecraft launches, 

explosions in mines, energy fluctuations created by nuclear 

tests that will cause energy release, solar geomagnetic 

storms, and seismic activities. Total Electron Content 

(TEC) is among the most practical ways to study these 

disturbations. Significant changes occur in the TEC value, 

especially before and after large earthquakes. For this 

reason, it is of great importance to examine the anomalies 

created by earthquakes to establish the lithosphere-

ionosphere connection more clearly. In this study, the TEC 

anomalies 15 days before and 15 days after the earthquakes 

of 6 and above in the European continent between 2010 and 

2020 were calculated using the data obtained from the 

GIRO ionosondes located in an imaginary circle formed by 

the earthquake strain radius and analyzed in the heat map 

collectively. In this way, the ionospheric anomalies caused 

by all the examined earthquakes could be analyzed clearly 

on a daily and hourly basis. In particular, it has been 

determined that negative anomalies start in the evening 

hours of twelve days before the earthquakes and last until 

the morning, and positive anomalies increase two days 

before the earthquake. Anomalies were identified eight 

days before the earthquake and were large and prolonged. 

It was determined that positive anomalies appeared four 

days after the earthquake. 

 

1. Introduction 
 

Ionospheric disturbances occur due to many factors 

because the Earth's ionosphere, which is a natural plasma, 

has a structure that changes according to the season, time 

of day, and geographical location. Solar wind plasma, 

geomagnetic storms, seismic activities that occur during the 

earthquake process can be counted among the reasons for 

this confusion. The first research on ionospheric 

disturbances caused by large earthquakes was done by 

Leonard and Barnes. Leonard and Barnes investigated the 

ionospheric disturbances during the Alaska earthquake with 

the ionogram obtained from ionosondes in Alaska [1]. 

Fuying et al. investigated the statistical analysis of pre-

earthquake ionospheric TEC anomalies using GPS TEC 

data and determined that ionospheric TEC showed 

significant increases and decreases for 50 earthquakes 

with Mw ≥ 7 . After eliminating the changes caused by 

geomagnetic activity, they detected significant increases 

and decreases in the ionospheric TEC value before 94% of 

all earthquakes they examined. They stated that TEC 

reduction occurred approximately one week before the 

earthquake [2].  
 

Pulinets et al. showed that radon gas, which emerged from 

the fractured areas due to the mobility in the Earth's crust, 

spread to the Earth together with gases such as carbon 

dioxide, methane, hydrogen, and helium [3]. The resulting 

diffusion process increases the conductivity of the 

boundary layer by activating atmospheric ionization. The 

increase in ion concentration creates ion clusters and 

changes the air conductivity [3-5]. Boundary potential, the 

differential potential between ionosphere and soil, and the 

relationship between positive TEC anomaly and negative 

TEC anomaly have been explained in great detail in studies 

[3-5]. As follows, in conditions of high ionization level, 

relative humidity creates large ion clusters. Calm weather, 

on the other hand, causes large aerosol-sized heavy-ion 

clusters to form easily. If the boundary potential is greater 

than the differential potential between the ionosphere and 

the soil, heavy ions dominate at the boundary of the 

atmosphere. The abundance of heavy ions, on the other 

hand, significantly reduces the air conductivity and 

increases the ionospheric potential. As a result, positive 

ionospheric anomalies occur before the major earthquakes. 

If the boundary potential is smaller than the differential 

potential, the conductivity of the atmosphere increases, 

causing the ionospheric potential to decrease relative to the 

ground. Therefore, negative ionospheric anomalies can be 

observed before major earthquakes. İyonizasyon etkisinin 

gelişme sürecinden, radon akı artışının erken aşamalarında 

aktif olan deprem bölgesi üzerinde elektron 

konsantrasyonunun negatif sapması tespit edilebilir [3-5].  

 

Guo et al., in their study, determined the TEC anomaly that 

lasted for about six hours during the Iquique Earthquake of 

April 1, 2014, and emphasized that the theory proposed by 

Pulinets was reliable [5].  

 

Dobrovolsky, assuming that the effective manifestation 

zone of the deformations that will be created by an 

earthquake is a circle in which the epicenter of the prepared 

earthquake is taken as the center, and that this radius is; 

showed that it is a function of the earthquake magnitude and 

that these theoretical results are in satisfactory agreement 

with the field results [6]. This radius, called 'strain radius', 

is calculated in kilometers as follows,  

 



 𝑟 = 100,43𝑀 (1) 

 

M is the magnitude of the earthquake. 

 

In this study, earthquakes of 6 and above magnitudes 

between 2010 and 2020 in the Ionospheric Mid-Latitude 

Regions of the European Continent, which have similar 

ionospheric characteristics with Turkey, were determined. 

