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Abstract

For application of observed anomalies of the total electron content (TEC) in the ionosphere for 
short‑term earthquake prediction, it is necessary to understand the physical nature of such anomalies 
during the preparation of a strong seismic event. The physical mechanism of occurrence of such 
anomalies is considered in order to distinguish the TEC disturbance of a seismic origin and to clear 
the processes in the lithosphere resulted in an appearance of the TEC anomaly in the ionosphere. It is 
supposed that the observed TEC anomalies arise as a result of occurrence of additional electric field 
in the ionosphere demonstrated by numerous satellite data before the impending earthquakes. At the 
same time, an injection of charged aerosols into the atmosphere in the epicentral earthquake area 
was detected. As a result, an electromotive force arises in the surface layer of the atmosphere, which 
initiates a perturbation of the electric current in the global circuit and the electric field appearance 
in the ionosphere. We have shown that the TEC disturbance arises as a result of the heating of the 
ionosphere by electric current and the plasma drift in the electric field of this current. The spatial 
distribution of TEC arises as a result of the combined action of these two factors, and its nature 
depends on the relationship between them. Based on the developed model the numerical study of 
the spatial distribution of TEC in the ionosphere is possible for a given horizontal distribution of 
the concentration of charged aerosols in the atmosphere near the Earth’s surface.

Keywords: Total electron content; Electric field; Ionosphere heating; Plasma drift; Earthquake 
preparation area; Charged aerosol injection

1. Introduction

Recently, the method of measuring the total electron content (TEC) of the ionosphere using GPS receivers has
received the great development [Liu et al., 1996; 2004]. Research is underway to analyze the spatial distribution of TEC 
anomalies before earthquakes (e.g. [Astafieva, 2019], [Afraimovich et al., 2004], and references therein). In the paper 
[Zolotov et al., 2008] numerical modeling of the ionospheric disturbance was carried out, where the spatial distribution 
of TEC obtained from GPS receivers in the seismic region has been analyzed. The authors used a global model of the 
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upper atmosphere, which describes the thermosphere, ionosphere, and plasmasphere as a unified system. The model is 
based on the integration of non‑stationary three‑dimensional equations of continuity, momentum, and energy balance 
of a multicomponent gas together with the equations of electric field potential. This model has been used to calculate 
the additional electric field, which should result in the observed TEC anomaly. The time period before the earthquake in 
Peru on September 26, 2005, М = 7.0 has been analyzed. The main characteristics of the TEC disturbance that appeared 
during six days before the earthquake from September 21 to September 26, 2005, are presented in [Zakharenkova et al., 
2008]. As a result of a numerical study with the selection of an electric field of various configurations and amplitudes, 
it was shown in [Zolotov et al., 2008] that the observed TEC disturbance is possible with an additional electric field of 
6 mV/m. It is assumed in [Klimenko et al., 2011; 2012; Namgaladze et al., 2009] that the possible main cause of the TEC 
disturbance is the vertical plasma drift due to the action of the zonal electric field. Numerical modeling performed in 
[Klimenko et al., 2012] showed that the amplitude of this electric field should be 3 to 9 mV/m.

The most informative data on TEC anomalies of seismic nature were obtained during the earthquake with 
M = 8.0, which occurred on May 12, 2008 at 06:28 UT in Sichuan province in China. The data were provided by the 
dense network of GPS receivers and ionosondes in China. Images were obtained on the maps of the TEC anomaly 
distribution with detailed spatial and temporal resolution (1 hour). The sequence of images shows a detailed 
development of a positive TEC anomaly southeast of the earthquake epicenter [Zhao et al., 2010]. The anomaly 
develops after 15:00 LT and reaches its maximum between 18:00 and 19:00 LT. A similar image of this anomaly was 
also obtained by other authors [Klimenko et al., 2011]. The maps show a weak and less pronounced anomaly in the 
southern hemisphere. Observations showed a 100% anomalous TEC increase compared with the 15‑day average 
value in the afternoon of May 9, 2008. At the same time, the geomagnetic situation was quiet (Kp ≤ 2). It was shown 
that the area of predominant TEC increase was localized in the interval of longitudes 90° – 130°E. Based on the 
obtained results, the authors supposed that the anomalous TEC increase was most likely due to the preparation of 
an earthquake with the epicenter coordinates 30°59'20''N and 103°19'44''E.

A detailed analysis of the modification of the spatial distribution of TEC anomalies of seismic nature during 
this earthquake was performed in [Ruzhin et al., 2014]. It was shown that the TEC anomaly spot in the southern 
hemisphere is not a projection of the main spot (near the earthquake epicenter) produced along the geomagnetic 
field lines. As follows from the basic physical assumptions, the additional electric field must be transferred to the 
magnetically conjugated hemisphere without distortion due to the high longitudinal conductivity of the ionosphere. 
The resulting drift should create a similar result in plasma redistribution both above the earthquake preparation 
zone and in the magnetically conjugated ionosphere. Nevertheless, it is shown in [Ruzhin et al., 2014] that, in 
addition to the absence of the expected symmetrical position of the TEC anomaly relative to the magnetic equator, 
the anomaly centers in different hemispheres are located on opposite sides of the magnetic meridian passing 
through the earthquake epicenter (in the north to the east of it, and in the south – to the west, Figure 1).

Figure 1. �Relative total electric contents (RTEC) maps of the Chinese earthquake (May 12, 2008). RTEC anomaly is given 
in relative units. The epicenter location (31°N, 103.4°E) is denoted by the asterisks [Ruzhin et al., 2014].
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The main source of such anomalies in the ionosphere is considered to be an additional electric field that appears 
in the ionosphere above the preparation area of the impending earthquake. The plasma transfer in the direction 
of its drift caused by this additional field should create both areas of reduced and increased TEC disturbances. 
The developed model [Zolotov et al., 2008] does not explain the existence of an anomaly of the same sign and the 
observed asymmetry in the location of anomaly areas in magnetically conjugated regions relative to the geomagnetic 
meridian. Consequently, the above-mentioned mechanism of TEC disturbance formation as a result of plasma 
drift in an electric field cannot explain the results of the observation. It is obvious that it is necessary to take into 
account other processes in the ionosphere that accompany the appearance of an electric current and determine its 
source in the lithosphere.

