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Abstract

:

A large number of various precursors have been reported since the Wenchuan MS 8.0 earthquake (EQ) took place on 12 May 2008 in China. In this work, previous investigations of both ground-based electromagnetic (EM) parameters and spatial ionospheric parameters were first examined. The statistical results showed that various anomalies presented different time-scale variations but tended to be characterized by a common feature – reaching their climax on 9 May, three days before the Wenchuan event, which indicates a lithosphere–atmosphere–ionosphere (LAI) electromagnetic coupling. Second, the fluctuations on 9 May based on the observational ground-based ultra low frequency (ULF) electrical field at the Gaobeidian (GBD) station and the direct current/ultra low frequency (DC–ULF) geomagnetic vertical Z field at the Chengdu (CD) station were comparably analyzed with those of ionospheric disturbances reported previously. The results showed that distinct electromagnetic changes, geomagnetic “double low-point” phenomena, and ionospheric disturbances above both sides of the Earth started in turn, respectively, but reached their climax simultaneously within dozens of hours on 9 May. This evolutionary process increases the probability that electromagnetic energy propagates from the epicentral area, via the atmosphere and ionosphere, to the equatorial plane, and through this plane finally to its magnetically conjugated area in the opposite hemisphere, causing electromagnetic disturbances on the Earth’s surface, in the atmosphere, and in the ionosphere and its conjugate point, in that order.
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1. Introduction


Ground-based electromagnetic (EM) observation is one of the geophysical methods employed early to search precursors related to seismic activities. Many observational and investigative studies have been performed in Russia, Greece, Japan, America, and China and abundant earthquake (EQ) data have been obtained as well. An important characteristic of probable EM precursors is their appearance in a wide frequency band, covering from the direct current/ultra low frequency (DC–ULF), very low frequency (VLF), and low frequency (LF) to very high frequency (VHF) ranges. The ULF band has been gaining more attention because only EM signals originating from the epicenter depths of EQs can be easily recorded at the Earth’s surface without significant attenuation [1]. As typical examples, unusual ULF (f < 10 Hz) EM emissions were recorded 12 days prior to the Loma Prieta Ms 7.1 EQ, on 17 October 1989 and 3–5 days prior to the great crustal MS 6.9 EQ at Spitak, Armenia, on 7 December 1988. The abnormities occurred a maximum of 3 h before the Spitak event, 4 h before the Loma Prieta event, and 5 h before the 8 September 2017 offshore Chiaps MW 8.1 EQ [2,3,4,5,6]. Possible seismic-related ULF anomalies have also occurred about one month and a few days before the 8 August 1993 MS 8.0 Guam EQ [7,8], ≈2 weeks before the L’Aquila M 6.3 EQ on 6 April 2009 at a distance up to 630 km [9], and three days before the Vrancea MW 5.7 EQ on 24 September 2016 [10].



Satellite Earth observation has gradually shown its application potential in fields of EQ local mechanism investigation, EQ monitoring and prediction, and defense and rescue in the case of seismic disasters because of its advantages of fast-speed, large-scale and high-resolution results, especially for areas with harsh natural conditions. As early as in 1965, Davies and Baker [11] found irregularities in the ionospheric sounder data before the Alaskan EQ that took place on 28 March 1964. As the result of research undertaken over the last ten years, it has been shown that the ionosphere is unexpectedly extremely sensitive to seismic effect. Ionospheric disturbances can be considered as short-time (usually less than two weeks) precursors, although the appearance of changes in the ionosphere is not firmly established before all EQs [12,13,14,15,16,17,18,19], especially after the launch of DEMETER (Detection of Electro-Magnetic Emissions Transmitted from EQ Regions) in June 2004 [20]. It is the first satellite used specifically to study the influence of seismic activities on ionospheric parameters [21].



The China Seismo-Electromagnetic Satellite (CSES, also called ZH-1) was launched successfully on 2 February 2018. It is the first geophysical field measurement satellite and space-based platform for EQ research in China [22]. The primary study on four EQs with a magnitude of more than 7.0 occurring during August 2018 was performed by Yan et al. [23], and the results showed that unusual features in waves, plasma, and energetic particle fluxes can be recorded when the satellite flies over regions that include epicenters of future EQs.



