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Abstract

:

The statistical analysis of the impact of the top 50 X-class solar flares (1997–2024) on global seismic activity as well as on the earthquake preparation zones located in the illuminated part of the globe and in an area of 5000 km around the subsolar point was carried out. It is shown by a method of epoch superposition that for all cases, an increase in seismicity is observed, especially in the region around the subsolar point (up to 33%) during the 10 days after the solar flare in comparison with the preceding 10 days. The case study of the aftershock sequence of a strong Mw = 9.1 earthquake (Sumatra–Andaman Islands, 26 December 2004) after the solar flare of X10.16 class (20 January 2005) demonstrated that the number of aftershocks with a magnitude of Mw ≥ 2.5 increases more than 17 times after the solar flare with a delay of 7–8 days. For the case of the Darfield earthquake (Mw = 7.1, 3 September 2010, New Zealand), it was shown that X-class solar flares and M probably triggered two strong aftershocks (Mw = 6.1 and Mw = 5.9) with the same delay of 6 days on the Port Hills fault, which is the most sensitive to external electromagnetic impact from the point of view of the fault electrical conductivity and orientation. Based on the obtained results, the possible application of natural electromagnetic triggering of earthquakes is discussed for the earthquake forecast using confidently recorded strong external electromagnetic triggering impacts on the specific earthquake preparation zones, as well as ionospheric perturbations due to aerosol emission from the earthquake sources recorded by satellites.
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1. Introduction


The problem of a possible relation between solar activity and the Earth’s seismicity has been discussed over 170 years [1,2,3,4,5,6,7,8,9], with references therein. Despite a fairly large number of publications devoted to research on the possible influence of the Sun on seismic processes, a final conclusion about the possibility of earthquakes (EQs) being triggered by solar flares (SFs) or geomagnetic storms has not yet been reached. The results obtained to date are fuzzy and contradictive, and some authors deny the real existence of interrelationships between the processes in the Sun and in the lithosphere that resulted in the occurrence of EQs [10,11].



It should be noted that all the studies mentioned above employed only a statistical approach to the analysis of geophysical and seismological data when the hypothesis of the presence or absence of a possible correlation (positive or negative) between solar activity and Earth’s seismicity was tested. The physical mechanisms of solar–terrestrial relations that resulted in the possible triggering of EQs were not considered in detail, and their possible existence was only indicated phenomenologically when a statistically significant relationship has been found between solar activity and the response of the Earth’s seismicity. Such a simplified approach to the study of the solar–terrestrial relationships may provide false results and incorrect conclusions, and no practical recommendations may be proposed for seismic risk mitigation.



In contrast to a pure statistical approach, the study of Sorokin et al. [12] considers a possible physical mechanism of earthquake (EQ) triggering by electromagnetic (EM) impacts on the area of EQ preparation due to X-ray radiation from SFs. This idea has been proposed in Sorokin et al. [5] and Novikov et al. [7], when it was numerically demonstrated that due to the interaction of SF X-ray radiation with the ionosphere–atmosphere–lithosphere system, strong geomagnetic field pulsations occur, resulting in the sharp rise of geomagnetically induced currents (GICs) in the conductive crust faults. It is known that EQs can be triggered by strong variations in both natural and artificial electric currents in the Earth’s crust as a result of the interaction of EM and electric fields with rocks and faults under subcritical stress–strain state [13].



The results of numerical studies obtained in Sorokin et al. [12] using the developed physical model and computer code indicate that after an X-class SF (with peak radiation flux ≥10−4 W/m2), geomagnetic field pulsations up to 100 nT can occur, and the density of GICs in the conductive layer of the lithosphere can rise to 10−8–10−6 A/m2. In this case, the current pulse duration is about 100 s and the duration of the current rise front is ~10 s. These values are 2–3 orders of magnitude higher than the average density of telluric currents in the lithosphere [14] and they are comparable with the parameters of electric current pulses generated in the lithosphere (10−7–10−8 A/m2) by artificially pulsed sources of electrical energy [13]. It should be noted that the injections of electrical impulses into the Earth’s crust in seismically active regions result in the EM triggering of weak EQs and the regional spatiotemporal redistribution of seismicity in the Pamirs and Northern Tien Shan. This means that strong SFs providing an energy flux density above 0.005 J/m2 are also capable of triggering EQs in seismically hazardous regions, as was assumed in [7,12,15]. This conclusion is confirmed by cases of observation of magnetic pulses before an EQ [16,17] similarly to the obtained numerical estimates of magnetic pulses generated by X-rays of SF provided telluric current pulses in the conductive layer of the lithosphere, as well as the case of observation of a sharp increase in global and regional seismicity (Greece) after the SF of X13.37 class that occurred on 6 September 2017 [7].



For additional verification of numerical results obtained with the application of the physical model of the Sun–Earth interaction [12], we carried out the statistical analysis of the impact of the top 50 X-class SFs on global seismic activity, the EQs located on the illuminated part of the globe and the EQs located in an area of 5000 km around the subsolar point (SSP). We demonstrated that in all cases, an increase in seismicity is observed, especially in the region around the SSP (up to 33%) during the 6–8 days after the SF. Moreover, we found that the maximum seismic sensitivity to the SF impact is observed in the aftershock area of the strong EQ. The case study of the aftershock sequence behavior of strong Mw = 9.1 EQ (Sumatra–Andaman Islands, 26 December 2004) after the X10.16-class SF (20 January 2005, peak radiation flux is 10.16 × 10−4 W/m2) demonstrated that starting from the 7th day after the SF, the number of aftershocks with a magnitude of Mw ≥ 2.5 increased more than 20 times by the 8th day and returned to the background level within the following two days. In addition, we consider the case of the Darfield EQ (4 September 2010, Mw = 7.1, New Zealand) with two strong aftershocks (Mw ~ 6) occurring in the Port Hills fault, which were most sensitive to external EM impact from the point of view of the fault electrical conductivity and orientation, with a delay of 6 days after strong X-class SFs and M.