At the same time, an injection of charged aerosols into the atmosphere in the epicentral region of an earthquake 
was detected, which results in occurrence of an electromotive force (EMF) in the surface layer of the atmosphere, 
which initiates a perturbation of the electric current in the global electric circuit and the appearance of an electric 
field in the ionosphere [Sorokin et al., 2007].

In this paper we present a physical model that describes the TEC disturbance as a result of heating the ionosphere 
by electric current and plasma drift in the electric field of this current. In this case, the spatial distribution of TEC 
arises as a result of the combined action of these two factors, and its nature will depend on the relationship between 
them. The developed model makes it possible to calculate the spatial distribution of TEC in the ionosphere for a 
given horizontal distribution of the concentration of charged aerosols in the atmosphere near the Earth’s surface 
that may be used as a part of the complex method of the short‑term prediction of earthquakes.

2. Analysis of results of observations of the electric field in the ionosphere

For the first time, quasi-static electric fields with an amplitude of about 10 mV/m, probably associated with 
the earthquake preparation, were discovered during the analysis of records of the vertical component of the 
electric field Ez obtained by the “Interkosmos‑Bulgaria 1300” satellite (IKB‑1300), whose trajectory altitude was 
800 to 900 km [Chmyrev et al., 1989]. These electric fields were observed 15 minutes before the earthquake with 
magnitude M = 4.8, which occurred on January 12, 1982 at 17:50:26 UT in the Pacific Ocean with geographic 
coordinates 3.39°S, 177.43°E of the earthquake epicenter at a depth of 33 km. The perturbation of the quasi‑static 
electric field with a value of 3 to 7 mV/m was observed in two areas at 17:38:00 UT above the earthquake epicenter 
and in the magnetically conjugated zone at 17:35:15 UT. Since the satellite moved from north to south, an increase 
in the electric field was noted first in the conjugate region, and then in the area above the earthquake epicenter. 
The horizontal size of the disturbed areas was approximately 1.5° in latitude. In the northern hemisphere, the 
electric field surge area is shifted to the south, and in the southern hemisphere – to the north relative to the 
areas of intersection of the disturbed magnetic tube with the lower ionosphere. In the southern hemisphere, this 
region coincides with the projection of the earthquake epicenter onto the lower ionosphere. The position of the 
disturbed electric field zones coincides with the areas where the satellite crosses the perturbed magnetic tube at 
the altitude of its trajectory. It was shown that the observed electric and magnetic fields are most likely related 
to the earthquake and are not the fields of ionospheric or magnetospheric origin. Further, detailed studies of 
quasi‑static fields based on direct satellite measurements over seismically active regions of the globe were carried 
out in [Gousheva et al., 2006; Gousheva et al., 2008a; Gousheva et al., 2008b; Gousheva et al., 2009]. Hundreds of 
seismic events have been analyzed in order to isolate the associated anomalous enhancement of the electric field 
in the ionosphere. These studies consider seismic sources of different magnitudes in different tectonic settings at 
different latitudes. The orbits were selected with a distance of less than 25° to the earthquake epicenter, not crossing 
the terminator, as well as the time periods with a magnetic activity index Kр < 5. The paper [Gousheva et al., 2008b] 
presents the results of registration of electric fields on the IKB‑1300 satellite in adjacent areas 11 to 13 hours before 
the earthquakes that occurred on August 25, 1981 (M = 5.2 and M = 5.1, with the same hypocenter depth of 33 km) 
at 16:54:39 UT and 17:29:07 UT, respectively. At the same time, the geomagnetic activity index was Kр = 3, and the 
perturbations of the quasi‑static electric field component Еz were 5 to 10 mV/m. The results of registration of the 
electric field on the IKB‑1300 satellite 33 hours before the M = 5.0 earthquake that occurred on August 23, 1981 at 
a depth of 10 km at 23:45:28 UT are given in [Gousheva et al., 2008b]. The index of geomagnetic activity was Kр = 3, 
and the perturbation of the Ez component of the quasi‑static electric field above the trend was 26 mV/m. In this 
case, the area of disturbance was shifted to the north of the earthquake epicenter. The investigation of electric fields 
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on the IKB‑1300 satellite in adjacent areas 85 hours before the earthquake (EQ37) with M = 4.9 was performed in 
[Gousheva et al., 2009]. Earthquake was occurred on August 29, 1981 at 07:41:51 UT at a depth of 57 km. The results 
of registration are presented on Fig. 2. The index of geomagnetic activity was Kp = 3, and the perturbation of the Ez 
component of the quasi‑static electric field above the trend was 6 mV/m.

Statistical analysis of the satellite data, carried out in the above-mentioned papers [Gousheva et al., 2008b; 
Gousheva et al., 2009], gave the authors reason to conclude that there is a source of a seismic nature for occurrence 
of the quasi-static electric field in the ionosphere. The duration of the electric field disturbance in the ionosphere 
with amplitude of about 10 mV/m can be up to 15 days. The amplitude of the electric field perturbation for the cases 
of observation at night and daytime in the ionosphere was of the same order.

Studies of the effect of seismic activity on electric field disturbances in the ionosphere were also carried out 
in [Zhang et al., 2012; Zhang et al., 2014]. The data of the DEMETER satellite obtained during the preparation of 
earthquakes with M = 7.1 in the Yushu region of the Tibet Autonomous Region on April 13, 2010, M = 7.5, on the 
Nicobar Islands in the Indian region on July 12, 2010, and M = 7.2 on Haiti on January 12, 2012 were analyzed. As an 
example, we present the data of registration of the electric field on the DEMETER satellite during the earthquake 
in Haiti, which occurred on January 12, 2012 at 16:53 LT. For analysis, the orbits were selected a week before this 
earthquake at a distance of 2000 km from its epicenter. It is shown that for orbit 29550-1 from 01/09/2012, 3 days 
before the earthquake in Haiti, a disturbance of the electric field components was observed to the north of the 
epicenter with an increase in its amplitude to 4 mV/m and 9 mV/m with a duration of about 40 s. In addition, a change 
in the signal shape was recorded on January 11, 2010 to the north of the earthquake epicenter along the orbit 29579-
1. The disturbance amplitudes were 3.5 mV/m and 6 mV/m. Since the duration of the electric field disturbance was 
approximately 2 minutes, according to the satellite velocity of 8 km/s, the horizontal spatial scale was 900 km. Along 
with the satellite monitoring of the ionosphere over seismically active regions, the behavior of the electric field on 
the Earth’s surface before earthquakes is analyzed [Vershinin et al., 1999; Hao et al., 1998; 2000; Rulenko, 2000; 
Smirnov, 2020]. It was shown that during the preparation of an earthquake, short local bursts of an electric field of 
large amplitude up to several kV/m with a duration of a few to tens of minutes occur. At the same time, there are 
no obvious perturbations of the electric field exceeding the background values, with duration of several hours and 
days, observed simultaneously at horizontal distances of tens and hundreds of kilometers in the seismic region.