In very recent years, with the development of integration observation of space and Earth, a promising way to improve our understanding of unusual EM phenomena during strong EQs is to combine ground data analysis with satellite Earth Observation (EO) [24]. On the one hand, scientists acknowledge that a seismic EM anomaly is a climax of some process which begins a few days before the main event and remains until a few days after it [17]. On the other hand, increasingly more evidence shows that during the last stage of the long process of preparation, an energy transfer can occur between the lithosphere and the two layers above, that is, the atmosphere and the ionosphere, so as to introduce the concept of a lithosphere–atmosphere–ionosphere coupling (LAIC) among these three involved layers of the Earth system [25,26,27,28]. At present, the LAIC mechanism and the LAIC model are still an issue being discussed by many scientists worldwide [28,29,30,31].



A large EQ with a magnitude MS 8.0 hit Wenchuan, Sichuan province, China at 14:28:01 CST (China Standard Time) on 12 May 2008 with an epicenter located at 31.0°N and 103.4°E and a depth of 19 km. This event caused major extensive damage and 69,000 people lost their lives [32]. Thanks to the development of current comprehensive observing technologies, a large number of investigation papers on this event appeared in the following ten years. Ma and Wu [33] conducted a statistical work on more than 200 papers depicting precursors related to this EQ, and the topics included seismic deformation, strain/stress, structure variations, gravity and broadband seismic recordings, as well as geomagnetic, geothermal, atmospheric, and ionospheric anomalies. One interesting result shows that the percentage of anomalies appearing 2 to 3 days prior to the Wenchuan main event is 29%, the highest one among 12 time-scale anomalies from 30–10 years to 6–0 h prior to the EQ (see Figure 1 in this paper and also refer to Figure 3b in [33]). The key point is that these anomalies are almost EM variations recorded by ground-based installations and ionospheric satellites according to the paper’s context [33]. Obviously, an LAI EM coupling may have occurred before the Wenchuan main shock.



The topic considered in this paper examines the questions of whether there is a relationship among various EM disturbances registered from the Earth to the ionosphere according to the time of their occurrence, and whether this relationship can give a hint about the mechanism of this LAI electromagnetic coupling. Therefore, in Section 2 of this paper, we first review previous studies on electromagnetic parameters from ground-based electromagnetic observations to ionospheric observations. Then, in Section 3, new observational results about these parameters are comparatively presented. Discussion and conclusions are presented in Section 4 and Section 5, respectively.




2. Previous Studies on Electromagnetic Variations during the Wenchuan MS 8.0 Earthquake


2.1. Ground-based Electromagnetic Anomalies


Many researchers have investigated the EM effects since the occurrence of the Wenchuan MS 8.0 EQ on 12 May 2008. These studies were mainly based on the ground-based ultra low frequency/extremely low frequency (ULF–ELF) EM data [32,34,35,36,37,38,39,40,41] and DC–ULF geomagnetic data [42,43,44,45,46,47,48,49,50,51].



2.1.1. Anomalous Emissions on the ULF–ELF Electrical Field


It has been reported that many kinds of electrical anomalies occurred during the Wenchuan MS 8.0 EQ. Gao et al. [34] reported a 1–5 order increase of ULF–ELF (0.5–39 Hz) electromagnetic fields and a coseismic response at Longnan station, 320 km away from the Wenchuan epicenter. Ma [35] and An et al. [36] presented DC–ULF (0–0.005 Hz) electrical anomalies at eight observing stations in the range of 40–600 km of the Wenchuan epicentral distances. Ding et al. [37] displayed obvious ULF (0.001–20 Hz) electrical emissions from December 2007 to April 2008 at the Jinhe station 35 km away. Furthermore, using FFT and wavelet methods, Zhang et al. [38] obtained spectrum variations which occurred at that station during the Wenchuan EQ.



Li et al. [32,40,41] reported the outstanding electrical emissions which occurred at the Hebei ULF (0.1–10 Hz) EM observing network in northern China during the Wenchuan MS 8.0 EQ. The Hebei EM observing network was established during 1980s around the area of Beijing in northern China after the occurrence of the Tangshan MS 7.8 EQ on 28 July 1976. The network includes eight ULF (0.1–10 Hz) EM observing stations, named Langfang (LF), Sanhe (SH), Qingxian (QX), Huailai (HL), Changli (CL), Bazhou (BZ), Gaobeidian (GBD), and Ningjin (NJ), respectively (see Figure 2a).