Finally, based on the obtained results, we discuss the possibility of applying natural EM triggering of EQs for the EQ forecast, using confidently recorded strong external EM triggering impacts on the specific electromagnetically sensitive EQ preparation zones.




2. Methods of Verification of Hypothesis of Electromagnetic Earthquake Triggering by Strong X-Class SFs


2.1. Testable Hypothesis of Earthquake Triggering by Strong SFs


In Sorokin et al. [5], Novikov et al. [7], and Sorokin et al. [12], a possible mechanism of EQ triggering by the ionizing radiation of SFs has been proposed. The theoretical model of Sorokin et al. [12] considered a disturbance of electric field, electric current, and heat release in the lithosphere associated with a variation in ionosphere conductivity caused by the absorption of ionizing radiation from SFs. The model predicted the generation of geomagnetic field disturbances in a range of seconds to tens of seconds as a result of a large-scale perturbation of the conductivity of the bottom part of the ionosphere in a horizontal direction in the presence of an external electric field. Amplitude-time characteristics of the geomagnetic disturbance depend upon a perturbation of the integral conductivity of the ionosphere [12]. Numerical calculations demonstrated that, depending on the relationship between the integral Hall and Pedersen conductivities of the disturbed ionosphere, oscillating and aperiodic modes of magnetic disturbances may be observed. For strong perturbations of ionosphere conductivities, the amplitude of pulsations may be ~102 nT. In this case, the amplitude of the horizontal component of the electric field on the Earth’s surface will be 0.01 mV/m, and the electric current density in the lithosphere may reach 10−6 A/m2 [12]. Thus, it was shown that the absorption of ionizing radiation from SFs can result in variations of a density of telluric currents in seismogenic faults comparable with a current density of 10−8–10−7 A/m2 generated in the Earth’s crust by artificial pulsed power systems (geophysical MHD generator “Pamir-2” and electric pulsed facility “ERGU-600”), which provided regional EQ triggering and spatiotemporal variation of seismic activity [13]. Therefore, we can expect that the triggering of seismic events is possible not only due to the EM impact of the artificial pulsed power sources on the lithosphere but also due to SFs. Based on the theoretical study above mentioned and the numerical results obtained with the employment of the theoretical model [12], the hypothesis was put forward about the triggering of EQs by strong SFs under certain favorable conditions (the electrical conductivity of the fault in the Earth’s crust, its orientation relative to the direction of the GIC density vector, and the level of stress–strain state of the fault, e.g., its maturity for the dynamic rupture). This study is directed at the verification of the hypothesis by the analysis of variations in the geomagnetic field recorded at INTERMAGNET observatories during strong X-class SFs, as well as by analysis of seismicity behavior after the flares.




2.2. Analysis of Geomagnetic Field Variations and Seismic Activity during Strong X-Class SFs


According to the theoretical model [12], SF X-ray radiation will be absorbed in the ionosphere, resulting in a short-term increase in its conductivity (Figure 1, reproduced from [12]) and disturbances of the geomagnetic field in various ranges of periods in the presence of an external electric field. It was assumed that the maximal currents in the lithosphere are induced by short-period oscillations of the geomagnetic field. The “earth-ionosphere” resonator generates the geomagnetic field oscillations with periods of 1 to 100 s in the process of ionosphere ionization by SF radiation with a short-term increase in its amplitude.



Considering that the increase in ionosphere conductivity occurs on the illuminated part of the globe, we analyzed the records of the INTERMAGNET observatories [18] that were located there during SFs from the catalog of the 50 strongest X-class SFs with a peak X-ray intensity of above 10−4 W/m2 [18]. The coordinates of the SSP and the area of the illuminated part of the globe were determined by a solar calculator [19].



For the verification of the proposed model and the obtained numerical results [12] on the possible triggering of EQs by SFs, an analysis of the Earth’s seismicity before and after the strongest X-class SFs was carried out. A representative part of the US Geological Survey (USGS) EQ catalogue (Mw ≥ 4.5) [20] and a catalogue of the 50 strongest X-class SFs [21] for the period 1997–2024 were used.



The analysis of the possible correlation between SFs and EQs employed the epoch superposition method, when for the time windows of 10 days before and after the arrival of X-rays from the SF to the Earth (~8 min), all EQs that occurred in the selected region of the Earth’s crust were summed up for each day. In accordance with the physical model [12], according to which the maximum burst of telluric currents in the Earth’s crust should occur on the illuminated part of the globe, the seismicity of two regions with a center in the SSP and radii of 5000 km and 10,000 km was analyzed. The SSP coordinates were determined by the date and time of the SF occurrence.





3. Results of Verification of Hypothesis of Earthquake Triggering by Strong Solar Flares


3.1. Response of Geomagnetic Field to Strong Solar Flare: The Case Study of Solar Flare X5.01 of 31 December 2023


We considered the behavior of the geomagnetic field (Bx) during strong SF X5.01 on 31 December 2023. The SF occurred at 21:36 UTC, the maximal X-ray flux was reached at 21:55 UTC, and the end of the SF was at 22:08 UTC (Figure 2).