Electric field disturbances similar to those observed over seismically hazardous regions were also detected 
by the “Kosmos-1809” satellite in the ionosphere above sea storms and typhoons [Isaev et al., 2002]. An increase 
in the electric field in the low-latitude ionosphere associated with the preparation and development of tropical 
storms and typhoons has been established. The electric field strength in this case reached ~20 mV/m, which is 
anomalously high for the low-latitude ionosphere. Measurements of the electric field onboard the “Kosmos-1809” 
satellite during a strong tropical storm on January 17, 1989, were carried out at an altitude of ~950 km. The maximum 
value of the electric field strength is 15-20 mV/m. In this case, the dimensions of the atmospheric disturbance 
should be 600‑800 km, which corresponds to the ground-based observations. Simultaneous measurements of three 

Figure 2. �Disturbance of Ez component of the quasi‑static electrical field for the orbit 258 [modified from Gousheva et al., 
2009] (left panel). The arrow indicates the moment when the satellite flew at the closest distance from the 
earthquake epicenter.
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components of the quasi-static electric field, plasma density, and its fluctuations in the ionosphere were carried out 
on the “Kosmos-1809” satellite [Sorokin et al., 2005a]. The measurements were carried out over the area of typhoon 
HARRY, which was observed in the southwestern part of the Pacific Ocean from February 7 to February 13, 1989. 
Records of two components of the electric field in the horizontal plane were obtained, as well as the plasma density 
and its variations near the region of development of the typhoon on February 10, 1989. The maximum value of the 
electric field strength is 15-20 mV/m. Observations have shown that electric field disturbances are accompanied by 
an increase in the plasma density up to 20% relative to the background values and the appearance of small-scale 
plasma density fluctuations with a relative value of dNe/Ne ~ 8%.

3. Possible lithospheric sources of the electric field in the ionosphere

To find the physical connection between the TEC disturbance and the earthquake preparation processes, 
it is necessary to determine the possible source of the electric field that affects the ionosphere. The paper 
[Molchanov et al., 2004] presents the concept of the mechanisms of generation of phenomena in the atmosphere 
and ionosphere associated with the earthquake preparation. In the process of preparing the earthquake, fluid comes 
out to the earth’s surface. Here, fluid is considered as a convective flow of water, gas, and heat in the lithosphere. The 
main ways of the fluid migration are tectonic faults. The authors believe that the migration of deep fluid bubbles can 
displace hot water and gas up to the ground surface and cause earthquakes in their preparation area. Disturbances 
in the temperature and density of the atmosphere increase as a result of the rise of hot water and gas before the 
earthquake. Soil gases carry charged soil aerosols into the atmosphere. Aerosol parameters can be obtained using 
satellite imagery or ground-based observations.

An increase in the density of charged aerosols by one or two orders of magnitude and an increase in the radioactivity 
of the atmosphere in seismically active regions were observed during the days and weeks before the earthquake due 
to the emission of radon and other radioactive substances [Alekseev and Alekseeva, 1992; Virk and Singh, 1994; 
Voitov and Dobrovolsky, 1994; Pulinets et al., 1997; Yasuoka et al., 2006; Omori et al., 2007; Biagi, 2009]. Data on 
the emission of soil gases, such as radon, helium, hydrogen, carbon dioxide in a seismically hazardous area ~500 km 
in diameter in the period from several hours to several weeks before the earthquake were presented in [King, 1986]. 
The paper [Boyarchuk, 1997] describes significant emissions of metal aerosols Cu, Fe, Ni, Zn, Pb, Co, Cr, and radon.

The concentration of aerosols in the surface layer is characterized by the Aerosol Optical Depth (AOD) parameter. 
This parameter is calculated from satellite data on the absorption of solar radiation with a wavelength of 550 nm 
of the visible spectrum reflected from the Earth’s surface. The purpose of the research is to detect possible changes 
in the atmospheric AOD associated with earthquakes using the MODIS data obtained on the Terra and Aqua 
satellites [Akhoondzadeh et al, 2016]. The authors [Qin et al., 2014], using AOD data, demonstrated a significant 
change in aerosol concentration that appeared seven days before the Wenchuan earthquake (Wenchuan province, 
China, December 05, 2008). The AOD enhancement along the Longmenshan fault occurred 1 day and 4 days 
earlier than negative and positive ionospheric disturbances, respectively, and 1 day earlier than atmospheric 
anomalies, including air temperature, outgoing longwave radiation, and relative humidity. The authors [Okada et al., 
2004] found significant changes in aerosol parameters before and after the catastrophic earthquake in the Gujarat 
province, India (Mw 7.6, January 26, 2001). The correlation of aerosol injection into the atmosphere and other 
anomalies observed during the preparation of the earthquake in Chile (Mw 8.8, February 27, 2010) was obtained in 
[Akhoondzadeh, 2015]. Aerosol parameters were analyzed on the basis of AOD satellite data, and the results of their 
analysis were compared with the data of registration of GPS-TEC anomalies, ion and electron densities, electron 
temperature, and ULF electric field. All these parameters and AOD data indicate their clear anomalous increase in 
the obtained time series for several days before the earthquake.

It was noted above that the release of soil gases in a seismic region increases during the earthquake preparation 
[King, 1986]. The intensification of these processes is observed on land near faults. Similar processes take place in 
the vicinity of underwater faults. Thus, direct observations revealed an intense rise of gas bubbles in the marine 
environment [McCartney and Bary, 1965; Lyon, 1972]. The presence of an electric charge of gas bubbles in the 
marine environment results in an appearance of a charged double layer near the surface of the bubble at the air-
water interface. The shells of gas bubbles in water are negatively charged. The bubble charge is (10–14 – 10–13) Cl 
[Gak, 2013]. As a result of the bubble rising and bursting, the surface of its double charged layer sharply shrinks 
and two types of droplets are released into the atmosphere: small and larger. Small droplets are the remnants of 
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the surface film of the bubble that were in contact with the atmosphere. Larger droplets fly out from the bottom 
of the bubble. Large droplets with a larger mass soon fall back into the water, and the remaining, much smaller 
film droplets form aerosols in the atmosphere. It should be noted that when air bubbles burst, an electric charge is 
transferred to the atmosphere [Harper, 1957; Blanchard, 1963].