Two pairs of electrodes are installed along perpendicular axes and they form two observing components SN (south-north) and EW (east-west). To reduce the effects of polarization potential, the electrodes of the sensor are made of high-quality stainless steel (Cr18Ni9C), and are cylinder-shaped with a height of 300 mm and a radius of 4 mm; each pair of electrodes is buried 12 m beneath the Earth and 40 m apart. All wires used for signal transmission are screened by high-quality metal nets, covered by waterproof pipes, and buried 0.6–0.8 m below the surface.



An observing system called E-EM measures the potential difference between the two electrodes. A recording device called DJ-1 outputs the signals using two writing needles, which are perpendicular to the recording paper surrounding a drum. The drum rotates automatically with a speed of 1 mm s−1 and six parallel lines per hour are usually left on the paper. A blank recording paper replaces the last one at 0900 local time (LT) every day. In general, the equipment is calibrated every year to avoid instrumental drift and runs stably without background noise. It is free of annual variation, seasonal variation, rain, temperature, and magnetic storm. However, interference pulses due to low-sky or sky-to-ground lightning strikes are sometimes recorded but they are easy to identify. More details of the observation system can be found in [32] and [52,53,54,55].



At that time, three out of four running stations recorded obvious EM signals. The emissions recorded at the GBD station (Δ = 1440 km) are the most typical: most signals in the SN component before 9 May 2008; an abrupt enhancement on 9 May in SN and EW components; climax emissions in both components during the period of 9–17 May; and main signals in SN again after 17 May 2008 (see Figure 2b).




2.1.2. Variations on the DC–ULF Geomagnetic Field


In the 1980s, a network of geomagnetic analog observation stations was constructed in China after the occurrence of the 28 July 1976 Tangshan MS 7.8 EQ. As one of the scientific achievements during the 10th Five-Year Plan, the digital geomagnetic observation network was put into service in 2007 in China. There are about 45 independent stations and two geomagnetic seismic arrays, one involving 7 stations in northwest China and the other with 6 stations in the southwest. The experimental equipment called GM4 is used to measure relative variations of three components of magnetic oscillations, namely, horizontal H, vertical Z, and declination D. The magnetometer works in the DC–ULF frequency band of 0–0.3 Hz and the magnetic noise level in this frequency band is less than 0.1 nT. The data from each sensor are digitized at a sampling frequency of 1 Hz and stored in a 1 GB CF memory card. More details on the observing mechanism and data output of this equipment can be found in Wang et al. [56].



Based on this DC–ULF geomagnetic observing network in China, anomalous changes concerning the Wenchuan MS 8.0 EQ have already been reported with different time scales. Using the rescaled range analysis (R/S) method, Li et al. [50] presented a decrease on the Hurst exponent and an increase on the fractal dimension 2–3 months before the Wenchuan event by processing 2-year geomagnetic vertical Z data at the Tianshui station (TS station in Figure 3 in this paper). Zhang et al. [42] reported that a positive anomaly range on the total geomagnetic field expanded from the end of April 2008 near the Wenchuan epicenter area. It reached its maximum on 10 May and disappeared on 12 May 2008 immediately after the Wenchuan shock.



It is worthy to note that, for a short time scale, the well-known outstanding variation is the “double low-point” (the term we apply to the daily appearance of two low points instead of a single usual minimum point on the geomagnetic vertical Z), a phenomenon which occurred on the geomagnetic vertical Z on 9 May [43,44,45,46,47]. Wang et al. [44] were the first to report a “double low-point” phenomenon in the vertical Z measurements recorded on 9 May at three ground-based ULF geomagnetic observing stations near the epicenter of the Wenchuan EQ. Then, Hu et al. [43], Zhang et al. [45], and Cheng et al. [46] further reported that this kind of variation was observed on the same day at 13 stations near the Wenchuan epicenter.



Lately, Li et al. [51] comprehensively analyzed hourly data of the vertical Z component of 37 DC–ULF geomagnetic stations and they found that 25 out of these stations recorded a “double low-point” phenomenon on 9 May 2008 (Figure 3), that is, 1–2 h earlier or later than usual for the first low point and a 2–6 h gap between these two low points.