For these earthquakes, TEC data were obtained by 

determining the ionosondes in the regions within the strain 

radius circle, stations with more than 75% reliable data 

among these ionosondes, and TEC anomalies were detected 

15 days before and after the earthquakes. Geomagnetic 

storm data were also analyzed to determine whether the 

TEC anomaly is due to an earthquake or a geomagnetic 

storm. 

 

2. Data and Methodology 
 

2.1 Data 
 

Network data from the global digital ionosonde provided 

by the Global Ionospheric Radio Observatory (GIRO) were 

used in this research. GIRO makes it possible and easier to 

reach ionospheric plasma measurement values [7]. GIRO is 

a vital data provider for ionosphere and space weather 

studies. Ionospheric data retrieved from giro.uml.edu. The 

TEC data obtained from the ionosondes in the earthquake 

preparedness zone were evaluated by taking into account 

the solar geomagnetic conditions. For geomagnetic storm 

analysis, the Dst index was obtained from wdc.kugi.kyoto-

u.ac.jp website, and the Kp index and the F10.7 solar flux 

values were obtained from omniweb.gsfc.nasa.gov website. 

Basic information about earthquakes was taken from the 

United States Geological Survey (USGS). The open-source 

https://github.com/jupyter-widgets/ipyleaflet library was 

used for drawing the map, data visualizations, and 2D 

visualizations in Figure 1. 

 

2.2 Methodology 

 

Earthquakes with a magnitude of Mw ≥6 that occurred in 

the European Continent between 2010-2020 were detected, 

and the ionospheric effects of these earthquakes were 

examined through TEC data by selecting those with data 

above 75% among the ionospheric stations within the strain 

radius calculated in the Equation 1. The earthquakes and 

the ionosonde stations are shown in Figure 1.  

 

Information about the existence of geomagnetic storms was 

obtained by examining the Dst and F10.7 Solar Flux values 

on the examined dates.  

The earthquakes in question are given in Table 1.  along 

with various information such as the city where they 

occurred, depth, magnitude, strain radius. 

 

 

 

 

 

Figure 1. Map of Mw>6 earthquakes occurring in 

Continental Europe between 2010 and 2020, earthquakes 

with (shown in green) and without (shown in red) more than 

75% reliable TEC data in the strain radius and GIRO 

ionosondes (shown in blue). The map was drawn using 

https://github.com/jupyter-widgets/ipyleaflet. 

 

TEC is a parameter that expresses the properties of the 

ionosphere and is used to study the structure of the 

ionosphere. It is equal to the line integral of the electron 

density.  

 

 
𝑇𝐸𝐶 = ∫ 𝑁𝑒𝑑𝑙 (2) 

 

The unit of TEC, which is also interpreted as the total 

amount of free electrons along with a cylinder with a cross-

section of square meter, is TECU, which is 1016 

electrons/m2 [8].  

 

Since TEC is a measure of the number of free electrons, it 

reaches its highest level around 14:00 local time and vice 

versa, since electrons are also excited by the solar radiation 

of molecules in the atmosphere during the daytime; TEC 

decreases at night as electrons combine with ions. One 

should also note that the variation in TEC varies with 

seasons and geographic latitudes.For the calculation of 

TEC Anomalies, TEC data of stations in the Strain radius 

region were downloaded from thirty days before to fifteen 

days after the earthquake. To equalize their resolution, 

since most of the stations used have a resolution of fifteen 

minutes; different resolutions was reduced to fifteen 

minutes by the averaging them. A path similar to the 

Quarterly Span method adopted by Liu et al. was chosen to 

identify anomalies [9].  

 

For consecutive hours; the averages of fifteen consecutive 

days, the upper and lower quartiles were calculated and the 

upper and lower limits were calculated by, 

 

 
{

𝑇𝐸𝐶𝑈𝑝 = 𝑇𝐸𝐶𝐴𝑣 + 1,5(𝑇𝐸𝐶𝑈𝑄 − 𝑇𝐸𝐶𝐴𝑣)

𝑇𝐸𝐶𝐿𝑜𝑤 = 𝑇𝐸𝐶𝐴𝑣 − 1,5(𝑇𝐸𝐶𝐴𝑣 − 𝑇𝐸𝐶𝐿𝑄)
 (3) 

 

https://github.com/jupyter-widgets/ipyleaflet


where 𝑇𝐸𝐶𝑈𝑝 , 𝑇𝐸𝐶𝐿𝑜𝑤 ,  𝑇𝐸𝐶𝐴𝑣 , 𝑇𝐸𝐶𝑈𝑄  and 𝑇𝐸𝐶𝐿𝑄  are 

upper bound, lower bound, average, upper quartile and 

lower quartile of TEC data series, respectively. Ergo, the 

anomalies are also calculated as follows, 

 

 
{

∆𝑇𝐸𝐶𝑃 = 𝑇𝐸𝐶 − 𝑇𝐸𝐶𝑈𝑝 ,     𝑇𝐸𝐶 > 𝑇𝐸𝐶𝑈𝑝

∆𝑇𝐸𝐶𝑁 = 𝑇𝐸𝐶 − 𝑇𝐸𝐶𝐿𝑜𝑤 ,    𝑇𝐸𝐶 < 𝑇𝐸𝐶𝐿𝑜𝑤
 (4) 

 

 

Where ∆𝑇𝐸𝐶𝑃 is positive and ∆𝑇𝐸𝐶𝑁 is negative anomaly. 