Thus, soil gas carries aerosols into the atmosphere, both over land and over the sea. Consequently, their impact 
on the atmosphere and possible connection with electrodynamic processes in the surrounding space is of a similar 
nature. This is confirmed by the fact that the disturbance of the electric field is observed on satellites for both 
continental and underwater earthquakes.

4. A model for electric field formation in the ionosphere over seismic region

A detailed analysis of models for the occurrence of an electric field in the ionosphere is given in the review 
[Sorokin and Hayakawa, 2013]. The change in the quasi-static electric field in the ionosphere over the seismic region 
can be obtained in two ways. First, we can change the load resistance in the global electric circuit. About 80% of the 
resistance of this load is concentrated in the lower atmosphere, which is influenced by the processes of earthquake 
preparation. This resistance is changed as a result of the injection of radioactive, chemically active substances, 
aerosols into the atmosphere and variation in the atmosphere conditions. It has been shown that radon emissions 
into the atmosphere can change its conductivity by tens of percent [Omori et al., 2008; Harrison et al., 2010; Surkov, 
2015], while they do not affect the electric field in the ionosphere. Calculations of the electric field penetration 
into the ionosphere, performed in [Kim and Hegai, 1999; Pulinets et al., 2000; Pulinets, 2009; Denisenko et al., 
2008] showed that its value is orders of magnitude smaller than the background value in the ionosphere. Another 
possibility for the formation of an electric field in the ionosphere is the inclusion of an additional EMF in the global 
electric circuit. When an external EMF source is included in the global circuit, the vertical current in the atmosphere 
and the electric field in the ionosphere are changed. This model and the theory based on it for calculating the 
electric field are described in [Sorokin and Hayakawa, 2014; Sorokin et al., 2015; Sorokin et al., 2020] and references 
therein. In the electrodynamic model of lithosphere-atmosphere-ionosphere (LAI) coupling, the source of EMF is 
the injection of charged aerosols into the atmosphere. The EMF area is formed in the surface layers of atmosphere 
and includes the “lithosphere-atmosphere” interface. In this case, the observed electric field on the Earth’s surface 
is inside the EMF area. The external EMF current decreases with the altitude, while the conduction current increases. 
Here, the total current in the circuit does not change with the altitude. The conduction current at the Earth’s 
surface can be of the order of the fair-weather current, and the external current can exceed its value by four to five 
orders of magnitude. Since the current in the global circuit is continuous, the conduction current density in the 
ionosphere will be of the order of the external current density near the Earth’s surface. The horizontal component 
of the electric field E1 ~ 10 mV/m corresponds to the conduction current with a density j ~ 𝜎1E1 ~ 10-8 A/m2, where 
𝜎1 is the ionosphere conductivity. The conduction current near the Earth’s surface is 10-12 A/m2, and the electric 
field E1 ~ 100 V/m. This fact may be illustrated by simple estimation. The continuity equation for the total current 
in the atmosphere has the form:

	 ∇  ×  (𝜎E + jext) = 0,� (1)

where jext is the external EMF current. An estimate of the electric field E1 in the ionosphere for the 1‑D case 
gives 𝜎0E0 + jext0 = 𝜎1E1. From this equality we derive E1 = E0(𝜎0/𝜎1)(1 + jext0/𝜎0E0), where jext0, E0 – external EMF 
current density and electric field strength near the Earth’s surface, correspondingly; 𝜎0 – conductivity of the lower 
atmosphere. If, for example, we assume that the external current is due to the movement of aerosols with a 
concentration N, charged by a charge Ze under an action of vertical convection of the atmosphere at a speed 𝜈, 
then its value can be estimated by the formula jext0 ≈ ZeN𝜈. The charge of aerosols in atmosphere is in the range 
of 100е to 1000е. If we assume that Z = 3 × 102; N = 8 × 109 m–3; 𝜈 = 0.3 m/s, then we obtain an estimate of the 
electric field in ionosphere E1 ≈ 10–6(1 + 104)V/m ≈ 10 mV/m. Even such a rough estimate shows that the model of 
electric field penetration into ionosphere should be based on the inclusion of EMF in the global electrical circuit. 
The EMF occurrence is possible in the process of intensification of the release of charged soil aerosols from the 
lithosphere into the atmosphere or changes in meteorological conditions with their stable altitude distribution. 
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The quasi-static altitude distribution of aerosols can be formed as a result of their turbulent upward transport and 
gravitational settling. Turbulent transfer is carried out due to the vertical gradient of the horizontal wind when the 
kinetic energy of the wind is converted into the energy of turbulent pulsations, as well as the thermal instability 
of the atmosphere in the case when the negative temperature gradient exceeds its adiabatic gradient. Turbulent 
vortices carry aerosols from the region of altitudes where their concentration is high to altitudes with their low 
concentration. Equilibrium is reached when the vertical flow of aerosols is balanced by their gravitational settling. 
For the first time, this model made it possible to explain the results of observing the disturbance of a quasi-static 
electric field in the ionosphere with a value of up to 10 mV/m and, at the same time, the absence of its noticeable 
disturbance on the Earth’s surface in the seismic region.

Let us find the horizontal distribution of conductivity current in the ionosphere generated by external electric 
current located in the near ground atmosphere. We will use the Cartesian co-ordinates (𝑥, 𝑦, 𝑧) with 𝑧‑axis directed 
vertically upward and 𝑥‑axis lying in magnetic meridian plane, a is the magnetic field inclination. At altitude 𝑧 = 𝑧1 
there is a thin conducting layer of the lower ionosphere. The plane 𝑧 = 0 coincides with the Earth’s surface. The 
model used for calculations of current and electric field in the atmosphere-ionosphere electric circuit is presented 
in Figure 3.