2.2. Spatial Ionospheric Anomalies


Many researchers have also performed investigations on seismo-ionospheric effects since the occurrence of the Wenchuan MS 8.0 EQ. These studies include at least ionospheric changes of ground-based ionosonde data [57,58,59,60,61,62,63,64], DEMETER satellite data [17,65,66,67,68,69,70,71,72,73,74,75,76,77,78], ground-based GPS satellite data [17,28,57,58,74,77,79,80,81,82,83,84], radio occultation data from six microsatellites of FORMOSAT3/COSMIC (F3/C) data [81,84,85], and CHAMP (challenging minisatellite payload) satellite data [77].



It has been found that the ionospheric variations which registered prior to the Wenchuan EQ present different time-scale processes. The study conducted on CHAMP satellite Ne (electron density) and GPS TEC (total electron content) by Ryu et al. [77] revealed that the increments were fragments of the gradually increased equatorial ionization anomaly (EIA) strength near the epicenter longitude approximately 1 month before the event. In addition, they also checked the solar wind conditions and geomagnetic activities for the study period (April to June 2008) around the occurrence of the earthquake, with the same parameters in 2007 as a comparison. Their results indicated that the disturbances in the ionosphere that were directly caused by solar irradiance were insignificant.



In this paper, with all collected references considered, the ionospheric abnormities appearing within two weeks before the Wenchuan EQ are statistically displayed in Figure 4; time scales with obvious and distinct abnormities are, respectively, filled with blue and red. From Figure 4, results of statistical work on ionospheric parameters show anomalous changes appearing in the epicentral zone two weeks to several hours before the shock. However, most anomalous variations on different ionospheric parameters appeared about one week before the impending EQ. The key point is that variations on 6 May and 9 May cannot be ignored during this period.



However, as Yu et al. [58] have mentioned, the variations of GPS TEC on 6 May could be attributed to a small geomagnetic storm occurring on 5 May [86]. What has been established is that distinct enhancements recorded by ionospheric installations occurred in the epicentral area in the northern hemisphere, as well as in its magnetically conjugated area in the opposite hemisphere, on 9 May, three days before the Wenchuan MS 8.0 EQ [28,57,58,59,74,80,81,82,83].





3. New Observational Electromagnetic Results for 9 May 2008


From the review of previous work above, one can notice that, although the results of these investigations reveal different time-scale anomalies from several months to several days prior to the Wenchuan EQ, distinct enhancements were registered either on ground-based electromagnetic emissions or on ionospheric variations coincidentally on 9 May 2008, 3 days prior to the Wenchuan main event. The following investigation focuses mainly on the variation process of electromagnetic parameters occurring on 9 May 2008.



3.1. ULF Electrical Emissions at the GBD Station


As reported by Li et al. [32,40], the GBD station is one of eight stations in the Hebei ULF (0.1–10 Hz) EM observing network in northern China (see Figure 2a). This station recorded outstanding electrical emissions during the Wenchuan EQ and this anomaly is characterized by three typical stages of electrical emissions: most signals in the SN component before 9 May 2008; notable emissions in both SN and EW components during the period of 9–17 May; and main signals in SN again after 17 May 2008 (see Figure 2b).



Figure 5 shows parts of the real-time analog recordings from 0900 on 8 May 2008 to 0900 on 10 May 2008. On 9 May 2008, abnormal emissions gained an abrupt intensive enhancement both in frequency and in magnitude at ≈0600 LT (see Figure 5a); then, larger amplitudes occurred at ≈1200 LT (see Figure 5b); finally, intensive signals with larger magnitudes started from ≈1600 LT on the same day (see Figure 5b) and this situation did not stop until 17 May 2008, although some rises and falls did occur during this climax period. On the one hand, it is noted that few signals appeared when the main event took place at 1428 LT on 12 May 2008. Furthermore, abnormal emissions were still intensive after the main shock because more than 50% of the aftershocks with a magnitude equaling to or more than 5.0 occurred during the period of 12–17 May.