According to the model [12], we analyzed the recordings of geomagnetic observatories located just near the SSP (23.067° S, 147.733° W) at a distance of 640.96 km and at distances of 4287.45 to 10,003.97 km (on the illuminated part of the globe at the moment of the SF) and on the non-illuminated part of the globe at a distance of 15,780.24 km from the SSP (Table 1). We considered records of the horizontal component Bx of the geomagnetic field and its derivative dBx/dt, keeping in mind their maximal contribution to GICs in the lithosphere [22]. The magnetograms for different geomagnetic observatories at different distances R from the SSP Bx (a), (c), I, (g), (i), (k), (m), and dBx/dt (b), (d), (f), (h), (j), (l), (n) for the time around the SF occurrence downloaded from the INTERMAGNET site [18] for 31 December 2023 are shown in Figure 3. The SF duration is depicted by a shadowed rectangle.



The analysis of the recorded variations in the geomagnetic field in different parts of the globe (illuminated and non-illuminated) at various distances from the SSP demonstrated that the Bx and dBx/dt pulses predicted by the model [12] during the SF were observed on the illuminated part of the globe.



At the same time, there were no geomagnetic field pulses during the X-class SF on the border of the illuminated part (FRD observatory) and on the non-illuminated part. A sharp increase in Bx during the SF totaled 20–25 nT, and dBx/dt pulsations totaled 1–4 nT/min. These observations confirmed the numerical results obtained with the employment of the model [12], that the pulses of the geomagnetic field were generated by the X-ray radiation of the SF and resulted in GIC occurrence in the lithosphere were not anticipated in the non-illuminated part of the globe. Thus, the analysis of the response of seismic activity to SFs should consider only the illuminated part of the globe. The next question arises: “Are the observed pulsed variations in the geomagnetic field capable of provoking EQs according to the hypothesis of the EM triggering of EQs by strong SFs?”




3.2. Seismic Activity before and after Strong X-Class SFs


For the analysis of the possible response of seismic activity to the impact of strong SFs, we used the representative part (Mw ≥ 4.5) of the USGS earthquake catalog [21] and a catalogue of the 50 strongest X-class SFs [19]. The analysis of the possible correlation between SFs and EQs employed the epoch superposition method, when for the time windows of 10 days before and after the arrival of X-rays from the SF to the Earth, all EQs occurring in the selected region of the Earth’s crust were summed up for each day. In accordance with the physical model [12], when the maximum burst of telluric currents in the Earth’s crust was anticipated in the illuminated part of the globe, we considered seismic activity in two circular regions with a center in the SSP and radii of 5000 km and 10,000 km (the illuminated part of the globe) and compared the results with the Earth’s overall seismicity. The detailed list of specific SFs and the analyzed possible seismic responses is given in Appendix A (see Table A1).



The summary results based on the detailed Table A1 are shown in Table 2, where ΣR=5000 is the sum of the EQs in an area with a radius of 5000 km around the SSP, ΣR=10,000 is the sum of the EQs in an area with a radius of 10,000 km around the SSP, Σglobal is the sum of EQs for the whole globe, a is the cumulative number of EQs occurring within 10 days after the SF, b is the cumulative number of EQs occuring within 10 days before the SF, and ΔEQ is the increase in the number of EQs after the SF (%).



The analysis of the values in Table 2 demonstrated that, according to the physical model and the results of the numerical studies obtained with its application [12], there was a significant seismic response in the illuminated part of the Earth. The maximum increase in the number of EQs (32.92%) was observed in the region with a radius of 5000 km around the SSP. As the radius of the region increased to 10,000 km, which is equivalent to the entire illuminated area of the globe, seismic growth decreased to 10.99%, similar to a decrease in geomagnetic field variations (see Section 3.1). In comparison with the global seismicity, the ΔEQ for the illuminated part was one and a half times higher. The histogram of the distribution of the daily number of EQs before and after the SF is shown in Figure 4. It should be noted that the increase in seismicity for the illuminated area of the globe was observed with a delay of 7–8 days after SF occurrence (Figure 4a,b) similar to a few-day delay in the response of seismic activity to the impact of artificial EM on the Earth’s crust [13].



One of the general conditions for the triggering effect of EM on the earthquake preparation zone is the level of stress–strain state of rocks and the crust fault, which, according to the results of laboratory modeling [13], should be 0.98–0.99 of the critical stresses when the dynamic rupture of the fault occurs. The current level of stresses in a particular region of the globe can be roughly estimated by indirect signs, e.g., by the current seismic activity that is used by methods of mid-term earthquake forecasting [23].



However, there are situations when it is possible, with a high degree of probability, to determine areas where subcritical stresses arise regularly in the Earth’s crust. Such areas are the aftershock zones of strong EQs. Aftershocks are a sequence of seismic events that occur after a larger main earthquake around the fault zone of the main shock. Aftershocks are a consequence of the stress field redistribution in the Earth’s crust after the main displacement along the fault as the result of the main shock. In the aftershock zone, areas occur constantly where the stresses in the Earth’s crust will be close to critical values when the rock rupture (aftershock) occurs. Aftershocks become less frequent over time, although they may continue for days, weeks, months, or even years [24]. Thus, due to the indicated stress redistribution in the aftershock zone, areas with a subcritical stress–strain state always appear, which are most sensitive to triggering impacts. In this case, when such an area is located near the SSP during the occurrence of a strong SF, it is possible to anticipate the EM triggering of aftershocks. In this regard, to verify the hypothesis of the EM triggering of earthquakes by SFs, it is quite reasonable to consider the seismic activity in the aftershock zones located near the SSP at the time of the SF occurrence.