Figure 3. �The model used for calculations of current and electric field in the atmosphere-ionosphere electric circuit above 
seismically active faults: 1. Earth surface. 2. Conductive layer of the ionosphere. 3. External electric current in the 
lower atmosphere above seismically active faults. 4. Conductivity electric current in the atmosphere-ionosphere 
circuit. 5. Electric field-aligned electric current. 6. Charged aerosols injected into the atmosphere by soil gases.

Distribution of vertical component of external current in horizontal plane (𝑥, 𝑦) is determined by the function 
jext0(𝑥,𝑦) = jext(𝑥,𝑦,𝑧 = 0), the electric field is given by E = –∇𝜑 and 𝜎(𝑧) denotes the atmosphere conductivity in the 
layer 0 < 𝑧 < 𝑧1. We assume that the electric field potential 𝜑 is zero on the Earth surface. Its distribution in the 
atmosphere is derived from the current continuity equation and the Ohm’s law and satisfies the following equation:

	  .� (2)

This equation is true in the case when the horizontal scale of external current exceeds the characteristic vertical 
scale of atmospheric conductivity variations. Plane  coincides with thin conductive ionosphere characterized 
by integral conductivity tensor  . In quasi-static approximation the magnetic field lines in the magnetosphere are 
equipotential. Consequently, the distributions of electric field potential in the ionosphere and the field-aligned 
current on its upper boundary are transferred into the magnetically conjugate region without changes. The 
field‑aligned current flowing in the magnetosphere is closed by the conductivity current in the conjugate ionosphere 
and atmosphere. The boundary condition at  can be found by integration of the current continuity equation 
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over the conjugate regions of the ionosphere [Sorokin et al., 2005b]. Solution of satisfying the boundary condition 
at  and condition on the Earth surface  has a form:

	 ; 

	 ;  �

(3)

where:  is the electric field potential distribution in the ionosphere,  is the conductivity electric 
current on the lower edge of the ionosphere inflowing from the atmosphere. This distribution is connected with 
horizontal component of the electric field and the conductivity current flowing in the ionosphere. In this equation 𝜀 
and 𝜌 mean the electromotive force of external current and the electrical resistance of unitary area column between 
the ground and the ionosphere. Using the solution (3) and the boundary condition at  yields approximate 
equation for electric potential distribution  in the ionosphere:

	  ,� (4)

where a is the magnetic field inclination,  is the Pedersen’s integral conductivity of the ionosphere. Spatial 
scale of the ionosphere potential distribution depends on the slope of geomagnetic field. Equations (3) and (4) 
are applicable for calculation of the electric fields induced by external current over seismically active faults with 
arbitrary distribution in horizontal plane and for any altitude dependence of the atmosphere electric conductivity 
in oblique magnetic field.

Horizontal distribution of the electric field potential in the ionosphere is derived from Eq. (4). Transferring of 
the independent variables from  to  in this equation leads to 2D Poisson equation, which is solved 
by Green function method. This solution in variables  has a form:

	  .� (5)

The components of electric field in the ionosphere are determined by formulas:

	 ;  .� (6)

Substituting expression (5) to (6) we obtain horizontal components of DC electric field in the ionosphere:

	  ;

	  ;� (7)

	  ;   .
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Let us assume that the external electric current over fault is formed by superposition of currents arising from 
the injection of positive and negative charged aerosols into the atmosphere:

	  ;   .� (8)

Functions  denote the altitude distributions of external currents. Substitution of (8) in (3) yields:

	  ;   ;

	  ;   ;   .�

(9)

The atmospheric electric field variations at the distances within tens to hundreds km from earthquake center 
during seismically active period never exceed the background magnitudes ~ 10-100 V/m. The mechanism of feedback 
between disturbances of vertical electric field and the causal external currents near the Earth surface can explain 
such limitation [Sorokin et al., 2005a]. The feedback is caused by the formation of potential barrier on the ground-
atmosphere boundary at the passage of upward moving charged aerosols through this boundary. Their upward 
transport is performed due to viscosity of soil gases flowing into the atmosphere. If, for example, positively charged 
particle goes from ground to the atmosphere, the Earth surface is charged negatively. The excited downward electric 
field prevents of particle penetration through the surface. At the same time this field stimulates the going out on 
the surface of the negatively charged particles. In a presence of such coupling the magnitudes of external currents 
on the Earth surface depend on vertical component of the electric field on the surface [Sorokin et al., 2005b]:

	  .� (10)

This equation allows calculating the vertical electric field component on the Earth surface at the given values 
of  . Critical field  may be estimated from the balance between viscosity, gravity and electrostatic forces. 
Equation (11) allows us to obtain the horizontal distribution of conductivity current on lower edge of the ionosphere 
inflowing from the atmosphere with accounting the feedback mechanism in following form:

	  .� (11)

Equations (7), (10) and (11) were used for computation of horizontal distribution of the electric field in the 
ionosphere and on the ground at different angles 𝛼  of inclination of the magnetic field and angles of orientation of 
the fault axis relatively to magnetic meridian plane. For the numerical calculations we assume that the model spatial 
distribution of external currents on the Earth’s surface over fault is given by ellipse with the angle 𝛽 of orientation of 
the fault axis relatively to magnetic meridian plane and the spatial scales of external current along 𝑎 and across 𝑏 the 
fault axis. We also assume  ;  and  . Spatial distributions 
of DC electric field in the ionosphere and the vertical electric field on the Earth’s surface for the same spatial structure 
of external current are presented in Fig. 4. The following parameters were used for numerical calculations: hp = 20 km; 
hn = 15 km; h = 5 km; a = 500 km; b = 100 km; Np0 = 2 × 1010 m–3; 𝜎0 = 2 × 10–14 S/m; 𝛴p = 2 S; Ec = 450 V/m.

These two figures show that at the selected parameters the horizontal electric field in the ionosphere reaches 
~10 mV/m, while the vertical electric field on the Earth’s surface is limited by magnitude ~ 90 V/m over active fault. 
Other important result is that DC electric field in the ionosphere has maximal magnitudes at the edges of area of 
external current. The horizontal scale of vertical electric field enhancement on the ground exceeds the characteristic 
horizontal scale of external current. Within this area the vertical field practically does not depend on distance.
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In the study [Ruzhin et al., 2014] the results of the above research were used to estimate the horizontal distribution 
of the electric field in the ionosphere. Since the longitudinal component of the ionosphere conductivity significantly 
exceeds its transverse components, the potential distribution in the horizontal plane  at the lower boundary 
of ionosphere 𝑧 = 𝑧1 is transferred without change along the geomagnetic field lines to the upper ionosphere and 
at an arbitrary altitude 𝑧 > 𝑧1 is determined by the expression:

	  .