3.2. “Double Low-point” Phenomenon on Geomagnetic Vertical Z at the CD Station


In the low-mid latitude area of the Northern Hemisphere, the daily fluctuation of vertical Z is characterized by its solar periodic component Sq, presenting a minimum point around noon local time (LT). A “double low-point” anomalous phenomenon occurring on 9 May 2008 has been reported in the literature [43,44,45,46,47,51] (see also Figure 3).



The CD station lies in the middle of the geographic longitude range in China and is the nearest station, ≈30 km away, from the epicenter of the Wenchuan EQ. Figure 6a shows the daily curves for hourly readings of vertical Z for this station during the period of 20 April–12 May 2008 (see Figure 6a). It is obvious that the daily curve on 9 May 2008 behaves in a different way from the other days and displays two typical signatures labeled by a black arrow: one is that two low points (double low points) are registered and the other is that the amplitude changes are smaller than those of other days during the same period (Figure 6a).



The Kp (http://isgi.unistra.fr/) daily average values shown in Figure 6b are less than 3 compared to 3.9 and 3.1 on 23 and 24 April, respectively, which means there are no obvious solar activities in this time period. As a comparison, we present in Figure 6c the hourly data of the Z component at the CD station during the same period (20 April–12 May) over the eight years (2009–2016) following the Wenchuan event.



In order to identify the variation process on 9 May 2008 of the CD station, minute readings were also examined and compared with the averaged data during the period of 1–5 May 2008 at the same station. Figure 7 shows the difference between minute readings from 0400 LT on 9 May 2008 to 0400 LT on 10 May 2008 and the corresponding average values during the period of 1–5 May at the CD station. From Figure 7, it seems that a sin-like wave signal has been added to the previous one and that this process started at (A) ≈ 0900 LT, reached its first peak at (B) ≈ 1200 LT, and the climax at (C) ≈ 1600 LT, and ended at (D) ≈ 2000 LT on 9 May 2008, and its period lasted about 11 h.




3.3. Summary of Ionospheric Fluctuation from Previous Descriptions


Many investigations have been carried out on ionospheric variations before the Wenchuan EQ. The results of these studies show ionospheric anomalies according to a different time scale, but they tend to attain obvious enhancements on 9 May, 3 days prior to the Wenchuan event [17,28,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85].



There is the fact that the DEMETER satellite is above a seismic area only a few minutes per day, and that we do not expect continuous observations from a given location. Thus, the obvious disturbances of the DEMETER parameters on 6 May and 9 May 2008 are reported but with fewer details [17,65,66,67,77]. Zeng et al. [67] reported that there was a sharp increase of more than 20% in electron density, electron temperature, and oxygen ion density near the epicenter 4 and 5 days prior to the shock. Increased EM emissions were registered when the satellite passed the epicenter 3 and 7 days before the shock. The atypical reduction of O+ density in the Northern Hemisphere near the epicenter region could be found in the periods of 12, 11, 6, and 3 days before the EQ [77]. Analysis of local daytime O+ density showed that it reached its lowest values 3 days prior to the EQ [66].



Research studies on GPS TEC have given more detail on the continuous processing of the fluctuations for 6 May and 9 May 2008. The results obtained by Zhao et al. [57] showed that the enhancement of GPS TEC started at 1330 LT on 9 May, and that after an evolution of four hours the enhancement reached 100% increase and ended at 2000 LT with respect to the median value. Liu et al. [81] reported that GPS TEC reduced significantly in the epicentral area during the afternoon periods of days 6–4 (6–8 May 2008) and drastically increased by about 40–50% at 1700 LT on day 3 (9 May 2008) before the Wenchuan EQ. Yan et al. [74] reported a decrease anomaly in the afternoon during the period of 6–10 May and a strong increase anomaly at 1600–1800 LT on 9 May. Yu et al. [58] found a GPS TEC decrease on 6 May and an obvious enhancement at 1600–1800 LT on 9 May within an area of 20° in the southeast direction of the Wenchuan epicenter. Zhu et al. [82] also reported a 30% GPS TEC decrease on 6 May and a rapid increase at 0800 UT (1500 LT) on 9 May. The observed anomalies on GPS TEC, the global TEC maps, and the reconstructed vertical profiles of electron density during 1400–1600 LT on 3, 6, and 9 May have also been reported [28,83]. In addition, an obvious anomaly in f0F2 recorded by ground-based ionosondes took place during 1600–1800 LT on 9 May as described in Xu et al. [60] and Xu et al. [61].