In other words, if TEC is lower than the lower limit, we call 

the difference as negative anomaly, and if it is greater than 

the upper limit, we call it positive anomaly. Since TEC 

differs from region to season according to many different 

variables, we found it more appropriate to analyze the 

anomaly by considering the size of the anomaly compared 

to the normal conditions of the study environment.  

 

Table 1. Dates, times, coordinates, magnitudes, and radius 

of the earthquake preparation zone calculated according to 

Eq. 1. Analyzed earthquakes are indicated with an asterisk.            

 

 
 

By dividing the anomaly we found by the mean and 

multiplying by hundred as show below, 

 

 ∆𝑇𝐸𝐶

𝑇𝐸𝐶𝐴𝑣
×100% (5) 

 

we have obtained the percent anomaly ratio. We have 

shown the average of the anomaly rates we found for 

consecutive times for all the earthquakes studied, with the 

temperature on the y-axis and UTC time on the x-axis in the 

temperature graph given in Figure 2 for the 13 days before 

and after the earthquake. Thus, by examining earthquakes, 

collectively; We can make interpretations such as day or 

night about the time of occurrence of anomalies. 

 

3. Analysis 
 

Negative anomalies can be seen in the evening, twelve days 

before the earthquake. The size and length of the anomalies 

increase as the earthquake day approaches. Six days before 

the earthquake until the day of the earthquake, between 

02.00 and 04.00 (UT), short-term but large positive 

anomalies appear in addition to the negative anomalies and 

are replaced by positive anomalies again. The magnitude of 

these positive anomalies decreases as the day of the 

earthquake approaches and, they appear smaller and later 

after the day of the earthquake. Negative anomalies, which 

start in the evening and continue until the morning, start to 

be seen as large and long-lasting eight days before the 

earthquake, even though they start twelve days before the 

earthquake. 

 

On days with large positive anomalies at midnight, weak 

negative anomalies are also seen at noon. In addition, the 

positive anomaly that occurred between 17:30 and 18:00, 

six days before the earthquake, is particularly striking. Two 

days before the earthquake, the mentioned afternoon 

anomalies start to decrease gradually. On the morning of 

the day before the earthquakes, unlike the previous days; 

this time there are positive anomalies. In the evening, the 

weak negative anomalies start again. 

 

Although singular but large anomalies can be mentioned on 

the day of the earthquake, each earthquake should be 

analyzed separately so that a clear interpretation can be 

made about the day of the earthquake. The day after the 

earthquake, between midnight and morning; There is a 

partially large negative anomaly between two large positive 

anomalies. From four days after the earthquake to ten days 

after the earthquake, positive anomalies start at 04:00 and 

last until 18:00.  

 

4. Conclusions 
 

As can be seen, there are anomalies, especially from the 

twelve days before the earthquake to the eight days after the 

earthquake. The majority of anomalies before the 

earthquake are negative and occur between 17.00 and 

06.00. After the earthquake, positive anomalies are intense. 

Again, by examining air conductivity and TEC anomalies 

together, it will be useful to establish the relationship 

between the differential potential between the ionosphere 

and the soil. 

Although it can be concluded from the results that before 

the earthquake, the boundary potential is smaller than the 

differential potential, it tends to increase after the 

earthquake, but examining the atmospheric conductivity 

data can provide a clearer interpretation. In future studies, 
different properties of the ionosphere layers such as   

maximum heights, slab thickness, and critical frequencies 

can be investigated. By carrying out similar studies in 

different regions for similar and different years, a clearer 

understanding of the responses of regions to earthquakes 

can be achieved.



Figure 2. Heat map of the averages of TEC anomaly rates taken from ionosondes located in earthquake preparation zone in 

earthquakes greater than 6 Mw that occurred in the European continent between 2010-2020. Anomaly rates are shown in colors 

ranging from red to green as shown in the key, and missing values are shown in black. The rows show the days relative to the 

earthquake where 0 is the day of the earthquake and the columns show the hours.  

 

In addition, examining the earthquakes occurring in similar 

regions, during geomagnetic storms of similar magnitudes 

and different intensities, will make a great contribution to 

the understanding of the effect of geomagnetic storms on 

earthquake anomalies. 
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