The potential  is determined from equation (6). The external EMF current in the surface layer of the 
atmosphere jext = jp – jn is formed by currents of positively charged jp and negatively charged jn aerosols. Electric 
current j1(𝑥, 𝑦) is connected with these currents by equation (11). In the study [Ruzhin et al., 2014] the following 
estimate of the current of positively and negatively charged aerosols near the Earth surface was used:

	 ;   ,� (12)

where: e – elementary charge, 𝜀0 – electrical constant, Z – a number of elementary charges on aerosols, 
Np0,n0 – concentration of positively and negatively charged aerosols on the Earth’s surface. The results of observations 
confirm an absence of noticeable variations of quasi-static electric field in the seismically active region. Therefore, 
for a simple assessment of the electric field in the ionosphere, we may assign Ez0 = 0. This approximation was used 
in [Ruzhin et al., 2014]. In this case, using equations (12), (13), and (14), we obtain a relationship between the density 
of the atmospheric electric current at the lower boundary of the ionosphere and the concentration of positively 
charged aerosols on the Earth’s surface:

	  .� (13)

The following spatial distribution of aerosol concentration on the Earth’s surface was chosen for calculations:

	  .

Figure 4. �Spatial distribution of DC electric field calculated for the angle 𝛽 = 45° of orientation of the fault axis relatively 
to magnetic meridian plane [Sorokin et al., 2005b]. Left panel: Vertical component of DC electric field on the 
ground. Right panel: Horizontal component of DC electric field in the ionosphere. Angle of magnetic field 
inclination is 20°.



A model of TEC perturbations possibly related to seismic activity

11

The left panel of Fig. 5 shows the spatial distribution of aerosols obtained by the formula above for N0 = 5 × 109 m–3, 
lx = 500 km, ly = 1200 km. The spatial distribution of aerosols shown in Figure 5 (left panel) was used for calculations 
of spatial distribution of the zonal component of the electric field disturbance in the ionosphere by formulas (9) 
and (15). An epicenter of the aerosol release (point 𝑥 = 𝑦 = 0) was chosen at the point with coordinates (30°N; 105°E). 
In this case, the center of TEC disturbance is located at the point with coordinates (25°N;  115°E). Results of 
calculations are shown in Fig. 5 (right panel). The following parameters were used: 𝜎0 = 2 × 10-14 S/m; 𝛴p = 6 S; 
e = 1.6 × 10–19 C; 𝜀0 = 8.8 × 10-12 F/m; Z = 100; hp = 5 km; hn = 2 km; 𝛼 = 37°.

For these parameters the maximal conduction current at the lower boundary of ionosphere is j1 = 3.3 × 10-7 A/m2. 
According to the plot (Fig. 5, right panel) the electric field disturbance obtains 3.5-4.0 mV/m. This value is consistent 
with the results of numerical simulations obtained in the studies listed above and observational data. Consequently, 
the considered model of lithosphere-ionosphere coupling may be applied to the study of the nature of TEC 
disturbances during periods of increased seismic activity.

5. Ionosphere heating by electric current

It should be noted that the appearance of an electric field in the ionosphere is resulted not only in the plasma 
drift in the F-layer. As shown in [Sorokin and Chmyrev, 1999], the electric field increase and associated rise of the 
heat released in the E-layer of the ionosphere as a result of the electric current in it leads to an increase in the 
temperature of the F-layer. This affects the processes forming the F-layer. The heat flux produced by electric current 
in the conducting layer of the ionosphere with integral conductivity Σ in a horizontal electric field of strength E is 
equal, in order of magnitude, to 𝜆 = ΣE2. Assuming the values: Σ = 3-30 S, E = 6 mV/m, we obtain 𝜆 = 10-4-10-3 W/m3. 
One of the main sources of the ionosphere heating is the Sun’s short-wave radiation (<1026 Å). The heat influx 
as a result of the absorption of this radiation at an altitude of over 100 km is approximately 𝜆 = 10-3 W/m3 and, 
depending on the solar cycle, can change several times both up and down. From the above estimates it follows that 
the heat generated by the electric current in the ionosphere above the earthquake preparation zone constitutes a 
significant part of the total heat balance of the ionosphere. Consequently, this heat source has a decisive influence 
on its condition. The heating by ionospheric currents increases the scale of the altitude distribution of ionospheric 
components and, consequently, the scale of altitude profile of the F2‑layer. At the altitudes above 200 km the 
ionosphere is isothermal (temperature of the ionosphere varies little with altitude). In the altitude range from 
100 km to 200 km there is a positive gradient of temperature. Presence of this temperature gradient due to thermal 
conductivity results in the thermal flux directed downward. The source of Joule heating is located in the layer of 
120 to 150 km of altitude. Therefore, a heating of the upper ionosphere layers can be realized only at a presence of 
gas movement in the vertical direction.

Following the study [Sorokin and Chmyrev, 1999], let’s determine the temperature of the upper ionosphere when 
an electric current flows in its conducting layer. We assume that the Joule heat of ionospheric currents is released 
in a thin conducting layer coincident with the (𝑥,𝑦)‑plane at the altitude 𝑧 = 𝑧1. Magnetic field B is directed along 
the 𝑧-axis. Since the disturbance region is considerably extended in the horizontal direction, let us assume that 

Figure 5. �Left panel: Spatial distribution of the concentration of positively charged aerosol particles on the Earth’s surface. 
Right panel: Horizontal distribution of the zonal component of the electric field in the ionosphere.
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the main variations of the quantities occur along the 𝑧-axis. In this case the stationary motion of gas arising due to 
action of the heat source in the planar-irregular layered ionosphere will be described by the system of hydrodynamic 
equations including the motion, continuity, the heat transfer equations, and the equation of state:

	  ,   ,   ,

	 �
(14)

where 𝜌, P, T are the density, pressure and temperature of the atmosphere, 𝜈 is the atmosphere velocity, M is the mass 
of molecule, 𝛿 × (𝑧 – 𝑧1) is the Dirac delta function, g is the acceleration of gravity, cp is the heat capacity at constant 
pressure, k is the Boltzmann constant, and  is the coefficient of thermal conductivity that depends 
on the temperature, where T0 is the atmosphere temperature near the ground. From continuity equation (14) we 
derive 𝜌𝜈 = I0 = const. Using this equality and the equation system (14), we obtain:

	  .� (15)

Integrating (15) on 𝑧 in the vicinity of 𝑧1 and assuming continuity of T(𝑧), we obtain the condition for a jump of 
the temperature gradient when crossing the 𝑧 = 𝑧1 plane:

	  ,

where T1 is the ionosphere temperature at the altitudes 𝑧 ≥ 𝑧1. The limited solution of equation (15) at T(𝑧 = 0) = T0 

has the form:

	  .� (16)

Substituting (16) in the boundary condition, we obtain:

	  .� (17)

Integration of equation (15) on 𝑧 from 0 to 𝑧1 + 0 and using the formula (16) enables us to determine the relation 
between the mass and heat fluxes:

	  .� (18)

From equations (17) and (18) we derive the dependence of ionosphere temperature T1 on the thermal flux 𝜆:

	  ;   .� (19)

Thus, the thermal energy injected in the 𝑧 = 𝑧1 plane is transferred to the top region due to gas travel. In this process 
gas is gradually heated during its approach to the heat source. This process characterizes the thermal interchange 
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in the upper atmosphere and determines the temperature altitude distribution in this region. Approaching of 𝜆 to 0 
corresponds to transition to the isothermal atmosphere T1 → T0 where the vertical mass transport is absent (I0 = 0).

The heat flow 𝜆 radiated by the surface electric current  , flowing in the thin conductive layer of ionosphere in 
the inclined geomagnetic field is determined by formula:

	  ,

where the tensor  is (e.g., see [Sorokin et al., 2006]):

	

By substitution of equation (21) and (8) into (20) we obtain a dependence of the ionosphere temperature T1 on 
horizontal distribution of electric field potential 𝜑1 in the conductive layer where the current flows:

	  .� (20)

The dependence of the ionosphere temperature T1 on the electric field in ionosphere is determined by 
equation (20). The ionosphere potential 𝜑1 is calculated by formula (7) where the horizontal distribution of electric 
current j1(𝑥, 𝑦) is determined by equation (15). The corresponding horizontal distributions of aerosols on the Earth’s 
surface and electric field in ionosphere are shown in Figure 5. Results of calculation of horizontal distribution of 
ionosphere temperature as a result of injection of aerosols into atmosphere are shown in Figure 6.

Figure 6. Horizontal temperature distribution of the ionosphere T1 (in Kelvin degrees) heated by electric current.

Assuming the air thermal conductivity with the normal conditions:  ,  , 
 , we find  . For calculations the value  is selected. The heat release in E-layer results 

in the heating of F-layer of ionosphere and increase of its temperature. The ionosphere temperature increases over 
the area of heat release resulted in increase of a scale of vertical distribution of components of ionosphere. This 
modification of the ionospheric altitude profile leads to an increase in TEC in the entire disturbed region. Hence, 
the model of the ionosphere thermal balance based on the ionosphere heating by the vertical mass transfer due to 
the heat injection in its bottom layers enables to determine the temperature depending on the heat flux. This flux 
consists of the Joule heat of ionospheric currents flowing in the conducting layer.
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6. �A model for TEC disturbance as a result of injection of charged aerosols 
into the atmosphere

The modification of the TEC spatial distribution caused by the disturbance of the electric current in the global 
circuit as a result of the injection of charged aerosols into the atmosphere is considered in [Ruzhin et al., 2014]. 
The analysis was carried out for the case of the Mw 7.9 earthquake that occurred on May 12, 2008 at 06:28 UT in 
Sichuan Province, China, and for which there is a detailed anomaly registration database. In addition, during the 
preparation of this earthquake, the release of aerosols into the atmosphere in the area of its epicenter was detected 
[Qin et al., 2014].

Let us consider a modification of the spatial distribution of electron concentration N in the ionosphere caused 
by a disturbance of the global electric current circuit in a seismic region. The TEC disturbance is determined by the 
plasma concentration of the F2-layer of the ionosphere in the altitude range of 200-1000 km. In the mid-latitude 
ionosphere, for TEC calculations it is sufficient to take into account only the vertical transport of charged particles 
due to the smallness of the horizontal derivatives of macroscopic parameters. As follows from the observation 
results, the horizontal scale of the ionosphere disturbance is about 1000 km, which significantly exceeds the vertical 
scale of the change in electron concentration.

An estimate was obtained for the TEC disturbance in an isothermal atmosphere that occurs under an influence 
of the vertical drift of F2-region plasma in the electric field and heating of the ionosphere by the same field 
[Ruzhin et al., 2014]. The electron concentration N(𝑧) is determined from the stationary transport equation:

	  ;   ,� (21)

where  – ionization rate, 𝛽(𝑧) – effective recombination factor,  – ambipolar diffusion factor, 
 – altitude of uniform atmosphere,  – Boltzmann constant, T – temperature of atmosphere, M – mass 

of ion and molecule,  – rate of collision of ions with molecules, g – gravitational acceleration. Vertical drift rate w 
of plasma under action of electrical field E0 + E and neutral wind with velocity V is determined by formula:

	  ,

where Ey0, Vx – components of undisturbed electric field and horizontal wind, B – geomagnetic induction, E1, – electric 
field occurred in ionosphere as a result of EMF inclusion into the global electric circuit. The plasma drift rate may 
be represented in the following form:

	  ;   ,� (22)

where w0 – undisturbed value of the drift rate under action of electric field and the wind of non-seismic nature.
The altitude dependence of ionization rate q(𝑧) we represent in the form of Chapmen’s function. Over its 

maximum 𝑧 ≈ 𝑧0 this function is approximately proportional to density of neutral gas, which is atomic oxygen:

	  .

Let us designate: T0 – temperature of ionosphere at an absence of its heating by electric current of seismic 
origin,  – the altitude of uniform atmosphere that corresponds to temperature T0. Designating the 
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relative change of temperature as t = T1/T0, we represent the dependence of ionization rate on the temperature in 
the following form:

	  .� (23)

The ionization rate in the maximum q0 is varied within a range of 108-109 m–3s–1 depending on depending on 
the time of day and solar activity.