Therefore, it has been established that distinct enhancements recorded by ionospheric installations occurred in the epicentral area in the Northern Hemisphere, as well as in its magnetically conjugated area in the opposite hemisphere, during the afternoon period of 1300–1800 LT, with a climax occurring during 1600–1800 LT, on 9 May 2008 [28,57,58,59,74,80,81,82,83].



According to the illustrations above, we can now summarize the fluctuating processes for ULF electrical emissions recorded at the GBD station, DC-ULF geomagnetic Z “double low-point” phenomenon recorded at the CD station, and previously reported ionospheric variations on 9 May 2008, 3 days before the Wenchuan main event. Figure 8 presents the general variations in blue, increasing anomalies in orange, and climax ones in red for the three items considered here.



From Figure 8, we can see first, in turn, the variations of electrical field, geomagnetic vertical Z, and ionospheric parameters starting at 0600 LT, 0900 LT, and 1300 LT; second, we can see that the anomalies of the electrical field and geomagnetic field gained their peaks during 1200–1300 LT, when the ionospheric variations started; third, all the variations of these three items reached their climax almost at the same time, at 1600 LT.



Up to that point, this process did not stop but became weak rapidly until the occurrence of the main shock, which can be seen in Figure 7 and Figure 8 on geomagnetic variations and ionospheric perturbations. However, distinct ULF EM emissions continued until the morning of 17 May, 5 days after the main shock, possibly because these ULF electrode sensors were more sensitive to the generated signals.





4. Discussion


The concept of a lithosphere–atmosphere–ionosphere coupling (LAIC) among the three involved layers of the Earth system has been proposed due to a transfer of energy among these three layers during certain last stages of the long-term process of preparation before strong EQs [26,28,87,88,89,90]. The primary study of the LAI coupling mechanism is based on two major hypotheses, namely, internal gravity wave (IGW) and electrical field. However, Sorokin and Hayakawa [30] thought that there were some difficulties in the interpretation of observational results of EQ precursors based on the IGW propagation model. First, the ground distance of the IGW reaching the ionosphere is of the order of 1000 km from the EQ epicenter because of its angular propagation, which seems to be in conflict with the localization of the plasma and EM disturbances in the vicinity of the EQ epicenter. Second, the variation caused by the IGW should be of the feature of waves and moves at the speed of acoustic waves, whereas recordings before EQs are persistent changes and without a spatial movement tendency [91]. Thus, Pulinets and Davidenko [29] thought it was the smooth transition from acoustic-driven mechanisms to the EM coupling. The reason of this is very simple: the acoustic coupling mechanism has shown recently its very low effectiveness and that it is difficult to produce an order of the ionospheric perturbations which are actually observed before EQs.



With respect to the LAIC mechanism based on the EM theory, the LAI EM coupling associated with EQs has been considered as a systematic comprehensive process. However, so far, there is no well-established model of the lithosphere–atmosphere–ionosphere coupling [24,92,93,94].



There are still issues under controversy. One of the most important is that of the original source of EM energy which drives a possible LAI coupling before a large EQ. Pulinets and Ouzounov [28] thought that different kind of gases (e.g., methane, helium, hydrogen, and carbon dioxide) can serve as carrier gases taking radon and aerosols from seismically active faults to the near Earth’s surface where the electrical field is produced by radon ionization and injection of the aerosols [29], Sorokin and Hayakawa [30,31] proposed that the external current of EMF (electro-motive force) is formed in the near ground atmosphere during the injection of charged aerosols by soil gases and that it drives an LAI coupling.



The change of atmospheric aerosol optical depth (AOD) has been confirmed by Qin et al. [95], who reported that there was a clear enhancement of AOD along the Longmenshan faults 7 days before the Wenchuan shock, 1 day and 4 days earlier than the reported negative and positive ionospheric disturbances, respectively. However, they absently reported any anomalous details of AOD which occurred on 9 May. The point is what happens in the hypocentral area or in the main fault of the promising event, which leads to the appearance of a large quantity of charged aerosols.