As a case study, we considered the impact of the X10.16 SF of 20 January 2005 on the aftershock zone of the Sumatra–Andaman Mw = 9.1 EQ that occurred on 26 December 2004. The aftershock zone [25] is covered by the area of the 5000 km radius around the SSP of the X10.16-class SF (20.083° S, 77.767° E) (Figure 5). The distance from the SSP to the epicenter of the Mw = 9.1 EQ is 3306.36 km.



The histogram of the daily distribution of the aftershocks after the main shock of 26 December 2004 is shown in Figure 6. The redistribution of stresses in the crust just after the Mw = 9.1 EQ triggered many aftershocks during the first two days (269 and 202), then the daily aftershock number was reduced up to an average number of about 14, and after the X10.16 SF, with a delay of 6 days, we observed a sharp increase in seismic activity that lasted four days, with two peaks of 244 and 240 aftershocks during 27–28 January 2005. Thus, for favorable conditions from the point of view of the generation of geomagnetic field pulsations (for this case recorded at the PHU observatory located at a distance of 2933.4 km from the SSP and 2248.2 km from the Mw = 9.1 EQ epicenter, Figure 7), as well as for the zone with subcritical stress values close to the fault rupture (aftershock zone), we observed a clear EQ triggering effect of the X10.16-class SF.



It should be noted that during the month before the sharp intensification of the aftershock sequence in the period of 27–29 January 2005, there were no strong EQs in the immediate vicinity of the region under study (and throughout the entire globe) with a magnitude of Mw ≥ 7, which could provide a distant dynamic triggering effect in the considered aftershock area.



There were a few space weather disturbances due to seven SFs that occurred after the Sumatra–Andaman Mw = 9.1 EQ (see Table 3). Nevertheless, the EM impact on the aftershock zone of the strong EQ can only be attributed to the X10.16 SF of 20 January 2005 (Figure 7), due to its X-ray radiation that exceeded the other SFs 5 to 10 times and the distance from its SSP to the epicenter of the main shock that was two times less than the similar distance of the strong X5.51 SF of 17 January 2005. Nevertheless, for this case, the combined action of both SFs (X10.16 and X5.51) may be considered, which can explain the beginning of the increase in aftershocks on 26 January 2005 (see Figure 6).



Thus, this case study of aftershock sequence variation due to the impact of a strong SF indicates that, if the aftershock zone is located near the SSP during the occurrence of a strong SF (Figure 5), we can expect the EM triggering of aftershocks, which can have a magnitude comparable to that of the main shock, and they are also dangerous, especially during rescue operations after a catastrophic EQ. For the Sumatra–Andaman Mw = 9.1 EQ, the maximal magnitude of the aftershocks was Mw = 6.3.



The obtained results are supported by the occurrence of strong aftershocks after X- and M-class SFs in the New Zealand region in 2011. A strong Mw = 7.1 EQ occurred on 3 September 2010 near Darfield on the South Island of New Zealand [26], which injured about 100 people. After this EQ, an aftershock sequence began, which included a strong Mw = 6.1 aftershock that occurred on 21 February 2011 and killed 185 people. It should be noted that 6 days before this strong aftershock, an X2.3-class SF occurred (15 February 2011, 01:44–02:06 UTC) when New Zealand was in the central zone of the illuminated part of the globe at a distance of 3853.7 km from the SSP to the Mw = 6.1 aftershock epicenter. The EYR observatory (New Zealand) recorded geomagnetic field pulsations during the SF of about 20–25 nT.



According to the results of calculations using the model [12], the GIC density vector in this region had a southeastern direction and was at a level of 10−7 A/m2, which was comparable to the GIC density created in the Earth’s crust by an MHD generator and resulted in the triggering of EQs in the northern Tien Shan [13]. In the case of New Zealand, the GIC density vector coincided with the direction of the strike of the Port Hills fault [27], where a strong aftershock occurred. Thus, for an EQ to be triggered by a SF, the presence of all three conditions of the EM triggering effect was ensured: a subcritical stress–strain state fault (EQ aftershock zone), the required level of GICs (10−7 A/m2), and the optimal direction of the GIC density vector (parallel to the direction of the Port Hill fault). It should be noted that this Mw = 6.1 aftershock occurred with a delay of 6 days after the SF, which is similar to the seismic response to artificial EM impacts [13], as well as aftershock activity for the Sumatra–Andaman Mw = 9.1 EQ (the delay of the aftershock response to the SF was 6–8 days). The relationship between these two events (SF and aftershock) seems not accidental, since on the same fault there was a repeated strong Mw = 5.9 aftershock on 13 June 2011 after an M3.64 SF (7 June 2011, peak radiation flux was 3.64 × 10−5 W/m2) with the same delay of 6 days.