Let us integrate the equation (23) on 𝑧 within a range from 𝑧0 to ∞, where 𝑧0 ≈ 200 km – lower boundary of 
F2‑layer. We obtain:

	  ;  ,� (24)

where J(𝑧0) – ion flow at the lower boundary of the F2-layer of the ionosphere, J∞ – ion flow at its upper boundary, 

 – averaged recombination coefficient. In the equation (26) U denotes TEC, which is determined 

by formula:

	  .� (25)

When estimating the ion flux J(𝑧0) at the bottom boundary of the F2-layer the effect of ion diffusion is neglected 
and only considered the ion drift:

	  .

From (26) we obtain the required TEC value:

	 � (26)

The value of the weighted average value of the recombination coefficient  is determined from condition of 
coincidence of TEC calculated by formula (28) at an absence of disturbance of electric field by seismic source and 
its value U0 obtained by formula (27) with application of ionosphere model IRI-2007:

	  .� (27)

We will look for a disturbance in the TEC associated with the appearance of an additional electric field Ey in 
ionosphere ΔU = U – U0 relative to its unperturbed value U0. Using the formula (24) for perturbation of the drift rate 
by additional electric field we obtain:

	  .� (28)

The spatial distribution of TEC arises as a result of the combined action of these two factors and its nature depends 
on the relationship between them. The spatial distribution of the TEC disturbance resulting from the combined 
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effect of the vertical drift of the F-region plasma in the electric field and heating of the ionosphere by the same 
field is calculated by formula (28). The horizontal distribution of ionosphere temperature T1 occurring as a result of 
its heating by electric current is determined by formula (22). The results of its calculation are shown in Fig. 6. The 
horizontal distribution of the component Ey of electric field is calculated by formula (9). The results of its calculation 
are shown in Fig. 5 (right panel). Figure 7 shows the results of calculating the relative TEC (RTEC) disturbance. 
The graph in Fig. 7 was plotted for the ionization rate at the lower boundary of the F2-layer q0 = 5 × 108 m–3s–1. 
The following values were taken for the calculation: N0 = 3 × 1011 m–3, E0y = 1.5 mV/m, B = 5 × 10-5 T, H0 = 10 km.

At the upper boundary of the daytime ionosphere, the ion flux is directed upward and is approximately equal in 
magnitude J∞ ~ 1012 m–2s–1 [Evans, 1975].

Figure 7. Spatial distribution of RTEC disturbance.

The calculations performed show that a change in the concentration of aerosols injected into the atmosphere 
results in the TEC perturbation of the ionosphere by tens of percent. This value corresponds to observed TEC 
variations of 40 to 100% before earthquakes [e.g., Namgaladze et al., 2009]. A diagram of TEC disturbance formation 
is shown in Fig. 8. The left panel of Fig. 8 (left) shows the direction of plasma drift (E´B) in an electric field. As follows 
from the figure, where the field is directed to the east, the plasma drift is directed upward. In the region where the 
field is directed to the west, the plasma drift is directed downward. The calculation results presented above showed 
that the field strength exceeds its background value in the ionosphere by several times. Consequently, the plasma 
drift in such field results in a significant TEC change.

The right panel of Fig. 8 shows a diagram of the TEC disturbance formation as a result of heating the ionosphere 
by the current flowing in its conducting layer. The temperature of the ionosphere increases above the region of heat 

Figure 8. �Scheme of TEC disturbance formation under the influence of plasma drift in an electric field (left) and its heating 
by current in the ionosphere (right) as a result of injection of charged aerosols into the atmosphere.
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release, which leads to an increase in the scale of the vertical distribution of the ionospheric components. Since 
the heat flux is proportional to the square of the field, an anomaly of the same sign occurs. Such a modification 
of the altitude profile of the ionosphere leads to an increase in the TEC in the entire disturbed region. The spatial 
distribution of TEC arises as a result of the combined action of these two factors, and its nature depends on the 
relationship between them.

7. Conclusion

Observations demonstrate that TEC anomalies may be formed in the seismic region before an earthquake. There 
is a problem of establishing a connection between such anomalies and the processes of earthquake preparation. 
An analysis of numerous satellite data has shown that an increase in seismic activity results in an increase in the 
electric field in the ionosphere above the earthquake epicenter several days before the main shock. At the same time, 
there are no noticeable changes in the vertical component of the electric field on the Earth’s surface in the seismic 
region. In addition, an increase in the concentration of aerosols in the epicentral region was detected using the 
analysis of Aerosol Optical Depth (AOD) satellite observation data. Numerical modeling showed that the observed 
changes in TEC are possible if the electric field in the ionosphere reaches a value of the order of 1 to 10 mV/m. The 
appearance of such fields in the ionosphere is explained by the electrodynamic model of lithospheric-ionospheric 
relations, which showed that an increase in the electric field in the “atmosphere-ionosphere” system is possible as 
a result of perturbation of the electric current in the global electric circuit during the injection of charged aerosols 
into the atmosphere by soil gases. As a result of their turbulent and convective transfer and gravitational settling 
in the surface atmosphere, an EMF is formed, the introduction of which in the global electric circuit results in a 
perturbation of the conduction current in it. The presence of a potential barrier during the injection of charged 
aerosols into the atmosphere limits the growth of the electric field on the earth’s surface. The EMF occurrence 
triggers the mechanism of transmission of seismic activity to the ionosphere. The electric field is localized in the 
magnetic tube and causes the plasma to drift in a transverse plane with respect to the magnetic field. The plasma 
drift forms an anomaly in which regions of TEC increase and decrease are observed. The calculations performed 
using the electrodynamic model of lithospheric-ionospheric relations showed that an increase in the concentration 
of aerosols near the Earth’s surface by several times results in the relative TEC change by tens of percent. The 
appearance of an electric current in the ionosphere is reduced not only to the plasma drift in the F-region. It’s 
strengthening results in an increase in the amount of heat released in the conducting layer of the E-region of the 
ionosphere. The heat flow heats the F-region. As a result of an increase in the temperature of the ionosphere, the 
scales of the altitude distribution of ionospheric components and, consequently, the altitude profile of the F2-layer 
increase. This results in a spatial distribution of the TEC disturbance of the same sign. The heating of the ionosphere 
when an electric field E ~ 6 mV/m appears in it results in a relative TEC change by the same value as the plasma drift 
in this field. The total spatial distribution of TEC arises as a result of the action of these two factors, and its nature 
depends on the relationship between them. Their combination can explain various forms of anomalies observed 
before earthquakes.
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