The fact that EM emissions were observed prior to strong EQs has gained much attention. Up to now, no clear explanation has been given, although several physical mechanisms have been proposed to interpret the generation of EM emissions and electrical currents observed either during seismic activity or in the laboratory experiments. Whatever the physical mechanism of EM generation, it is well established that, during rock experiments conducted under laboratory conditions, a strong electrical current is produced when rocks are stressed, especially at the stage of the main rupture.



Li et al. [32] have suggested that, due to the adjustment of regional stress in the focus zone, micro-cracks developed rapidly to the macro-cracks and the main rupture started, producing a strong seismo-telluric current that propagated mainly along the Longmenshan fault. The current induced strong electrical signals that were recorded initially by sensitive ULF electrode sensors in northern China at ≈0600 LT on 9 May (see Figure 5a). This suggestion seems to match well with what was obtained by Zhao et al. [57], who proposed that the most possible cause for pre-EQ ionospheric anomalies prior to the Wenchuan EQ at low latitudes could be the strong vertical electrical field occurring in the EQ preparation area, which modifies the whole structure of the EIA (equatorial ionization anomaly) and most of the effect is the equatorward shift of both crests of the EIA up to their complete disappearance [92,96].



These conclusions are confirmed by Pan et al. [97], who performed an inversion analysis of the geomagnetic data at 37 stations during the ‘lowest point shift” phenomenon before the Zhangbei MS 6.2 EQ of 10 January 1998 and determined that the interior equivalent current system produced an upward magnetic field, which was opposite to the external one, and the combined influence of these two magnetic fields led to a reduction of the magnitude of the vertical Z component. Furthermore, the authors also suggested that the focus of the interior equivalent current system was characterized by a latitudinal displacement, which is highly coincident with the zonal evolutionary phenomenon of the first low points recorded at various stations on 9 May 2008 [51].



It seems that the so–called “double low-point” phenomenon of the nearest CD station did not occur at the same time as the GBD electrical emissions did. It started at ≈0900 LT (see Figure 7), with a three-hour delay. It is possible that the inner upward magnetic field was strong enough to modify the running way of the external one. However, we are convinced that the variations both on ground-based electrical fields and the geomagnetic vertical Z element reached their peak magnitudes in the same period of ≈1200 LT (see Figure 7 and Figure 8), which is close to the registered time (≈1330 LT) when ionospheric varieties started to appear.



One of the most interesting results is that these EM variations either on ground-based observations or on ionospheric observations reached their climax stage almost in the same period of 1600–1800 LT (see also Figure 8). The registered various amplitudes are up to 26 nT for the DC–ULF geomagnetic vertical Z at the CD station [51], 1.3 mV m−1 for the ULF electrical field at the GBD station [32,41], and 15 TECU for GPS TEC [58], respectively. Using a three-layer model (Earth–atmosphere–ionosphere), Li et al. [41] simulated this observable 1.3 mV m−1 electrical field at f = 1 Hz at the Gaobeidian (GBD) station and determined that the order of the instantaneous seismo-telluric current produced by the main rupture was up to 107 A. This current induces strong EM fields in the Earth’s surface, and these strong fields can accumulate air ionization above the pre-EQ zone. The air ionization is advantageous for electrical fields propagating up to the ionosphere, leading to ionospheric anomalies in the epicentral area, as well as its magnetically conjugated point area. This evolutionary process seems to support well the LAI coupling model proposed by previous investigations [28,98,99].



However, Figure 9 shows weekly magnetic field and solar wind plots observed by the ACE (advanced composition explorer) spacecraft from 124.0th day to 131.0th day in 2008 (3 May to 9 May 2008) (http://www.srl.caltech.edu). From Figure 9, ACE observed the arrival of a high-speed solar wind stream in the near-Earth interplanetary space (see the green rectangle in Figure 9), which is usually associated with Alfvenic fluctuations in the interplanetary magnetic field (IMF). The Alfven wave is one source of ULF waves on the Earth. At this point, this remarkable Alfvenic activity (see the blue rectangle in Figure 9) partly coincides with the period of intensive electromagnetic variations presented in Figure 4. Furthermore, the year 2008 was in the solar minimum phase right before the end of Solar Cycle 23. The statistical results performed by Anagnostopoulos et al. [100] show there is a near relationship between the high-speed solar wind streams (HSSs) and seismic activity, in particular during the decay phase or minimum phase of the solar cycle. It is therefore possible that these various electromagnetic variations that occurred within one week before the Wenchuan event were from different sources.