4. Discussion


During the verification of the physical model [12] by the comparison of numerical results on the possible triggering of EQs by strong SFs with field observations of variations in the geomagnetic field and seismic activity during and after the top 50 strong X-class SFs, we obtained the following results:




	(1)

	
Pulsations in the geomagnetic field predicted by the model [12] due to the interaction of X-ray radiation from SFs with the ionosphere were observed during the SF on the illuminated part of the globe. The maximal Bx and dBx/dt pulsations were observed in an area of 5000 km around the SSP at the time of SF occurrence. With an increasing area radius, Bx and dBx/dt pulsations decreased and practically disappeared at the border of the illuminated part. Such pulsations were not observed on the non-illuminated part of the globe. These results are consistent with those obtained earlier and presented in a review by Curto [28] and a study by Grodji et al. [29].




	(2)

	
The observed sharp variations in the geomagnetic field were capable of generating GICs in the conductive elements of the lithosphere, including seismogenic faults. According to the model [12], these GICs are comparable to a splash of telluric currents generated by artificial pulsed power systems, which resulted in the EQ triggering and spatiotemporal redistribution of seismicity in the northern Tien Shan and Pamir [13]. Our analysis of seismicity after strong SFs supported the hypothesis of Sorokin et al. [12] of the EM triggering of EQs by SFs (Table 2). For the illuminated part, within 10 days after an X-class SF, the seismicity increased in comparison with 10 days before the SF by ~11 to ~33%, depending on the distance from the SSP. It significantly exceeded the Earth’s overall seismic response. This result positively estimates the hypothesis proposed in Sorokin et al. [12] on EQ triggering by the X-ray radiation of SFs and indicates the incorrectness of a purely statistical approach to the study of the interrelationship of solar and seismic activities without any physical model, explaining a possible relationship between the processes on the Sun and within the Earth. For further study, it is reasonable to consider the solar–terrestrial relations based on the physical model [12], or any models considering another physical mechanism of these relations, provided that a refined approach is used to select the data for statistical analysis. In other words, “Physics should be ahead of Statistics”.




	(3)

	
The next finding of the presented analysis was the response of the aftershock area of a strong EQ to the impact of a SF, where areas with a subcritical stress–strain state appeared constantly due to the redistribution of the stresses in the crust after the main shock. Based on two case studies of the aftershock zones of a strong magnitude Mw = 7.1 EQ in New Zealand and a strong Mw = 9.1 EQ in Indonesia, a clear response of the aftershock sequences to X-class SFs was discovered (Figure 6). The general feature of this response is a delay of 6 to 8 days, which may indicate a multi-stage physical mechanism triggering processes in the crust fault, including fluid migration under EM impact, that require some time for fluid diffusion into the fault, reducing its frictional properties and strength.









In our opinion, the presented results of the analysis of field observations not only indicate the possibility of EQs being triggered by strong SFs, but also, taking into account the delay of several days in the seismic response to the EM impact, point to the possibility of the application of natural EM triggering effects as additional prognostic information for EQ forecasting methods along with other known precursors of strong EQs.



In this case, the concept of EQ predictability based on triggering phenomena, which was formulated by Sobolev [30], may be used. Based on observations of seismic behavior before strong EQs as well as laboratory studies of the response of acoustic emissions (crack formation) from rock samples in a subcritical stress–strain state under external triggering impacts, the following algorithm for short-term EQ forecasting based on triggering phenomena was proposed [30]: (a) determination of the volume of the unstable zone (a system of unstable zones of various scales); (b) monitoring of the triggering effects and assessing their impact on the unstable areas; and (c) assessment of the probability of the location, time, and magnitude of the impending EQ.



The first step (a) of this concept can be performed based on various methods for the selection of regions with an impending EQ (e.g., [31]). For the case of an EM impact on the EQ preparation zone in these regions, it is necessary to additionally select faults in the Earth’s crust, taking into account their orientation and electrical conductivity, where the generation of maximum GICs can be expected. It is obvious that the maximum GICs in the fault will be generated when the GIC density vector is parallel to the fault direction, which will contribute to the GIC concentration in the fault and increase the efficiency of its impact on rocks.



Numerical results [12] demonstrated that the maximum GIC density values should be observed in the southern hemisphere when the SSP is located in the northern hemisphere. Thus, the response of seismic activity to a strong SF can be expected with a higher probability in the southern hemisphere. The GIC density vectors in the northern hemisphere at low and middle latitudes are oriented mainly in the latitudinal direction, and at high latitudes—in the meridional direction. In the southern hemisphere, they are usually oriented in the meridional direction. When choosing regions and faults, where the response of seismic activity to SFs will be statistically analyzed is important. In this case, the selection of EQs from seismic catalogs in step (b) should be made only for faults where the expected triggering effect from the EM impact will be maximal. To increase the reliability of the statistical analysis, taking into account the numerical results obtained by Sorokin et al. [12], only those regions should be selected where the orientations of the faults in the Earth’s crust approximately coincide with the direction of the GIC density vector. Otherwise, the density of the GICs generated in the fault may be insufficient for the EM triggering of an EQ, resulting in false statistical results and conclusions about solar–terrestrial relationships when seismic activity is analyzed for an entire region with faults of different orientations and electrical conductivities.



Another important aspect when selecting the crustal faults that are sensitive to strong variations in space weather is their electrical resistivity, which is usually determined by magnetotelluric (MT) sounding [32]. The results of field studies showed that the San Andreas fault (California, USA) [33] and other major faults, such as the Alpine fault in New Zealand [34] and the Fraser River fault in British Columbia, Canada [35], have conducting zones with a resistivity of 0.8 to 50 Ohm·m. At the same time, some large faults demonstrate the presence of both conductive and resistive zones. For example, the MT sounding of the Tintina fault in the northern Cordillera [32] showed that the fault is associated with a 20 km wide resistive zone (>400 Ohm·m) at depths of more than 5 km. The Denali fault in Alaska also has a relatively resistive structure in the upper layers of the Earth’s crust [36], and the San Andreas fault in the Carrizo Plain region has a resistive zone in the mid-deep region [37]. The resistivity of these faults varies in the range of ~250 to 10,000 Ohm·m, and, therefore, the generation of a GIC pulse resulting from strong variations in space weather parameters that is sufficient to trigger an EQ is unlikely or impossible.



Keeping in mind the obtained numerical estimates [12] and their field verification during this study, further detailed and correct statistical analysis of solar and seismic activities should first be based on a physical model of the mechanism of solar–terrestrial relationships, and second, the specific model of the EM triggering of EQs should be prepared out as follows:




	(a)

	
determination of an unstable area (a fault section in the Earth’s crust), where strong EQs are expected based on existing mid-term methods for selecting seismic-prone regions [31];




	(b)

	
selection of crustal faults in the regions identified in step (a) that are the most sensitive to EM impact in terms of their orientation and close to the direction of the GIC density vector, as well as based on their electrical conductivity;




	(c)

	
selection of EQs that occurred in the faults identified in step from regional seismic catalogs (b);




	(d)

	
correlation analysis of EQ occurrence times and variations in space weather parameters to determine the delay time of EQ triggering and the threshold values of space weather parameters that resulted in the triggering effect in the EQ preparation zone.









As mentioned above, in our opinion, the results obtained, both using the model [12] and field observations employed in this study, can be applied to EQ forecasting methods. The algorithm for such a forecast can be as follows: After a strong X-class SF, the areas of the possible triggering of EQs should be determined, where the impact of the SF can be the greatest in terms of the medium-term forecast of seismic hazards, the electrical conductivity of faults where EQs are expected, and their orientation. In these areas, immediately after the SF, the monitoring of other known EQ precursors should also be carried out. Based on a multi-parameter approach for the analysis of possible precursors, a seismic alarm can be issued, taking into account the delay of several days (6–8 days, according to the analysis results obtained above) in the response of the EQ preparation zone to the EM triggering impact. Obviously, this algorithm is not universal and can only be used in seismically hazardous areas that are sensitive to EM impacts.



As one of the possible precursors related to space weather that can be considered after a SF in the areas of possible EQ triggering, anomalous variations in ionospheric parameters caused by the emission of aerosols from the EQ preparation zone may be considered physically validated in Sorokin et al. [38].




5. Conclusions


The statistical analysis of the impact of the top 50 X-class SFs (1997–2024) on the seismic activity carried out for the verification of the physical model of the EM triggering impact of strong SFs on EQ preparation zones indicated a possibility of EQ triggering on the illuminated part of the globe. It was shown that an increase in seismicity was observed, especially in the region around the SSP with a radius of 5000 km (up to 33%) during the 10 days after the SF. The case study of the aftershock sequence behavior of a strong Mw = 9.1 EQ (Sumatra–Andaman Islands, 26 December 2004) after an X10.16-class SF (20 January 2005) demonstrated that the number of aftershocks with a magnitude of Mw ≥ 4.5 increased more than 17 times with a delay of 7–8 days. For the case of the Darfield EQ (Mw = 7.1, New Zealand, 3 September 2010), it was shown that strong X-class (peak radiation flux is ≥10−4 W/m2) and M-class (peak radiation flux is ≥10−5 W/m2 and <10−4 W/m2) SFs probably triggered two strong aftershocks (Mw = 6.1, Mw = 5.9) with an observed delay of 6 days on the Port Hills fault, which is the most sensitive to an external EM impact from the point of view of the fault’s electrical conductivity and orientation. Based on the obtained results, we concluded that data on the possible natural EM triggering of EQs may be applied as supporting information in addition to known EQ precursors for EQ forecasting using confidently recorded strong external EM triggering impacts on the specific EQ preparation zones as well as well-known EQ precursors, including satellite-recorded ionospheric perturbations due to aerosol emissions from the EQ preparation zone. It is obvious that such an approach, based on EM-triggering phenomena, has limited use and may be applied only to earthquake-prone regions with conductive crustal faults, the orientation of which roughly coincides with the direction of the GIC density vector excited by the SF. In this case, the expected EQ should be located in the illuminated part of the globe as close as possible to the SSP, where maximum pulsations in the geomagnetic field were observed.
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Table A1. Parameters of SFs [21], the number of EQs (M ≥ 4.5) within 10 days after (a) and before (b) an SF at a distance of 5000 km (ΣR=5000) and 10,000 km (ΣR=10,000) from the SSP, as well for the whole globe (Σglobal) [20].
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No.