5. Conclusions


As spatial ionospheric observation develops, a promising topic is to investigate the interacted effects of ground-based variations and ionospheric disturbances before seismic activities.



The statistical results of a large number of previous investigations on both ground-based electromagnetic parameters and ionospheric parameters prior to the Wenchuan MS 8.0 earthquake showed different time scales from several months to several days, even several hours, but they reached a common climax period on 9 May, 3 days before the Wenchuan main shock, which indicates the occurrence of an LAI electromagnetic coupling. In the meantime, the new observational results for 9 May presented here show that the ground-based ULF electrical emissions initiated first at ≈0600 LT, and that the geomagnetic “double low-point” phenomena started at ≈0900 LT, but they reached their first peaks at ≈1200 LT simultaneously; then the ionospheric changes began at ≈1330 LT. Finally, all these variations reached their climax in the same period of 1600–1800 LT. All these LAI processes took place in turn during dozens of hours on 9 May, 3 days prior to the Wenchuan main event which occurred on 12 May 2008. Though the energy sources driving this LAI coupling are indefinite, this evolutionary process may give us some hints in establishing an improved LAI model.
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Figure 1. Temporal distribution of the appearance of all the reported anomalies (adapted from [33]). 
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Figure 2. (a) Locations of the Wenchuan earthquake (EQ) epicenter and ultra low frequency (ULF) EM observing stations. Red solid triangles are stations recording ULF electrical emissions during the Wenchuan EQ; the black solid triangle shows the Sanhe (SH) station which was running when the event occurred but recorded no anomaly; empty black triangles show the stations out of order during the Wenchuan event. The Wenchuan main shock is labeled by a red empty star. The red solid star denotes Beijing. (b) Timeline of daily total cumulative amplitude (black bar) of electromagnetic information recorded at the Gaobeidian (GBD) station during 2007–2008. 
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Figure 3. Locations of the geomagnetic observing stations in China during the Wenchuan MS 8.0 EQ. Red triangles represent geomagnetic stations registering “double low-point” anomalous phenomena in the vertical Z on 9 May 2008 and blue ones represent stations recording these phenomena on 8 and 9 May 2008. Black squares are stations which did not record this kind of anomaly during the period of 20 April–12 May 2008. The location of the Wenchuan MS 8.0 EQ is indicated by a red star. 
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Figure 4. Statistical ionospheric variations during the period of 1–12 May 2008. Blue lines represent an anomaly and red lines represent a distinct anomaly. The Wenchuan MS 8.0 EQ that occurred on 12 May 2008 is labeled by an arrow. 
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Figure 5. Copies of part of the original real-time analog recordings: (a) from 0900 on 8 May to 0900 on 9 May and (b) from 0900 on 9 May to 0900 on 10 May in 2008 at the GBD station. 
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Figure 6. Daily changes of the geomagnetic vertical Z at the CD station and Kp-index. (a) Daily vertical Z fluctuations from 20 April to 12 May 2008. The unusual fluctuation on 9 May is labeled by a black arrow and the Wenchuan 8.0 EQ is also labeled. (b) Daily average Kp-index fluctuations from 20 April to 12 May 2008. (c) Average daily vertical Z fluctuations during the period of 2009–2016 from 20 April to 12 May (adapted from [51]). 
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Figure 7. Variation amplitude obtained by using minute readings from 0400 LT on 9 May 2008 to 0400 LT on 10 May 2008, subtracting the corresponding average values during the period of 1–5 May at the CD station. 
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Figure 8. Fluctuating processes on ULF electrical (Elec.) emissions recorded at the GBD station, DC-ULF geomagnetic (Geom.) Z “double low-point” phenomenon recorded at the CD station, and previously reported ionospheric (Iono.) variations on 9 May 2008. Blue represents general variations, orange represents increasing anomalies, and red represents climax anomalies, respectively. 
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Figure 9. Weekly magnetic field and solar wind fluctuations recorded by ACE from 124.0th day to 131.0th day in 2008 (3 May to 9 May 2008). The panels, from top the bottom, display the magnetic field magnitude B, the polar coordinates of the field δ and λ, the uncertainty Brms, solar wind velocity Vp and the density of the proton plasma Np. 
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