	
SF Date

	
SF Class

	
Time of Max X-ray Flux (UT)

	
SSP LAT

	
SSP LONG

	
ΣR=5000

	
ΣR=10,000

	
Σglobal




	
a

	
b

	
a

	
b

	
a

	
b






	
1

	
6 November 1997

	
X12.97

	
11:55

	
16°04′ S

	
2°35′ W

	
7

	
0

	
35

	
50

	
151

	
136




	
2

	
6 May 1998

	
X3.81

	
8:09

	
16°31′ N

	
57°10′ E

	
13

	
13

	
66

	
61

	
121

	
96




	
3

	
18 August 1998

	
X7.03

	
22:19

	
12°56′ N

	
153°33′ W

	
15

	
14

	
85

	
71

	
114

	
106




	
4

	
18 August 1998

	
X4.03

	
8:24

	
13°07′ N

	
54°59′ E

	
11

	
18

	
52

	
57

	
112

	
106




	
5

	
19 August 1998

	
X5.57

	
21:45

	
12°37′ N

	
145°06′ W

	
7

	
11

	
88

	
67

	
116

	
100




	
6

	
22 November 1998

	
X5.37

	
6:42

	
20°06′ S

	
76°01′ E

	
8

	
7

	
72

	
68

	
121

	
100




	
7

	
28 November 1998

	
X4.77

	
5:52

	
21°16′ S

	
88°58′ E

	
36

	
17

	
94

	
84

	
129

	
108




	
8

	
14 July 2000

	
X8.21

	
10:24

	
21°36′ N

	
25°28′ E

	
9

	
6

	
44

	
52

	
183

	
202




	
9

	
26 November 2000

	
X5.83

	
16:48

	
21°05′ S

	
75°07′ W

	
14

	
12

	
26

	
19

	
133

	
376




	
10

	
2 April 2001

	
X28.57+

	
21:51

	
5°13′ N

	
146°38′ W

	
13

	
9

	
82

	
82

	
117

	
115




	
11

	
6 April 2001

	
X8.08

	
19:21

	
6°42′ N

	
109°25′ W

	
12

	
13

	
46

	
61

	
109

	
132




	
12

	
15 April 2001

	
X20.67+

	
13:50

	
9°55′ N

	
27°30′ W

	
1

	
8

	
27

	
40

	
134

	
115




	
13

	
25 August 2001

	
X7.7

	
16:45

	
10°34′ N

	
70°30′ W

	
9

	
18

	
19

	
24

	
148

	
173




	
14

	
11 December 2001

	
X4.02

	
8:08

	
23°01′ S

	
56°19′ E

	
8

	
3

	
59

	
61

	
113

	
109




	
15

	
13 December 2001

	
X8.9

	
14:30

	
23°11′ S

	
38°55′ W

	
14

	
17

	
31

	
29

	
106

	
119




	
16

	
28 December 2001

	
X4.99

	
20:45

	
23°15′ S

	
130°33′ W

	
12

	
10

	
85

	
54

	
143

	
108




	
17

	
15 July 2002

	
X4.39

	
20:08

	
21°27′ N

	
120°30′ W

	
1

	
3

	
46

	
45

	
108

	
116




	
18

	
20 July 2002

	
X4.74

	
21:30

	
20°34′ N

	
140°54′ W

	
1

	
1

	
58

	
75

	
97

	
122




	
19

	
23 July 2002

	
X6.98

	
0:35

	
20°09′ N

	
173°07′ E

	
37

	
43

	
74

	
85

	
102

	
110




	
20

	
24 August 2002

	
X4.54

	
1:12

	
11°13′ N

	
162°38′ E

	
82

	
91

	
105

	
118

	
141

	
135




	
21

	
28 May 2003

	
X5.17

	
0:27

	
21°22′ N

	
172°47′ E

	
56

	
45

	
124

	
120

	
154

	
160




	
22

	
23 October 2003

	
X7.77

	
8:35

	
11°18′ S

	
47°36′ E

	
2

	
5

	
45

	
47

	
132

	
130




	
23

	
28 October 2003

	
X24.57+

	
11:10

	
13°04′ S

	
8°28′ E

	
1

	
1

	
24

	
24

	
152

	
129




	
24

	
29 October 2003

	
X14.36

	
20:49

	
13°32′ S

	
136°04′ W

	
25

	
15

	
77

	
78

	
163

	
121




	
25

	
2 November 2003

	
X11.96

	
17:25

	
14°47′ S

	
30°08′ E

	
4

	
1

	
35

	
30

	
160

	
134




	
26

	
3 November 2003

	
X5.61

	
9:55

	
14°60′ S

	
27°24′ E

	
4

	
1

	
41

	
28

	
164

	
135




	
27

	
3 November 2003

	
X3.88

	
1:30

	
14°53′ S

	
153°24′ E

	
82

	
66

	
125

	
109

	
162

	
133




	
28

	
4 November 2003

	
X40+

	
19:53

	
15°26′ S

	
122°06′ W

	
6

	
5

	
64

	
62

	
174

	
139




	
29

	
16 July 2004

	
X5.24

	
13:55

	
21°15′ N

	
26°58′ W

	
5

	
4

	
37

	
27

	
117

	
120




	
30

	
17 January 2005

	
X5.52

	
9:52

	
20°41′ S

	
34°33′ E

	
2

	
6

	
239

	
164

	
376

	
265




	
31

	
20 January 2005

	
X10.16

	
7:01

	
20°05′ S

	
77°46′ E

	
524

	
127

	
621

	
223

	
679

	
275




	
32

	
7 September 2005

	
X24.42+

	
17:40

	
5°50′ N

	
85°32′ W

	
14

	
19

	
31

	
37

	
164

	
184




	
33

	
8 September 2005

	
X7.77

	
21:06

	
5°24′ N

	
137°07′ W

	
2

	
11

	
97

	
102

	
158

	
192




	
34

	
9 September 2005

	
X8.87

	
20:04

	
5°02′ N

	
121°42′ W

	
11

	
13

	
77

	
79

	
147

	
204




	
35

	
9 September 2005

	
X5.17

	
9:59

	
5°12′ N

	
29°50′ E

	
5

	
6

	
40

	
72

	
144

	
207




	
36

	
5 December 2006

	
X12.95

	
10:35

	
22°23′ S

	
19°08′ E

	
3

	
3

	
25

	
35

	
152

	
210




	
37

	
6 December 2006

	
X9.4

	
18:47

	
22°32′ S

	
103°43′ W

	
13

	
22

	
40

	
73

	
149

	
208




	
38

	
13 December 2006

	
X4.88

	
2:40

	
23°08′ S

	
138°29′ E

	
61

	
66

	
123

	
131

	
150

	
157




	
39

	
9 August 2011

	
X9.96

	
8:05

	
15°55′ N

	
60°24′ E

	
15

	
20

	
101

	
109

	
176

	
191




	
40

	
7 March 2012

	
X7.79

	
0:24

	
5°12′ S

	
176°46′ E

	
70

	
87

	
187

	
217

	
249

	
265




	
41

	
13 May 2013

	
X4.11

	
16:05

	
18°32′ N

	
61°55′ W

	
18

	
16

	
39

	
36

	
263

	
163




	
42

	
14 May 2013

	
X4.64

	
1:11

	
18°38′ N

	
161°35′ E

	
172

	
77

	
211

	
101

	
266

	
162




	
43

	
5 November 2013

	
X4.93

	
22:12

	
15°56′ S

	
157°05′ W

	
51

	
52

	
147

	
151

	
196

	
199




	
44

	
25 February 2014

	
X7.13

	
0:49

	
9°11′ S

	
171°17′ E

	
49

	
60

	
101

	
110

	
174

	
159




	
45

	
24 October 2014

	
X4.58

	
21:41

	
11°58′ S

	
148°57′ W

	
34

	
38

	
120

	
157

	
200

	
256




	
46

	
5 May 2015

	
X3.93

	
22:11

	
16°22′ N

	
153°20′ W

	
19

	
11

	
222

	
139

	
285

	
202




	
47

	
6 September 2017

	
X13.37

	
12:02

	
6°15′ N

	
0°55′ W

	
4

	
9

	
43

	
59

	
231

	
170




	
48

	
10 September 2017

	
X11.88

	
16:06

	
4°41′ N

	
62°17′ W

	
68

	
104

	
100

	
140

	
206

	
229




	
49

	
31 December 2023

	
X5.01

	
21:55

	
23°04′ S

	
147°44′ W

	
31

	
49

	
122

	
148

	
216

	
204




	
50

	
22 February 2024

	
X6.3

	
22:34

	
10°07′ S

	
155°08′ W

	
35

	
23

	
113

	
102

	
172

	
173




	
Total EQs after and before 50 SFs

	
1696

	
1276

	
4565

	
4113

	
8629

	
7987




	
Total difference in EQ amount after and before 50 SFs,

ΔEQ = ∑a − ∑b

	
420

	
452

	
642




	
Total variation in EQs amount after 50 SFs, ΔEQ, %

	
32.92

	
10.99

	
8.04
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Figure 1. An example of the spatial distribution of the integrated Pedersen (a) and Hall (b) conductivities in the −80–80° latitude range for universal time 12:00 UT [12]. The red vertical line shows the position of the subsolar meridian. 
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Figure 2. (a) Location of the SSP (the Sun sign) for the X5.01 SF of 31 December 2023 with the coordinates 23.067° S, 147.733° W during peak radiation on 21:55 UTC; (b) 1 min solar X-ray average in the 1–8 Angstrom passband (red line) recorded by the GOES X-ray satellite [21]. 






Figure 2. (a) Location of the SSP (the Sun sign) for the X5.01 SF of 31 December 2023 with the coordinates 23.067° S, 147.733° W during peak radiation on 21:55 UTC; (b) 1 min solar X-ray average in the 1–8 Angstrom passband (red line) recorded by the GOES X-ray satellite [21].



[image: Geosciences 14 00116 g002]







[image: Geosciences 14 00116 g003] 





Figure 3. Variations of geomagnetic field Bx (left panels) and dBx/dt (right panels) recorded at various geomagnetic observatories (Table 1) during the X5.01 class SF of 31 December 2023: (a,b)—PPT, R = 640.92 km; (c,d)—EYR, R = 4287.45 km; (e,f)—HON, R = 5059.38 km; (g,h)—CTA, R = 6774.29 km; (i,j)—AIA, R = 7388.67 km; (k,l)—FRD, R = 10,003.97 km; (m,n)—ABG, R = 15,780.24 km. The SF duration is depicted by a shadowed rectangule. 
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Figure 4. Seismic activity before and after SF for (a) the illuminated part of the globe and (b) the area with a radius of 5000 km around the SSP. The red vertical line denotes a moment of SF. 
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Figure 5. (a) SSP location (20.083° S, 77.767° E) for the X10.16 SF of 20 January 2005; the red circle is the Sumatra–Andaman Mw = 9.1 EQ epicenter location (3.295° N, 95.982° E) [21]; (b) enlarged aftershock zone of the Sumatra–Andaman Mw = 9.1 EQ of 26 December 2004; the red circle is the EQ epicenter located at a distance of 2717.6 km from the SSP; the grey circles are the epicenters of the aftershocks (Mw ≥ 2.5) [21]. 
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Figure 6. Daily distribution of the aftershocks of the Sumatra–Andaman Mw = 9.1 EQ (